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SUMMARY

This thesis covers two main areas of interest. Firstly, molecule-based magnetic
materials are described with the focus on new d-block metal dicyanamide frameworks
(coordination polymers) containing various co-ligands. Secondly, polynuclear mixed
valence manganese cluster complexes and single-molecule magnet (SMM) clusters are
described. The compounds synthesised have been characterised in detail by means of
single-crystal X-ray diffraction studies and magnetic susceptibility measurements. Much of
the present work has been published or submitted for publication, details of which are
given in Appendix 2.

A new spin-canted antiferromagnet (weak ferromagnet) was discovered,
[Mn(dca),(H,0)] (dca = dicyanamide, N{CN);"), which has an ordering temperature, 7y of
6.3 K. It possesses a novel 3D self-penetrating single network structure that can be

considered as a structural compromise between the single rutile net of a-[Mn(dca);] and

the doubly interpenetrated rutile-like [Mn{tcm);] species (tcm = tricyanomethanide,
C(CN)y). Linear 1D chain dca complexes containing the co-ligand terpyridine,
[Mn"(dca)(NO:)(terpy)]. and {[Mn"(dca)(H20)(terpy))(dca)},, were formed as part of a
study aimed at modifying metal-dca network structures and thus magnetic properties by
incorporating chelating ligands. These two complexes display weak antiferromagnetic
coupling and no long-range order.

[M"™(Schiff-base)(dca)], (where M = Mn and Fe; Schiff-base (deprotonated) =
salen”’, sal-o-phen® and (4)-saltch®), complexes were formed and represent rare examples
of trivalent metal-dca species. This series display very similar structures, consisting of
linear 1D chains of planar M"(Schiff-base)’ moieties bridged by pis-dca links, and

displays very weak antiferromagnetic coupling.
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The structures and magnetism of two new chiral 3D framework types containing
neutral acetylacetone-derived Schiff-base ligands were investigated. The complexes,
[M"(acenH,)(dca)], M* = Mn and Fe; acenH, = N,N"-ethylenebis(acetylacetoneimine), are
isomorphous and consist of 3-fold helical motifs linked by p, s-dca ligands to form a chiral
3D network. They are the first examples of single networks with the unusual ‘dense’ 7°9
topology. The second framework type is exhibited by the complexes [M“(actchH;)(dca)g],
M" = Mn and Fe; (+)-actchH; = (£)-N,N'"-rans-1,2-cyclohexanebis(acetylacetoneimine). It
consists of 2D square-grid (4,4) sheets of composition [M(dca),] that are connected in the
third dimension by p-actchH, ligands. This network type displays an unprecedented
topology. These 3D network materials also display very weak antiferromagnetic coupling.

The structure of a mononuclear complex, trans-[Mn"(acenH.),(dcnm),] (denm =

dicyanonitrosomethanide, ‘'ONC(CN),), was also investigated. It exhibits an unusual bis-
chelating mode of acerH,.

Heteroleptic anionic dicyanamide dca network complexes were studied with the
nitrite ligand. The chiral complexes, PhsP[M'(dca),(NO;)]'MeCN, M" = Co and Ni,
display 2D square-grid sheets structures with p, s-dca and chelating O,O-nitrite groups. A
side product was also discovered, PhyP[Co(dca)Br;], which also possesses a chiral
structure, consisting of linear anionic 1D helical chains of [Co(dca)Br,]". These complexes
display very weak antiferromagnetic coupling. Traces of a-[M(dca);] are thought to be
responsible for long-range ordering effects observed in low fields in the nitrite containing
complexes, but this is not definitive in the Co case.

While attempting to link Mn; 61' Mn; oxo-bridged clusters with

dicyanonitrosomethanide (dcnm) to form extended network complexes, a new Mn"

complex, {[Mn(u-OH)(n-OAc),]’ HOAc-H,0},, was discovered. The structure consists of
infinite 1D linear chains that are hydrogen bonded to form 2D sheets. This compound
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undergoes a magnetic phase transition, at Ty = 6.1 K, to an ordered antiferromagnetic
phase, probably mediated by the hydrogen bonding pathways. There is also a
metamagnetic transition at ca. 1000 Oe from the antiferromagnetic phase to a canted-spin
antiferromagnetic (weak ferromagnetic) phase, brought about by increasing the applied
field.

Similarly, work aimed towards fqrming extended network complexes between
intact Mn; oxo-centred carboxylate clusters and bridging dca, led to the discovery of a new
manganese(II/TV) carboxylate cluster, [Mn;¢0;6(OMe)s(OAc);s(MeOH);(H,0)5]:6H,0,
and a new 1D linear manganese(Ill} complex, [Mn(u-OMe){OAc),}. Detailed magnetic
measurements have shown the Mn;¢ complex to be a new single-molecule magnet, while
the linear chain complex displays weak antiferromagnetic coupling without long-range
order. |

Finally, related studies into cxtended network complexes containing the
potentially bridging dcnm ligand led to ligand transformations and the formation of new
trinuclear and tetranuclear mixed valent manganese complexes, [Mn;(mcoe)s]NO32H,O
and (Me4N)z2[MnyO,(cao)s(MeCN)2(H20)6)(NO;3)4-2H0 (where mcoe = methyl(2-cyano-
2-hydroxyimino)ethanimidate, ONC(CN)C(NH)OCH3"; and cao = cyanoacetamidoximate
ON=C(CN)(CONH,)). Separately, two mononuclear complexes were also isolated,
[Cu(mcoe)(MeOH),] and [Ni{cao),(H20)2]. The chelating-bridging ligands mcoe and cao
were formed, in situw, by nucleophilic addition of solvent to denm. The structural and
magnetic properties of these compounds were investigated. Each of these complexes

display inter-molecular hydrogen bonding interaciions.
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Coupling constant

Curie temperature

Critical temperature

Néel temperature

Blocking temperature

Tesla

Temperature

Axial zero-field splitting parameter
Magnetic field

Magnetisation

Coercive field

Remnant magnetisation




Abbreviations

xviii

Msa
FCM
ZFCM
Oe

AC

DC

S.L.

X or '
X" ot ym”
St

H.S.

L.S.

oct

tet

o

ey |

S-C AF
SCM
SMM
wWOC
PSII

O4PE

Saturation magnetisation

Field cooled magnetisation
Zero-field cooled magnetisation
Oersted

Infrared

Kelvin

Alternating current

Direct current

Systeme International d’Unités / International System of Units

In-phase AC susceptibility
Out-of-phase AC susceptibility
1 1l spin value

High spin

Low spin

Octahedral

Tetrahedral

Angstrom

Specific heat capacity
Ferromagnetic
Antiferromagnetic
Ferrimagnetic

Spin-canted antiferromagnetic
Single chain magnet

Single molecule magnet
Water oxidation complex
Photosystem II

Orthogonal four-fold phenyl embraces
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LIT4PE
TGA
EXAFS
XANES
HFEPR
NMR

0D

1D

2D

3D
(£)-actchH,
(£)-saltchH,
(8)-pn

1,1-dimen

2,2'-bipy or bipy

2,5-Me;pyz

3-MeO-salenH;
3-MeO-salpentOH*

4,4'-bipy
4,4'-Me,dbmH
5-Cl-salenl,
6-Me-hmpH
acacH

acenH,

apym
BEDT-TTF

biphen

Linear infinite chains of translational four-fold phenyl embraces
Thermogravimetric analysis

Extended X-ray absorption fine structure

X-ray absorption near edge structure
High-frequency/high-field electron paramagnetic resonance
Nuclear magnetic resonance

Zero dimensional

One dimensional

Two dimensional

Three dimensional

N, N-(2)-trans-1,2-cyclohexanebis(acetylacetoneimine)
(+)-N,N"-trans-cyclohexanebis(salicylideneimine)
(S)-1,2-diaminopropane

1,1-dimethylenthylenediamine

2,2'-bipyridine

2,5-dimethylpyrazine

N,N -ethylenebis(3-methoxysalicylideneimine)
1,5-bis(3-methoxysalicylidenamino)pentan-3-ol
4,4'-bipyridine

4,4'-dimethyldibenzoylmethane

N, N -ethylenebis(5-chlorosalicylaldiimine)
6-methyl-2-hydroxymethylpyridine

acetylacetone

N, N'-ethylenebis(acetylacetoneimine)
2-aminopyrimidine
bis(ethylenedithio)tetrathiafutvalene

2,2'-biphenoxide
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bpe

bpm

bpym

btaH

Bu" or n-Bu
Bu' or +-Bu
BzO/BzOH
cao

chp

chxn

cit
Cl-hgnH
Cp’
cyclam
dbmH
dca
denm
DCNQIs
DMF
DMSO
dpmH

dtc

Et
Etymal
Et,C
EtOH

1,4-bis(4-pyridyl)ethene
bis(1-pyrazolyl)methane
bipyrimidine

benzotriazole

neo-butyl

tert-butyl

benzoate/benzoic acid
cyanoacetamidoximate
6-chloropyridonato
trans-1,2-diaminocyclohexane
citrate
5-chloro-8-hydroxyguinoline
pentamethylcyclopentadienyl
1,4,8,11-tetraazacyclotetradecane
dibenzoylmethane
dicyanamide
dicyanonitrosomethanide
N,N'-dicyanoquinone diimines
N, N-dimethylformamide
dimethylsulfoxide
dipivaloylmethane

N, N-diethyldithiocarbamato
1,2-diaminoethane

ethyl

2,2-diethylmalonate
diethylether

ethanol
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Hsbzshz
Hjetheidi
Hsheid:
H;metheidi
HAT

HCBD
hepH

Hhfac
hmpH

hgnH
i-PrOH

JT

mcoe

Me

Mestacn
MeCN
MeOH
m-MPYNN"
Mn,;-acetate
Mn;¢-acetate
moeH

mpdpH,

NITPh

2-(1-ethylpyridinium-4-y1)-4,4,5,5-tetramethylimidazolin-1-
oxyl-3-oxide

2,2-biimidazole

N-phenylsalicylhydrazidine
N-(1-Hydroxymethylpropyljiminodiacetic acid
N-1-Chydroxyethyl)iminodiacetic acid
N-(1-Hydroxymethylethyl)iminodiacetic acid
1,4,5,8,9,12-hexaazatriphenylene
hexacyanobutadiene

2-(hydroxyethyl)pyridine
hexafluoroacetylacetonate
2-(hydroxymethyl)pyridine
8-hydroxyquinoline

iso-propanol

Jahn-Teller
methyl(2-cyano-2-hydroxyimino)ethanimidate
methyl
N,N’/N"trimethyl-1,4,7-triazacyclononane
acetonitrile

methanol

m-N-methylpyridinium nitrony! nitroxide
[Mni2012(0Ac)16(H201}2HOAC-4H20
[Mn,60;6(OMe)s(OAC)16(MeOH)3(H20)3]-6H,0
methoxyethanol

m-phenylenedipropionic acid

2-phenyl-4,4,5,5-tetramethyi-4,5-dihydro- 1H-imidazolyl-1-oxyl-
3-oxide
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NITPhOMe 4'-.methoxy-phenyl-4,4,5 ,3-tetramethylimidazoline-1-oxyl-3-
oxide

N-men N-methylethylenediamine

n-PrOH normal-propanol

OAc/HOAc acetate/acetic acid

opba ortho-phenylenebis(oxamato)

0X oxalate

paoH pyridine-2-aldoxime

pbaOH 2-hydroxy-1,3-propylenebis(oxamato)

pdmH; pynridine-2,6-dimethanol

Ph phenyl

phen 1,10-phenanthroline

phth phthalate

picH picolinic acid

pn 1,2-diaminopropane

Por porphyrin

ppoH 3-phenyl-3-pyrazolin-5-one

Pr or i-Pr iso-propyl

Py pyridine

pPyZ pyrazine

Pz pyrazole

salenH, N, N'-ethylenebis(salicylideneimine)

salH salicylaldehyde

salOH;, salicylic acid

sal-o-phenH, N, N'o-phenylenebis(salicylideneimine)

salpnH, N,N'-1,3-propylenebis(salicylideneimine)
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TCNE
TCNQs

terpy
thmeH;
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tren

TXPP

1,3,5-triaminocyclohexane
1,4,7-trazacyclononane
tricyanomethanide
tetracyanoethylene
7,7,8,8-tetracyano-p-quinodimethanes
2,2":6' 2"-terpyridine
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tris(2-aminoethyl)amine
tetrathiafulvalene

meso-tetrakis(4-halophenyl)porphyrinato
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A GENERAL INTRODUCTION
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This thesis covers two distinct but closely related areas of research, namely
extended network complexes and single-molecule magnets (SMMs). Therefore this
chapter, which is one of two introductions, deals with the background of molecule-based
magnetism, theoretical concepts of magnetism, some of the significant literature in the
field, and details of the present study (summarising the following chapters). The second
introduction, Chapter 7, deals with the ‘sub-topic’ of single-molecule magnetism. It seeks
to describe the background of SMMs, focussing on manganese cluster complexes. Chapter
7 also includes a brief treatment of the theoretical aspects of the physical properties of

these species, and concludes with a discussion of non-manganese based SMMs.

1.1 Background

Magnetic materials have played a profoundly important role in the aevelopment
of modern civilization. Their history can be traced back to ancient Greece with the
discovery oi naturally occurring magnets such as lodestone (Fe;O4), over 3000 years
ago."”? Around the 11th Century, the Chinese invented the magnetic compass by rubbing
lodestone on a steel needle.? It wasn’t for another 500 years or so that seafaring western
civilisations used the compass as a navigational aid, making global trade and exploration
possible as they were less reliant on good weather for navigation by stars and the sun.
More recently, in the last hundred years or so, the use of magnets has become particularly
widespread with the development of electricity. Today, magnets can be found in vital
technologies including electric motors, generators, loudspeakers, frictionless bearings,
magnetic switches, magnetic resonance imaging instruments, magnetic separators, and data
storage found in the ubiquitous device of our times, the computer.

In 1832 Michael Faraday published the first diagram depicting magnetic field
lines around a bar magnet.*> At that time, the magnet was undoubtedly made of iron. In the

intervening 170 years, many advances have been made in materials that display
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spontaneous magnetic ordering.' The ferromagnetic metals, e.g. Fe and Co, were the
mainstays until transition metal oxides, e.g. CrO,, were introduced in the period around
World War Il. Today, some of the most poweiful and commercially successful magnets are
rare earth based e.g. Co,Sm, CosSm, Coy;8m; and Nd,Fe 4B materials.? These materials
have high critical temperatures (7, see Table 1.1 for some examples) and the latter are
particularly hard magnets (high coercivity, see Section 1.2.3). At the critical temperature
(Curie temperature) the material undergoes a phase transition to a magnetically ordered
state i.e. below this temperature it is a magnet. Traditional .nagnets are prepared by high
temperature metallurgical techniques and are ‘atom based’, having d- or f-orbital spins

ordering in at least two dimensions.'”

Table 1.1. Critical temperatures of some of today's rnagnets.2

Material Critical Temperature T,/ K

Iron 1043
Cobalt 1394
Nickel 627
Fe;O4 858
CrO, 387
SmCos 993
Nd;Fe 4B 585

One of the earliest reports of a molecule-based magnet was in 1967 by Wickman

et al.®® They reported ferromagnetic order below 2.5 K for the complex [Fe'"(dtc),Cl)

(where dtc” = N, N-diethyldithiocarbamato). Reports appeared by Martin and Mitra and

other groups in the subsequent decades dealing with ordered d-block phthalocyanines and

MM R L S



Chapter 1 4

anionic Cu" carbonates.*!? Subsequent research, by Day and co-workers into halide

bridged d-block magnets,”"’ by Carlin and co-workers'®"

on weakly interacting
mononuclear d-block salts, and by de Jongh and Miedema,® was also particularly
important during the 1970-80 period.”! In 1985 Miller, Epstein and co-workers reported
that [Fe(Cp ):]J[TCNE] (where Cp = pentamethylcyclopentadienyl; TCNE =
tetracyanoethenide) ordered ferromagnetically below a T; value of 4.8 K.*** This exciting
area of new materials research has grown rapidly since then, with many new molecule-
based magnets being reported, a small number with 7, values above room iemperature,
which may lead to significant practical applications.”?

Currently the major disadvantages with molecular magnets include their
brittleness (conventional magnets are usually quite malleable) and their generally lower T
values. However, they may be prepared by comparatively mild solution-based
organic/inorganic synthetic techniques as opposed to the high-temperature methods of
atom-based magnets. Additionally, unlike their atom-based relatives, they are amenable to
chemical modifications, which may be used to introduce other physical characteristics such
as electrical or optical properties, not achievable with traditional magnets.'*"?* Molecule-
based magnets also bring together various research disciplines e.g. chemistry, materials
science, physics and mathematics in the effort to explain some of the unusual (e.g.

quantum) problems these materials present. It is this cooperation that may ultimately lead

to the most fruitful and perhaps unexpected results of this research.

1.2 Magnetism, A Brief Overview

1.2.1 Paramagnetism in Menonuclear Coordination Complexes

The theory of magnetism as based on quantum mechanics was developed in the

1930s.’%33 The reader is directed to the books of Figzis,** Mabbs and Machin,”' Kahn®
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and Blundell* for in-depth treatments of magnetism as applied to ligand-field effects in
transition metal complexes. What follows is an overview of the concepts of magnetism in
an effort to illustrate the properties of paramagnets and molecule-based magnets.

Unpaired electrons are the fundamental basis of magnetism. Paramagnetism is a
consequence of the interaction of orbital- and/or spin-angular momenta of unpaired
electrons with the applied field.>' The electron spin can take two values +% and -,
referred to as ‘spin-up’ and ‘spin-down’ respectively. If an atom, ion or molecule has two
€._..ufs in «-ery orbital, their associated spin vatues will cancel, as the elecirons must
pair with oppos:.. spins. The material will then be diamagnetic and be slightly repelled on
application of a magnetic field. This may be understood in terms of Lenz’s iaw by classical

3136 1f a molecule has an odd number of

treatment of the paired electrons as a current loop.
electrons the molecule will have one {(or more) unpaired spins and thus have a permanent
magnetic dipole. Such a molecule is paramagnetic, and is attracted into a magnetic field.
Examples of paramagnets include d- and f- block metal complexes and organic radicals.
Paramagnets are referred to as magnetically dilute, meaning that the individual spin sites
do not communicate (interact) throughout the bulk material. Without an applied magnetic
field the spin directions are oriented randomly throughout the lattice due to thermal motion
and hence net cancellation occurs and the magnetic moment is zero. When a strong
magnetic field is applied the spins align parallel to the field direction. Once the field is
removed the spins again randormise.

Paramagnets obey the Curie-Weiss law (Equation 1.1), which relates the magnc.ic
susceptibility, z, to the temperature, T, (where y = M/H = Magnetisation/Applied Field; C
= the Curie constant; 8 = the Weiss constant).”’*> Equation 1.1 is only valid when y is

independent of the applied field, H.*' Inorganic chemists commonly use a more convenient

quantity, the effective magnetic moment, g, which is defined by Equation 1.2.3135 This
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magnetic moment has the non S.1. unit of Bohr Magneton (B.M., ug or /) and the

advantage of being on a scale (~0-6 per metal ion) that lends itself to easy comparison. 1t

should be noted that gy is derived from an arbitrary definition and that magnetic
susceptibility, 7, is the fundamental quarltit;,r.3 ! Many groups woridwide use the product,

2T, rather than .

¥y = — Equation 1.1

=2.828, T Equation 1.2

k = Boltzmann constant

N = Avogadro’s number

The Weiss constant, &, can be zero to negative for mononuclear paramagnetic
metal complexes, with the magnitude depending on the nature of the ligand field ground-
state and degree of distortion from perfect octahedral or tetrahedral symmetry.*'** Thus,
for orbitally non-degenerate ground-state systems {e.g. octahedral Ni", 3Azg ground-state) &
is close to zero and . remains independent of temperature as y simplifies to C/T (the
Curie law). In contrast, orbitally degenerate systems such as octahedral Co" (*Tig) or yi
(3Tlg) exhibit non-zero & values, and consequlently ler decreases with decreasing

temperature,

1.2.2 Short Range Coupling in Small Cluster Complexes

If two or more metal centres are in close proximity the unpaired spins on each
centre can couple, that is, interact with each other so that one spin centre is ‘aware’ of, and
is influenced by the presence of the other(s). The spins can align parallel to each other

(ferromagnetic coupling) or antiparallel to each other (antiferromagnetic coupling). Hence,
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as well as the ligand-field and orbital degeneracy consequences in mononuclear species
mentioned in Section 1.2.1, the Weiss constant can also indicate the nature and strength of
coupling between adjacent metal centres. Positive # values indicate ferromagnetic coupling
and thus g will increase with decreasing temperature, whereas negative ¢ values indicate
antiferromagnetic coupling, in which case u.g will decrease with decreasing temperature.
Larger @ values correspond te stronger coupling. Figure 1.1 shows plots of », 1/y and pegr

versus temperature, 7 to illustrate the effects of the Weiss constant.
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Figure 1.1 The effect the Weiss constant, &, has on (a) z, (b) 1/y, and (C) pewr, versus

temperature (reproduced from reference 2).
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Coupling between metal centres is common in dinuclear, trinuclear and larger
cluster complexes. This coupling is intra-molecular or short-range, as it does not extend
beyond the finite clusters. For these systems the expression for y is modified to include
exponential -2J/AT terms, where J, the spin-spin coupling constant, gives an indication of
the type and magnitude of the magnetic coupling.’*>*’ The convention used here is that
positive J values indicate ferromagnetic coupling, whereas negative J values indicate
antiferromagnetic coupling. Various models have been developed for determining the
coupling constants in different systems such as di-, tri- and tetra-nuclear complexes and
also extended systems such as 1D chains.®’*” There are often multiple constants to
represent the many individually considered interactions in multinuclear compiexes. Care
has to be taken in comparing literature J values since different authors use -2/84°S, or -
J81°8S; spin Hamiltonians. Most of these models assume that any orbital degeneracy on the
metal ion is zero and thus spin-only formalism can be used. In cases such as *T), (Co" oct)
this is a gross approximation and more detailed models are required.”®

There are two commonly used mechanisms to account for the coupling: (a) direct
interaction between d-orbitals, and (b) superexchange. The former situation, for example,

exists in the copper(I1) acetate monohydrate dimer, [Cu"(OAc)(H,0)),.% Weak overlap of

the 4 oy orbitals on each Cu" (§ = 1/2) centre leads to a diamagnetic ground-state !

More commonly however, the ability of spin centres to couple can be associated with a
‘superexchange’ mechanism (or pathway), which is achieved through organic or inorganic
bridges between the metal centres. This involves overlap of magnetic orbitals on the metal
centres with the orbitals on the bridging ligands. The various superexchange models are
explained in detail in reviews by Martin,*® Ginsberg,*' and Kahn 542

In molecule-baszd magnets, mechanisms of superexchange can include pathways

via covalent bonds in diamagnetic (or paramagnetic radical) bridging ligands, hydrogen
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bonds, or van der Waals interactions. Magnetic interactions can also occur by dipole-dipole
through-space interactions or spin-polarisation mechanisms across appropriately

substituted aromatic rings.*

1.2.3 Long Range Ordear in Extended Network Coordination Complexes

In contrast with paramagnetic species and small coupled cluster complexes, which
can display short-range magnetic coupling, magnetic materials can exhibit long-range
coupling between spin centres throughout the entire solid. As such, they are known as
magnetically concentrated. Long-range coupling, in special circumstances, can lead to
long-range magnetic order with spontaneous magnetisation, which occurs abruptly ina
magnetic phase transition to the ordered state below a critical temperature, 7. Long-range
order is a cooperative effect and is a property of the bulk solid, not of the individual atomic
or molecular components.'>!?733#% pioyure 1.2 shows a schematic representation of the
ways spins can align in a material.*’ Ferromagnetic (parallel spins) or antiferromagnetic
(antiparailel spins) coupling can lead to long-range ferromagnetic or antiferromagnetic
order respectively. Ferrimagnetic ordering is a special case of antiferromagnetism, where
adjacent spins are of different magnitudes hence antiparallel alignment leads to a net

moment.
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PZIN I T
N= /N T

a) paramagnet c) ferromagnet
disorded spins (2D) ordered (aligned} spins (2D)

R R
AT TR R P T

b) antiferromagnet d) ferrimagnet
ordered (opposed) spins (2D)

VAT TR N
fIISLL F I

&) spin-canted antiferromagnet or weak ferromagnet (2D)

Figure 1.2 A schematic representation of spin-coupling behaviours in two dimensions,
including (a) paramagnet disordered spins, (b) antiferromagnetic, (c) ferromagnetic, (d)
ferrimagnetic and (e} spin-canted antiferromagnetic or weak ferromagnetic alignment of

spins (reproduced from reference 2).

In addition to these magnetic behaviours, other ordering phenomena, such as
metamagnetism, spin-canted antiferromagnetism (weak ferromagnetism) and spin-glass
behaviour, may occur.*® Metamagnetism occurs when a material that displays
antiferromagnetic ordering transforms to a high-moment state (e.g. ferromagnetic or spin-
canted antiferromagnetic) on the application of an external magnetic field. An example of a
metamagnetic material is described in Chapter 6. Spin-canted antiferromagnetism,
otherwise known as weak ferromagnetism, arises from a relative canting of spins resulting
in a net moment, the size of which is dependent on the canting angle.***” A spin glass
occurs where local alignment of spins exists, but long-range ordering does not, Whereas

for a paramagnet the spin directions vary with time, for a spin glass they remain fixed or
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change only very slowly.***® Figure 1.3 shows the magnetisation, M, versus applied field,

H, ior the various types of magnetic behaviour.

‘ lerromagnet

| SpONtaneous magnetization
M{H=0)> 0
G M~ oJ

3 femomagnetic
= coupling

paramagnetic
Stope = g*S(S+1)

{femmagnetic

coupling
antiferomagnetic
coupling
oo .
diarmagnetic

HIG—

Figure 1.3 Schematic illustration of magnetisation (M) versus applied field (H) curves for

different types of magnetic behaviour (reproduced from reference 2).

A magnet is said to display spontaneous magnetisation below a magnetic
ordering, or critical, temperature 7. For ferromagnets this is referred to as the Curie
temperature, while for antiferromagnetic interactions or for spin-canting, it is known as the
Néel temperature Tn.** The term ‘spontaneous’ can be a little misleading, as a small
applied field is required to induce magnetisation. This is due to the presence of regions, or
domains, where the spins are spontaneously ordered, but these domains are oriented
randomly with respect to each other. Hence, the small applied field causes coalescence of
the domains and magnetisation of the material. This situation is iflustrated in Figure 1.4.

When the external field is removed the magnetisation remains (remnant magnetisation,
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RMj but will decrease slowly over time as the domain walls reform. If the direction of the
field is reversed the magnetisation can be reduced to zero. The value of the applied fieid
required to do this is called the coercive field, .. This history dependent M(F) behaviour
is known as hysteresis.“ Magnets with coercive fields, H; > 1000 Oe are referred to as
‘hard’ magnets, correspondingly ‘soft’ magnets have A, < 1000 Oe. Magnetic data storage

devices use hard magnets, and soft magnets are found in AC motors and magnetic

2,26,27,44

shielding.
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Figure 1.4 Schematic representation of magnetic domains without an applied field (left)

and in the presence of a field (right). Reproduced from reference 2.

Above the critical temperature the therrnal motion of the spins is enough fto
prevent long-range ordering. However, below the T, the spin-alignment energy is enough

to overcome the randomising effect of thermal motion, so the spins align throughout the
solid, 2?3450 )
1.2.4 Experimental Measurement of Long Range Magnetic Order

The first indication that a material may be a magnet can be seen in plots of »T or

Herr versus temperature in DC fields of A < 1 Tesla (T). If T (or per) increases to values
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much higher than those expected for spin-only interactions, this can often indicate the
occurrence of long-range magnetic order. This can be confirmed by various plots of
magnetisation, M, versus temperature, a typical example of which is shown in Figure 1.5.
This plot is generated from the following series of measurements. When the sample is
cooled from room temperature in zero-field the magnetisation (ZFCM) is zero, then
undergoes a small increase and maximum as the 7 is reached, but returns to near zero as
domains are formed. Then the sample is returned to a temperature above 7, and a small

field is applied, typically 5 Oe (NB. 1 T = 10,000 Oe). When the sample is cooled the

magnetisation (FCM) increases abruptly at T, then reaches a plateau at low temperature,
The field is removed and the sample warmed to above the T, the remnant magnetisation
(RM) closely follows the field-cooled magnetisation (FCM, for materials with high RM),
then above T returns to zero as the thermal energy causes the spins to randomise. This plot

is used to determine the T, of the material.

600 -
5 500 |
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- 400
o
€ 300 |
&
& 200 |-
= 100 | ZFCM
{1 RESEORORSREREES
0 ’ Se—
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Figure 1.5 Typical plot of Magnetisation versus Temperature showing Field-Cooled
Magnetisation (FCM), Zero-Field Cooled Magnetisation (ZFCM) and Remnant
Magnetisation (RM) for a molecule-based magnet (specifically o-[Ni(dca);], a

ferromagnet, T, = 21 K). Reproduced from reference 51.
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Other important measurements used to confirrn the occurrence of long-range
magnetic order include the in-phase (y’) and out-of-phase (") components of the AC
susceptibility. These give a sharp maximum at 7. These are also used to demonstrate
single-mtolecule magnetic behaviour, where frequency dependence of maxima in 2"
indicates slow relaxation of magnetisation. This subject is discussed in more detail in
Chapter 7.

The nature of magnetic order is determined by measuring the field dependence of
magnetisation for different temi)eratures below and above the T.. The various types of
magnetic behaviour give distinctive plots of M versus H, as shown in Figure 1.3. For
example, materials that order ferromagnetically rapidly reach thetr saturation
magnetisation plateau. Saturation magnetisation, Msy = 25tNfF (where St = total spin
value), can be used to differentiate between ferromagnetic and ferrimagnetic order in
heterometallic systems with centres of unequal spins. For instance, a system with §; = 5/2
(e.g. H.S. oct Mn") and $; = 1/2 (e.g. oct Cu") will have My values of 6NB (St = 6/2) or
4Np (St = 4/2) for ferromagnetic or ferrimagnetic ordering respectively.

As mentioned above, magnetic hysteresis is an important behaviour exhibited by
magnets. It is used to determine the ‘magnetic hardness’ and memory of the material. At a
given temperature below the T., the magnetisation, M, is plotted against applied field, H.
As the field is increased from zero to large values, usually up to 5 T, the material typically
reaches saturation magnetisation, Myy. Then the field is reduced and the magnetisation
does not follow the same curve, but due to domain formation has a remnant magnetisation,
RM, at zero-field. The field is then increased in the opposite direction, and the

magnetisation is reduced to zero at the value of field known as the coercive field, #.. The
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field is increased until M, is reached, then cycled back to zero and so on. Thus a

symmetrical hysteresis loop is formed, an exampie of which is shown in Figure 1.6.

M/ cm’mol' Qe
o=

Figure 1.6 An hysteresis plot of a spin-canted antiferromagnet (specifically a-[Fe{dca),],
embedded in Vaseline, H, = 17380 Oe and RM = 2330 cm’mol'Oe). Reproduced from

reference 52.

Another important technique to further confirm long-range magnetic order is heat
capacity measurement. A plot of total specific heat, Cy, versus temperature will exhibit a

maximum near the T, indicating a phase change to a magnetically ordered state.*’>**

1.3 Crystal Engineering of Coordination Polymers

The overwhelming majority of molecule-based magnetic matciiuis are
coordination polymers, since suitable bridging ligands can facilitate superexchange
interactions between unpaired spins on metal ions throughout the crystal lattice, thus

potentially leading to long-range magnetic order. Hence the desiga of coordination
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polymers and the associated network theory are highly relevant to the field of molecule-
based magnetism. Some early coordination polymers were reported by J. C. Bailar many
years ago.’>s7

Crystal engineering involves the analysis and rational design of crystal structures,
and ultimately aims to gain control the way molecules assemble in the solid state. Thereis
much impetus to achieve the fully rational design of materials. As many of the physical
properties of materials are largely dependent on their structure, control over the structure
introduces the potential of constructing materials with desirable and useful properties.
These include magnetic (long-range order, spin-crossover behaviour), electrical
(conductivity, semiconductivity, superconductivity), optical (non-linear optical behaviour,

transparency), physical (microporosity, hardness), and chemical (heterogeneous catalysis,

solubility) properties.”® For example, one could envisage synthesizing materials with large

pores of predetermined size 1o be new catalysts tailor-made for specific processes.

However, presently, the true crystal engineering of useful materials with predetermined

structures remains an clusive goal. With some exceptions, many discoveries of new
materials with interesting properties and structures have bHcen made by accident or
educated trial and error.

Towards the above goal, the crystal engineering of coordination polymers is

currently a very active field of research that has seen rapid growth in recent years.ss”” It

had its birth in 1990 in a paper by Hoskins and Robson, in which they describe the rational
synthesis of new coordination polymers based on simple network prototypes.” For
example, the structure of diamond consists of tetrahedral carbon atorﬁs connected together
to form a simple 3D network. By replacing the carbon atoms with tetrahedral metal centres
(e.g. Cd", Zn") and the C-C bonds with linear bridging ligands (e.g. CN’), one can

construct new structures (Cd(CN);, Zn(CN),), which possesses the same topology as
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diamond.”™ However, as the tetrahedral centres are no longer linked by C-C bonds (1.54
A), but by the much longer M-CN-M bridges (5.46 (Cd) and 5.11 (Zn) A), the resulting
network is a much more open structure, thus allowing the interpenetration of a second
identical, unconnected network.”

Therefore, by controlling the geometry of metal ions and ligands it should in
theory be possible to control the topology of the network formed. However, as stated
above, reality can be unpredictable. Variables such as choice of solvent or counter ion can
greatly influence the topology of the resulting network. In addition, even if the metal ions

and ligands function as designed, different network topologies are possible for the same

nodal geometry. For example, Cd(CN); or Zn(CN), needn’t have formed diamond

networks, as there are a number of other topologies it might have formed that also contain
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tetrahedral nodes (e.g. Lonsdaleite and Quartz networks).”® The phenomena of

polymorphism and pseudopolymorphism provide an illustration of the challenges facing

%
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o

the crystal engineer. Polvmorphs contain the same chemical components but pack
differently in the solid-state. For example, the o and B phases of [Cu'(dca)(bpe)] (bpe =
1,4-bis{4-pyridyl)ethene) possess 2D and 3D structures respectively, further complicated
by the fact that they crystallise together with the addition of a third, as yet unidentified,
phase.” Pseudopolymorphism is where the chemical compositions differ only in the
amount and/or type of solvent included. Hence, a large element of uncertainty remains in
crystal engineering. However, this can be a bonus since it is often the unexpected results,
perhaps beyond the original imagination of the chemist, which can be more interesting than
the intended structures.

One convenient way of defining the construction of a framework is based on the

idea of a net.”® Two particularly useful compendia of nets relevant to chemistry were

compiled by Wells over twenty years ago.” " He defined crystal structures in terms of
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their topology by reducing them to a series of points or nodes with certain topologies (3-
connecting, 4-connecting, 6-connecting etc.) that are connected to a fixed number of other
nodes. The resulting structures can be either discrete (zero-dimensional) polyhedra or
infinite (1D, 2D or 3D) periodic nets.*® Examples of simple infinite 2D nets given the
symbols (6,3) and (4.4), are shown in Figure 1.7. One way of representing the topology or

connectivity of any given net is in terms of the general symbol (n,p), where p is the number

- ;:
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of pathways or connections to neighbouring nodes that radiate from any centre or node,
and » is the number of nodes in the smallest closed circuits in the net. Thus, the number 6
in the symbol (6,3) indicates that the shortest circuits in the net are hexagons and the

number 3 indicates that the nodes are three-connecting. A ‘shortest circuit® is defined as

the shortest circuit possible that includes a given pair of links (outward and inward bound)
from a node. Thus, each pair of links from a node has a ‘shortest circuit’ associated with it.
For each link radiating (outward bound) from a p-connected node there are (p-1) other
links via which to return to the node (inward bound). Thus, for any node there are p(p-1)/2
‘shortest circuits’. The factor of 1/2 is included so that each ‘shortest circuit’ is not counted
twice, because it does not matter which direction the ‘shortest circuit’ is travelled. As
strange as it may sound, for a given node, the ‘shortest circuits’ are not necessarily all the
same size. The (n,p) notation strictly only applies when all p(p-1)/2 ‘shortest circuits’
originating from any node are n-gons (as is the case for the (6,3) nets in Figure 1.7(a)).
Otherwise, the more complete Schlifli notation, r”?" 12 should be used. Thus, the symbol
(4,4) for the net in Figure 1.7(b) is not strictly correct since two of the six ‘shortest circuits’
for each nodc. involve six nodes (trans links), while the other four involve four nodes (cis
links). The correct symbol is 4°6%, Wells having simplified this to 4* (or (4,4)) by
arbitrarily ignoring ‘shortest circuits® with collinear links.?! The (4,4) notation is used to

describe a number of 2D networks presented in this thesis.
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Two different geometric forms of the (6,3) net are shown in Figure 1.7(a),
emphasising that nets may be distorted without changing connections and retain the same
topology. For the same reason, in a topological sense square-planar and tetrahedral nodes
should be regarded as simply 4-connecting centres. However, there are obvious chemical

reasons for delineating between them.

(b)

Figure 1.7 (8) Two different geometrical arrangements of the (6,3) net, and (b) the (4,4)

net. Reproduced from reference 76.

Many infinite nets have real examples such as mirwrals, which can provide
convenient names for the nets. On the other hand, some nets are only represented by a few
real examples or remain theoretical entities.® For instance, Chapter 4 describes both, a net
with a topology for which the first real example was reported in 1998,” and a net with an
unprecedented topology. Some of the simplest infinite 3D nets include: the a-polonium (a-
Po) net (with 6-connecting octahedral nodes - also known as the ReO; or NaCl net); the

diamond, Lonsdaleite, quartz, feldspar-related and zeolite related nets (with four-
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connecting tetrahedral nodes); the NbO net (involving 4-connecting square planar nodes
with a 90° twist along each link); the PtS net (with tetra%edral and square planar nodes in
1:1 ratio); the rutile (TiO,) net (with octahedral and trigonal nodes in a 1:2 ratio); the

“Pt304” net (with square planar and trigonal nodes in a 3:4 ratio); the Ge;N4 net (with

X el T

i tetrahedral and trigonal nodes in a 3:4 ratio) and various three-connected nets described by
Wells,” the most symmetrical of which is the chiral (10,3)-a net.”® When applying Schilafli

notation to nets with more than one type of node, each node is treated separately with the

same principles being used for each (see Chapter 2 for an example of this treatment).
Many coordination polymers form with large voids, cavities and/or channels in

their networks. In such cases there are three main ways in which networks with such voids

may maximise their packing efficiencies. The first is by intercalation, whereby ‘guest’
molecules occupy the cavities of the network (the ‘host’). This is often achieved by
inclusion of solvent molecules (commonly disordered). The second is by interdigitation,
which may occur for 1D and 2D systems, examples of which can be seen in Chapter 3. The
third method is by interpenetration, whereby the voids are occupied by one or more,
independent, usually identical frameworks. The key feature of these entangled systems is
that they can only be disentangled by the breaking of bonds. This occurs when the rods of
one network pass through the rings of another and vice versa.’® Interpenetration is
uncommon for 1D systems but very common for 2D and 3D systems where numerous
examples have been observed with wide ranges of topologies.”® Some examples of
interpenemﬁon are shown in Figure 1.8 for 2D and 3D frameworks. Chapter 2 describes
an unusual self-penetrated or self-entangled structure, which is the polymeric equivalent of

a molecular knot.%
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Figure 1.8 (a) One mode of inclined penetration for 2D (4,4) sheets and; (b) The two (2-
fold) interpenetrating 3D nets of the rutile-related [M"(C(CN);3),] complexes. Reproduced

from references 76 and 59 respectively.

1.4 Some Examples of Molecule-Based Magnels

The number of known molecule-based magnets is increasing rapidly due to the
large amount of research attention that has been focused on this field over recent years by
many groups worldwide. What follows is an introduction to the main families of molecule-
magnets via the illustration of particular examples. They are categorised primarily on the
basts of bridging ligand. The metal dicyanamides, which are most relevant to this thesis,
are discussed in Section 1.4.7. Further details in the area of molecule-based magnetism
(including purely organic molecule-based magnets, which are beyond the scope of this
thesis) can be found in Kahn’s book® and in excellent reviews and conference reports on

the subject.>*72%°081-85
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1.4.1 Donor-Acceptor Charge Transfer Complexes and Related Systems

In 1985 Miller ef al. reported the molecule-based magnet, [FeCp 1]  [TCNE]™
(where Cp° = pentamethylcyclopentadienyl, CsMes; TCNE = tetracyanoethylene,
(NC),C=C(CN);}.*?* The structure, which is shown in Figure 1.9, consists of chains of
alternating radical ferrocenium cationic donors, D**, and radical TCNE anionic acceptors,
A", each of which carries a spin § = 1/2. The salt orders ferromagnetically below the T,
value of 4.8 K. Interestingly, this material is one of the few truly ‘molecular magnets’ in
that there is no covalent bonding between the spin carriers. While it has been shown that

m .

the majority of the spin is localised on the Fe™ ion, spin polarisation is l:iroposed to result

in a spin of opposite sign on the Cp’ rings, which face the TCNE® anions. Ferromagnetic

coupling is thought to occur via a spin exchange between the Cp rings and the TCNE™.%

This research into donor-acceptor salts has shown that covalent bonding between spin
centres is not essential for long-range magnetic order to occur. However, the low T, is
attributable to the weakness of the through-space interaction in comparison to
superexchange interactions observed in a coordination polymer network.

Since this work, several additional donor-acceptor and related molecule-based
magnets have been reported.??%**%% These materials show a range of magnetic
behaviour. For instance, the series of compounds [Mn""TXPP][TCNE] (where TXPP =
meso-tetrakis(4-halophenyl)porphyrinato, X = F, Br, 1) display ferrimagnetic ordering as
high as 28 K (for X = F).®® However, in these compounds the TCNE" radicals act as
bridging ligands between the [Mn"TXPP]" moieties to form linear 1D coordination
polymer chains. Thus, enhanced spin interactions may account for the higher 7, value
compared to the donor-acceptor salt of [FcCp*;]“[TCNE]".

1§}

A large series of related electron-transfer salt compounds with Mn™-porphyrinato,

[Mn"'Por], and polycyano ligands similar to TCNE have also been investigated. These
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include those containing TCNQs (7,7,8,8-tetracyano-p-quinodimethanes),”>® HCBD

(hexacyanobutadiene),'* '™ and DCNQIs (V,N-dicyanoquinone diimines).”

Figure 1.9 The chain structure of [FeCp’,]"[TCNE]". Reproduced from reference 90.

In 1991 Miller et al. reported what is one of the most significant results of the
field. They discovered the first room-temperature molecule-based magnet,
[V(TCNE),]-y(solvent) (where solvent = CH,Cly; x = 2; y = 1/2), which is a ferrimagnet
with an extrapolated T, value of ~400 K (higher than the thermal dccdmposition
temperature of 350 K). 221919 1t was found that due to extreme insolubility and air and
water sensitivities, the composition and consequently magnetic properties are highly
dependent on solvent and preparative conditions. For example, if MeCN was used,
[V(TCNE),}-y(MeCN) was synthesised, whose 7. was found to be only 120 K (again

dependent on the preparation). These materials are amorphous and considering the high T
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values, are thought to consist of disordered coordination polymers. It is interesting to note,
but perhaps coincidental, that a number of room-temperature molecule based magnets are
disordered/non-stoichiometric, as is the case for some of the Prussian-Blue type materials
discussed in Section 1.4.2. Miller e al. have also studied analogues of the vanadium
complexes, [M"(TCNE);}x(CH,CL), (where M" = Mn, Fe, Co and Ni).'”” These

compounds are metamagnets. The Fe compound, for example, has a T value of 121 K.

1.4.2 Prussian-Blue Analogues

Perhaps the most important family of molecule-based magnets is that of the

Prussian Blue analogues and there are a number of excellent reviews covering the

subject. 11118 pryssian Blue itself, Fe'fFe'(CN)sJsxH20 (x = 14-15), is perhaps the
t ~ first known coordination compound and gives its name to this family of molecule-based
.? } magnets.'” It was discovered in 1704 by M. Diesbach when he obtained a bright blue
pigment after boiling beef blood (!) in a strongly basic medium.'"”"""? It has since enjoyed
wide use as a dyeing agent. This compound exhibits long-range ferromagnetic ordering
below a T, value of 5.6 K."?*'# Ferromagnetic coupling occurs between the distant (10.18

A apart)'” high-spin Fe'' centres via the low-spin diamagnetic Fe" centres that are

swrrounded by the cyano-carbon donors.!?

The structure of Prussian Blue was first proposed by Keggin and Miles in 1936'%*
and then reformulated by Ludi and Giidel in 1973.''%?® The Prussian Blue family
contains a number of systems of general formulae C,A,[B(CN)¢l,xH;0, where A and B
are divalent or trivalent transition metal ions and C is a monovalent cation (e.g. Cs’, Na").
The structure of the lattice is face-centred cubic (a-Po related), where A cations occupy the
edges and centre of the cell, B occupies the corners and faces (octahedral sites) and C

cations are inserted into part of the tetrahedral sites.!”® Three typical examples are shown

in Figure 1.10.
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Figure 1.10 Typical cubic structures of Prussian-Blue analogues; (a)
A™S[B"(CN)glxHz0; (b) A"[B"(CN)g}; (¢) C'A"[B"/(CN)¢]. [B™(CN)e] are the solid
octahedra surrounded by CN™ (very small spheres); A are the small light spheres; C' are the
medium grey spheres at tetrahedral sites in (¢); and finally in (a) ‘the H,0 are shown as the

smaller light grey spheres. Reproduced from reference 112.

gIB(CN)6” o (Lewis base) + pA™ o (Lewis acid) — {A,[B(CN)},}*xH;0 y  Equation 1.3

The general reaction scheme to produce neutral Prussian-Blue analogues is given in
Equation 1.3. When n, p and ¢ are unity the cubic lattice is complete (Figure 1.10(c)). Each
A" metal ion is connected via cyanide bridges to six different B metal ions and vice
versa. The B" jons are coordinated by the cyanide carbon atoms and thus are low-spin,
whereas the A" jons are coordinated by the cyanide nitrogens and thus are usually high-
spin. This lattice contains eight tetrahedral sites within the cell, and half of these are
occupied by the C' cations. Water molecules can occupy any vacant position in the lattice.
In Prussian Blue itself there are no C' cations, hence one quarter of the [F e (CN)g]* sites
are vacant to balance the charge. Each of these vacant sites is occupied by approximately 7

i

H>O molecules {one coordinated to each of the six surrounding Fe™ centres that would
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otherwise be coordinated by a cyanide nitrogen donor atom, plus the seventh H,O between
them). There are two tetrahedral sites within the cubic lattice per A atom, therefore for the
four A metal atoms of Prussian Blue there are about eight H>O molecules at tetrahedral
sites, which gives a total of fifteen for the formula Fe!"4[Fe"(CN)6]3.

Due to the structure of the Prussian-Blue system, great potential exists for the
production of a wide range of magnetic materials. For instance, different combinations of
paramagnetic A and B cations are possible, and the high symmetry allows a degree of
control over the type and size of the magnetic interactions between A and B.!" Hence, a
large number of these materials are now known, 161271

The first low-temperature magnetic studies of Prussian-Blue analogues were
performed by Bozorth and co-workers in the 1950s, where they reported magnetic ordering
temperatures as high as 50 K.'*! However, problems with sample purity meant their
conclusions were in doubt>*''? Later, during the 1980s, Klenze and co-workers'*® and then

131-133

Babel and co-workers reported several materials with T, values up to 90 K, i.e. above

1 R,124.1
13,128,124.142 and

liquid nitrogen.'”” In more recent times the groups of Verdaguer
Girolami' "#!#*131% phave undertaken a systematic approach using the principle of
orthogonal orbitals (vide infra) in order to obtain materials with high critical
temperatures.”® They and others have demonstrated the ability to tune the magnetic
properties of these materials using guiding rules, which are described below.

The type of ordering observed in these materials is explained by a superexchange
mechanism based on the principle of orthogonal magnetic orbitals. Simply stated, coupling
between orthogonal orbitals is ferromagnetic, whereas between non-orthogonal orbitals it
is antiferromagnetic.’>*®!!"""12 This is most clearly observed for the highly symmetric

Prussian Blues. For the paramagnetic A and B centres, the coupling interaction, J(AB)

between the high-spin A centre with a configuration of txg'e,’, and the low spin B centre
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with a configuration t;;" is a sum of two competing interactions. The J(tztzy) A-F.

interaction involving the t;; orbitals of unpaired spins on A and B is an antiferromagnetis:
contribution, and the J(egtyg) A-B interaction between the orthogonal eg orbitals on A ani!
the ty; orbitals on B is a ferromagnetic contribution. When both contributions are preser,
antiferromagnetic usually dominates. When the spins on A and B (S4 and ;) are equal this
can lead to long-range antiferromagnetic ordering and when they are non-equ:l
ferrimagnetic ordering may occur. To ilustrate, CsNi''[Cr'™(CN)¢]-2H,0,'** with A and 3
configurations of t,.’e,” and tp,° (Ni" and Cr™ respectively), is a ferromagnet with 7, = ¢ 0
K. CsMn"[Cr"(CN)s) H,0,' ! with its ta,’ex.* and t,5° centres, is a ferrimagnet with a |y
= 90 K."*" Orthogonality of orbitals in Prussian Blues has lead to the Iability to predict tie

nature of the magnetic ordering according to the electronic configuration of the metal ions

g (see Table 1.2).3%!12
However, these predictions do not account for the magnitude of the A-B
E interactions and hence the values of the critical temperatures. There are a2 number of

qualitative methods that have been applied to optimise these parameters. Tae
superexchange pathway largely responsible for the A-B interaction is thought to be via the
empty cyanide anti-bonding 7* orbitals.’® The ty, type orbitals of the B ion are delocalised
towards these #* orbitals. This delocalisation is more pronounced when the two orbitals
are closer in energy. Increasing this antiferromagnetic tag{A)-t2(B) interaction is achieved!
by using B ions with high-energy 3d orbitals (which are more radially expanded), which it

the case for the early transition metals in lower oxidatiors states.”! 4144148
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Table 1.2 Prediction of the nature of magnetic ordering in the Prussian Blue-like phases
according to the electronic configurations of the high-spin A and low-spin B ion (AF =

antiferromagnetic, F = ferromagnetic and FI = ferrimagnetic). Reproduced from reference

50.
B
A t2s and t2,° . and ty! t3;°
ty'es’ |  AF FI FI
tr g FI1 AF FI
tr €g FI FI AF
tg Cg FI FI FI
tag ey’ Fl FI FI
tog'eg’ FI FI FI
trgeg FI FI FI
A F F F
ta'eg F F F

A related consideration is that the early transition metals possess more unpaired
electrons in the ta, orbitals, which give rise to higher critical temperatures.'*® This can be
illustrated in the isostructural series of ferromagnets Ni"3[FCm(CN)6]2'14H20,]49
Ni';[Mn'™(CN)eJ2-12H,0,** and Ni;[Cr'"™(CN)g)z-15H,0,"** which have 7 values of 23,
30 and 53 K respectively. These values correlate with the number of unpaired electrons in
the ty; orbitals of the low-spin ions of 1,2 and 3 for F e Mn™ and Cr? respectively.”s

The principle of maximising antiferromagnetic interactions between unequal spins
to yield ferrimagnets (vide supra) was successfully employed by Verdaguer ez al. in the
production of Cso.75Cr'1125[Cr' (CN)g)-SH,O and Cr''5[Cr*(CN)g]2-10H,0, which order at

190 and 240 K respectively.'® In 1995 the same group reported the first room-temperature
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Prussian Blue-like molecule based magnet, V'V ¢[Cr(CN)cJoss 3H20, which orders
ferrimagnetically below 315 K.'. Verdaguer et al. subsequently reported the two
amorphous ferrimagnets with nominal compositions of
V45V ™0 530VV010.02{Cl™(CN)6Jo.65(SO4)0.23:3.0H,0:0.02K,80;  and  CslyesV'o g6
VYV Ol03Cr™(CN)slo02(SOa)o.203-3.6H0, with Ty values of 310 and 315 K
respectively.”®® It has been observed that ferrimagnetism gives the highest ordering
temperatures of the Prussian Blues analogues.®® Along these lines, Miller et al. also
reported a non-stoichiometric Prussian Blue analogue KoossV'V I [Cr(CN)slo. 70
(SO4)o0ss-xH20, which has a Ty, of 372 K.'**7 Ap interesting aspect to these materials is
that their ordering temperatures are dependent on the amount of hydration present, i.e. they
decrease when the materials are dehydrated. This phenomenon has particular relevance for
the compound presented in Chapter 6 of this thesis.

At around the same time Girolami et al. reported the related stoichiometric
compound KV'[C"(CN)s]-2H,0,'* with a 7y value of 376 K. Ordering in this magnet is
attributed to the presence of V™" impurities in the lattice.'*” Additionally, Girolami et al.'”
have investigated Prussian Blue analogues constructed from [Cr'(CN)sNOJ*" anions as a
route to high Ty ferrimagnets. The compounds, Ko sMn[Cr'(CN)sNO} z3-4H,0-1.5MeOH,
CsosCr{Cr'(CN)sNO]g£3:2H,0:-0.6MeOH, and Cr[Cr'(CN)sNOJos-2H,0:1.8MeOH order
below 31, 89 and 127 K respectively. However, the [Cr'(CN)sNOJ anion gave materials
with lower ordering temperatures than did the related [Cr"(CN)s}>" anion, which they
attribute to the lower symmetry of the anion and the fewer unpaired electrons it contains.'*
Likewise the magnetic, electrical and optical properties of other substituted

pentacyanometallate ([Fe(CN)sL}™, where L = NO*, NH3, H,0, SO4%, or pseudohalide)

containing materials have been investigated.'>**
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Another Prussian Blue-related magnet reported by Entley and Girolami is
(Et:N)psMn", 25[V"(CN)s]-2H,0, which ferrimagnetically orders below a Ty value of 230
K.'* However, it does not possess the face-centred cubic structure common to the Prussian
Blue family. Previous reports by Babel ef al. showed that inclusion of bulky cations, such
as Me;N" (as opposed to the alkali cations of the Prussian Blues) force the adoption of
lower dimensionalities such as 2D sheets and 1D chains.*****31% Eor example the series
CsMn"[Cr'"™(CN)s}H,0,""! (Me;N)Mn"[Cr'™(CN)s]-4H,0,'%¢ " and
(MesN)Mn'"[Mn"(CN)s}-8H,0'** have 3D cubsic, 2D sheet, and 1D chain structures, and
order ferrimagnetically below 90, 59 and 29 K, respectively. The decrease in ordering
temperatures follows the reduction in magnetic interactions, due to lower
dimensionality.'®® It is therefore believed, on the basis of the high ordering temperature,
that (EuN)oisMnnl_25[\?"(CN)5]-2H20 possesses a 3D structure.'*

A particularly interesting family of Prussian Blue-like magnets are the series of
A,Coy[Fe(CN)s}-xH,O complexes, which display photo-induced magnetism. In 1996,
Fujishima and Hashimoto ef al.’5"182 first observed that ferrimagnetism could be enhanced
in CoFe Prussian Blue analogues by photo-irradiation at low temperatures. The proposed

mechanism involved a photo-induced electron transfer within pairs of diamagnetic

Co™-Fe" moieties within the structure to give Co"—Fe' magnetic pairs, thus enhancing

164-168 127,169-173

magnetisation.'® Other groups including, Miller and Epstein, and Verdaguer
have also investigated the magneto-optical properties of these and similar materials. For
instance, Rb;sCos[Fe(CN)sls30'13H20 reported by Verdaguer et al,''? is essentially
diamagnetic before being photo-excited in the near IR, after which it is a ferrimagnet with
Ty =21 K. Thermal decay of this excited state occurs above 108 K.'™

Fujishima and Hashimoto have also investigated the magnetic, electrical and

optical properties of mixed valence chromium cyanide thin films.””’'™*" For example,
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they demonstrated electrochemical tuning of the ordering temperature of such films, with
T, values ranging between 135 and 230 K for reduced and oxidised films respectively.'*’
The nature and high-symmetry of the Prussian Blue-like phases has led to a wealth
of molecule-based magnets being discovered and the ability to apply theoretical knowledge
to tune the magnetic properties of these materials. However, the cubic symmetry of these
phases means they are magnetically isotropic so that features of magnetically anisotropic
systems are not observed. In addition, no group has been able to grow single crystals of
Prussian Blue-like phases suitable for detailed magnetic measurements.'”’ Hence, research
has been focused on different cyanide-bridged species. Kahn and co-workers are interested

Til

in synthesising bimetallic compounds using the heptanuciear [Mo (CN); 1+ precursor,

which has a pentagonal bipyramidal structure and is incompatible with cubic symmetry.'”’
Reacting this with Mn" salts in aqueous solution, they grew single crystals of two phases,
which both order ferromagnetically at a 7. value of 50 K.'” The two phases,
Mn",(H,0)s[Mo"(CN);]-4H,0 (a-phase) and Mn"5(H,0)s[Mo"(CN);]-4.75H,0 (8-phase}
both have similar local coordination environments of the metal sites, but differ in their 3D
network structures. Single crystal magnetic measurements revealed that they also exhibit
considerable magnetic anisotropy.”>'”!*® More recently they have reported two 3D
magnets, [Mn";(tea)Mo" (CN);}-H20 (T;. = 75 K) and [Mn";(tea)Mo"/(CN);] (7. = 106 K),
(where tea = triethanolamine), with very similar topologies (the MoCN-Mn linkages are
the same). The difference in their ordering temperature is attributed to the coordination
sphere geometry of a Mn" site found to be square-pyramidal and tetrahedral for the former
and latter compounds respectively.'®"

Octacyanometallate, [M(CN)z]™ (M = Mo or W), precursors have been employed

by Verdaguer and Hashimoto ef al.'*! to produce Prussian Blue analogues such as
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[Mn"6(H,0)s][WY(CN)sl4-13H,0."* This compound, which possesses a (monoclinic) 3D
network structure, orders ferrimagnetically below 54 K.

Recently, Miller er al have utilised a tetrahedral precursor, the high-spin
[Mn"(CN)4J* anion'®® to synthesise the compound Mn"[Mn"(CN),],'®* which powder
diffraction data indicates possesses a 2-fold interpenetrated diamondoid (sphalerite)
structure akin to the structures of [M(CN),], M" = Cd and Zn.”* Magnetic measurements
are consistent with all sites being high-spin Mn" and show the compound to be an
antiferromagnet with a 7x value of ~65 K.147184

Very recently, Beauvais and Long reported the synthesis and magnetic properties of
Co"3[Co"(CN)s]>8H,0,'® a highly crystalline Prussian Blue analogue. Synthesised with
the square-based pyramidal pentacyano precursor, [Co"(CN)s]*, the compound is a

ferrimagnet with a Ty of 48 K. The dehydraied microporous material retains much of its

crystallinity and is also a ferrimagnet with a slightly lower 7 of 38 K.

1.4.3 Multidimensional Molecule-Based Magnets from Hexacyanometallate

and Metal-Chelate Precursors

The utilisation of hexacyanometallates as building blocks for molecule-based
magnets is not limited to the Prussian Blue-like phases. Many research groups including
those of Dunbar and Coronado,'®*'% Mailah,'*® Ohba and Okawa,'*18%1911% Miyasaka

% and Murray®®' have focused on using coordinatively

and Floriani,"”® Verdaguer,®
unsaturated transition metal chelate complexes, instead of free metal ions, to react with
hexacyanometallates to form new bimetallic compounds with lowered symmetry. Due to
the variety of metal chelate complexes, and the inclusion of different counter cations

and/or anions, there have been many such materials reported.'’> What follows is a limited

number of examples to illustrate this approach to molecule-based magnets.
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In 1994 Ohba and Okawa et al. first reported the series of complexes,

[Ni(en)2Js[M™(CN)]22H,0 (where M™ = Cr, Mn, Fe and Co0).**® They are

I

isomorphous, possessing fascinating rope-like 1D chain structures. The Fe™ complex,

whose structure is shown in Figure 1.11, was first reported to be a ferromagnet with a 7, of

18.6 K.?% Later work revealed single crystals did not order, but that the (rapidly

precipitated) polycrystalline material displayed metamagnetic long-range order.®?™ 1t

was thought likely that some disorder in the network forming quasi-2D and 3D domains is

responsible for the magnetic behaviour.'"®

Figure 1.11 The rope-ladder crystal structure of [Ni(en)y]s[Fe™(CN)s]2-2Hz0 in the be-
plane (en ligands and H>O molecules are omitted for clarity). Reproduced from reference

202.

Ohba and Okawa er al. demonstrated the sensitivity of the structures of these
compounds to alterations in the chelate ligands. For instance, N-methylethylenediamine
(N-men), where a methyl substituent is introduced to ethylenediamine, was used to

generate the series of compounds, [Ni(N-men)];[Mm(CN)G]ynHZO (where M" = Fe and
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Co; n = 15), which have 2D hexagonal (6,3) sheet structures.'’® The Fe™ compound, whose
structure is shown in Figure 1.12, orders ferromagnetically below 10.8 K. The dehydrated
compound still shows ferromagnetic coupling but no long-range order is observed. In 1996
Verdaguer ef al. reported the structure and magnetic properties of
[Ni(cyclam)[Cr™(CN)6l::20H,0 (where cyclam = 1,4,8,11-tetraazacyclotetradecane),
which possesses a similar 2D hexagonal (6,3) sheet structure with numerous hydrogen-
bonding interactions between the sheets. It showed ferromagnetic coupling but without

20 very recently, Long et al.>® have reported a 2D hexagonal (6,3)

long-range order.
network complex  [Ni(cyclam)]s[(tach)Cr"(CN)s]ol,  (where tach = 1,3,5-
triaminocyclohexane), in which three fac sites on the Cr'"' centre are capped by the tach
ligand. It was synthesised during work intended to produce high-nuclearity cyanide-
bridged metal clusters (see Section 1.44 and Chapter 7). The authors suggest

metamagnetic behaviour with long-range ordering for this complex, but do not report a

critical temperature.

Figure 1.12 The 2D (6,3) hexagonal sheet lattice structure of [Ni(N-
men)}s[Fe™(CN)g]2:15H,0 in the ab-plane (H,O molecules are omitted for clarity).

Reproduced from reference 115.
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Likewise, Ohba and Okawa et al. reported the series of bimetallic compounds,
[Ni(L)2}:[Fe™(CN)s)X-nH,0O (where L = pn, 1,1-dmen; X* = various counter anions, ¢.g.
ClO4, BFy and PFg for pn, and those plus CF3SO57, BzO", NCS™ and others for 1,1-dmen;
pn = 1,2-diaminopropane, 1,1-dimen = 1,1-dimethylenthylenediamine), which have 2D
grid-like (4,4) sheet structures.’*®?”” Intra-sheet ferromagnetic coupling was observed for
each compound. Inter-sheet separation, influenced by the diamine, counter-ion and the
amount of hydration, was found to govern the type of long-range order. Small inter-sheet
separations gave metamagnets due to inter-sheet antiferromagnetic coupling, and large
inter-sheet separations gave ferromagnets. Furthermore, the ferromagnets became
metamagnets on dehydration due to the reduction in inter-layer separation. For example,
[Ni(1,1-dimen),]z[Fe"(CN)sJOBz:6H,0 orders below 10 K with a relatively large coercive

field (for the series) of 750 Oe, which is attributable to a different packing mode of the

207

sheets in comparison with the other similar compounds.

Figure 1.13 Two views of the 2D (4,4) grid sheet structure of [Ni(1,1-
dimen),}z[Fe"(CN)s]OBz:6H,0 (1,1-dimen ligands and H,O molecules are omitted for
clarity). Left: projection in the ac-plane and, right: projection in the ab-plane. Reproduced

from reference 207.




Chapter | 34

Miyasaka and Floriani et al reported compounds of the type,
A[Mn(L)}LIMM(CN)s}nHz0 (where A = univalent cation; M™ = Fe, Mn, Cr, Co; L* =
tetradentate Schiff-bases),'**?%*2'2 which similarly have 2D grid-like (4,4) sheet structures.
For example, (Et;N)Mn"(5-Cl-salen),[Fe'(CN)s] (where 5-Cl-salenH, = N.N'-
ethylenebis(S-chlorosalicylaldeneimine)) shown in Figure 1.14, is a metamagnet with
ferrimagnetic layers and antiferromagnetic interlayer interactions, and with a 7y of 4.0

K 199

Figure 1.14 The 2D (4,4) sheet structure of (Et,N)[Mn"(5-Cl-salen)],{Fe"(CN)¢] (Et:N*

counter-ions are omitted for clarity). Reproduced from reference 199.

Recently, Dunbar and Coronado ez al. and others have reported several bimetallic
compounds with 2D layered structures.'*®'® For instance, the layered ferromagnet
[Ni(chxn),Js[Fe™(CN)¢)o:2H,0 (where chxn = trans-1,2-diaminocyclohexane) has a 2D

distorted (4,4) sheet structure, and orders below 14 K.'*® The bulky cyclohexane ligands
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produce a large inter-layer separation, possibly disfavouring inter-layer antiferromagnetic
interactions, as was observed previously for Ohba and Okawa (vide supra). This compound
also has a large coercive field of 2.3 kOe at 2K and displays some unusual AC

susceptibility behaviour.'®

Also of interest is the use of frans-1,2-diaminocyclohexane,
which was employed here as a racemic mixture of the two enantiomers. This group are in
the process of attempting to use enantiopure samples of the diamine to investigate
magneto-optical effects of resulting networks.'® This is particularly relevant to the chiral
networks reported in Chapter 4 of this thesis where a Schiff-base derived from trans-l,-z-
diaminocyclohexane was used.

Dunbar e al."®” have used Mn" bipyrimidine (bpym) chelates with ferricyanide to
produce a ferrimagnet, Mn(Hzo)z[Mn(bpym)(Hg_O)z]2[Fell'(CN)6]2-9H20, which has a 2D
sheet structure and orders below 11 K.

A number of 3D bimetallic compounds wusing metal chelates and
hexacyanometallates have also been reported with a variety of structures and magnetic
behaviours.'*"'#213214 jhane er al. recently reported an interesting example, the 3D chiral
ferrimagnet  Ko4[Cr (CN)s][Mn(S)-pn}(S)-pnHos (where (S)pn =  (8)-1,2-
diaminopropane), which possesses an interesting structure of interconnected helical
bimetallic loops, and orders below the Ty value of 53 K.

Very recently, Verdaguer et al. reported two isostructural 3D cyano-bridged
bimetallic complexes using [Mn[Ig(p—b]:uym)(HgO)a]4+ and the octacyanometallates
IMV(CN)glY, MY = Mo and W, as precursors.zls The complexes, [(Mn"z(H20)4(p-
bpym)J[M'Y(CN)s], possess a complicated 3D structure shown in Figure 1.15.
Magnetically, these complexes show weak antiferromagnetic coupling and no long-range

magnetic order, which is partly due to the Mo and W centres being diamagnetic. They are

presently studying possible analogues with paramagnetic octacyanometallate species.
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Julve and Verdaguer ef al.*'**'" have used substituted cvanometallates, including
[Fe'"(phen)(CN)4]", where phen = 1,10-phenanthroline, to produce a new heterobimetallic
linear chain complex [{Fe’"(chel)(CN)d2Mn"(H20)2]-4H20 that displays ferrimagnetic

behaviour but no ordering above 1.9 K.2"

Figure 1.15 The crystal structure of [(Mn'>(H20)4(u-bpym)][M"V(CN);] viewed along the

c-axis direction {(bpym ligands are omitted for clarity). Reproduced from reference 215.

1.4.4 Multinuclear Cyanide Bridged Clusters

Considerable recent research in transition metal cyanide chemistry has been
focused on generating discrete high-spin cyano-bridged cluster complexes.l‘3’2'"'2“"228
Using an extension of the approach described above for the design of [M(CN)s]" based
networks with lower dimensionality than the Prussian Blue phases, one can produce zero-

dimensional (0D) systems (clusters). This is achieved by reacting hexacyanometallates

with ‘A" metal ions that have labile groups in one or two coordination sites, i.e.




Chapter 1 39

[A™(L4)(H20)5] or [A"(Ls)(H20O)], where L4 and Ls are tetra- and penta-dentate chelating
‘capping’ ligands, thus impeding the growth of extended network structures. By the
suitable choice of metal ions, large clusters with high-spin ground states can be
synthesised. Additionally, if significant magnetic anisotropy is introduced, for example by
low structural symmetry, these species can exhibit the phenomenon of single-molecule
magnetism. This latter topic is described in more detail in Chapter 7.

] 229230

Parker ef a of Monash University reported the structure and magnetism of

the heptanuclear clusters with Cu"sFe(CN)s and Mn"sCr"(CN)g cores, which consist of a
single hexacyanometallate surrounded by six capped transition metal ions.
Murray et al. have investigated the cluster [Ni"(bpm);]s{Fe"(CN)s]o:7H;O (where

bpm = bis(1-pyrazolyl)methane), >’

which displays long range ferromagnetic order below a
T, of 23 K. This magnetic order is possibly facilitated by a 3D hydrogen bonding network
that connects the clusters (Figure 1.16). The dehydrated material does not order
magneticaily, indicating the possible importance of the hydrogen bonding to the
occurrence of long-range magnetic order. Similar results were shown by the compounds
IM"(bipy)2]s[Fe™(CN)slonH,0 (M" = Ni, n = 13; M" = Cu, n = 10), which order below 11

231

and 13 K respectively “" Dunbar has questioned these results and believes something other

than hydrogen bonded H,O pathways between the clusters is responsible for the long-range
order.”®? The effect of dehydration on magnetic behaviour has also been observed in
{IMn"' (u-OH)(u-OAc),' HOAc'H,0}, described in Chapter 6 in this thesis, and by

Hashimoto et al. in Prussian Blue analogues.'*
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Figure 1.16 Left: the crystal structure of [Ni'(bpm),]3[Fe"(CN)g]»:7H20 (H20 molecules

omitted), and right: two different hydrgoen bonding networks present in the structure (bpm

ligands omitted). Reproduced from reference 201.

Some recent discoveries made in this field include those by Long et al, 20?228
Decurtins et al>*?* and Hashimoto er o/} For instance, M {Mn"(MeOH )3} s(u1-
CN)so{Mo"(CN)1})-SMeOH-2H,0 (MnoMoy), is reported to have a very high § = 51/2
ground state spin. This material shows ferromagnetic ordering below 44 K due to
ferromagnetic inter-cluster coupling.”** The stnicmrally analogous MnyW; cluster also has
a high spin ground state (S = 39/2).*> These are prepared from octacyanometallate
precursors.

Recently, Long et al. reported two “giant’ nickel-chromium-cyanide clusters, the
larger being [(Mestacn)¢Cri4Niz3(CN)ag)lao70H20 (where Mestacn = N, NN -trimethyl-

1,4,7-triazacyclononane 227 The structure consists of a double face-centred cubic unit
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sharing a Ni vertex (Figure 1.17). They have also reported the first cyano-bridged single

molecule magnet, a MnMog(CN),3 cluster (see also Chapter 7).2:28

Figure 1.17 The crystal structure of [(Me;tacn);4Cr|4Ni13(CN)4g]20+. Black, crosshatched,
shaded and white spheres correspond to Cr, Ni, C and N atoms respectively (hydrogen

atoms are omitted for clarity). Reproduced from reference 227.

1.4.5 Oxalate-Bridged Networks and Related Systems

The planar bis-chelating anionic ligand oxalate, (C2042', 0x), has been used quite
extensively to produce homometallic and heterobimetallic extended network complexes
that display interesting magnetic, optical and electrical properties, including, but not
limited to, long-range magnetic order.’*%**! The general synthetic approach to these

materials involves the reaction of mononuclear tris(oxalato) transition metal precursors,
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[B™(0x)3)>, with transition metal salts (A") in the presence of a suitable connter-cation to
give anionic network species, [A"B"(0x)s]".

Two general structural motifs have been regularly observed for oxalate-based
networks, which are determined by the nature of the cation. The [B"(0x)s]*" anion is a
chiral complex with two enantiomers (4 and A configurations). When bulky achiral cations
such as n-BuyN" or PhyP* are used with racemic mixtures of the [B™(0ox)s}* anion, 2D
hexagonal (6,3) sheet structures are obtained, as shown in Figure 1.18. Metal centres
include A" = Mn, Fe, Co, Ni, and Cu; B™ = Cr, Fe and Ru.”® The handedness of each A"
and B'" centres alternate within the sheet. The layers are interleaved by the cations, which
determine the inter-layer separation. These complexes behave as ferrimagnets with Ty
values ranging from 5 to 44 K, and rather weak coercive fields, one of the largest being

320 Oe for the Fe''Cr'"! complex.?"7%# 2

Figure 1.18 A single anionic 2D hexagonal (6,3) network in the structure of

PhP[Mn"Cr™(0x);] (reproduced from reference 50).
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The second type of structure is the chiral 3D (10,3)-a anionic network, shown in
Figure 1.19 ((10,3)-a denotes the most symmetric of the (10,3) nets), formed when the
cations are chiral metal complexes such as [Z"(bipy)s]** (where Z" = Ru, Fe, Co, Ni, Zn).
Decurtins ef al. first reported these phases in 1993.2® The 3D network has the general
formula [Z"(bipy)sJIM'M™(0x)s] or [Z"(bipy)s][M"M"(0x):] (where M"= Mn, Fe, Co, Cu;
M" = Cr, Fe; M' = alkali metal, NH;"). The chirality of the resulting net is the same as the
cation. If racemic mixtures of cations are used, racemic mixtures of crystals are produced,
though each crystal is of a single hand. The cations and solvent molecules occupy cavities
in the framework. The cavities can also accommodate small anions (X') such as ClO4, BF4
or PF¢ so that the range of compounds includes [Y™(bipy)sl[XIIM'M™(ox)s],
[Y " (bipy)s)[X][M "M (ox)s] and  [Z"(bipy)s){X][M"M"(0x)s] (where Y™ = Cr,
Rh).2*%72 Magnetically, these complexes are less interesting than the 2D phases. Where
the complexes do show long-range magnetic order it is with lower critical temperatures,

e.g 6.6 K>’

o
%3.

Figure 1.19 Two representations of the crystal structure of [Co™(bipy):][Co"2(0%)3]C10x4.
Left: the [Co"z(ox)3]2’ network in the bec-plane and right: the [Co™(bipy)s]** cations

(reproduced from reference 239).
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Dance et al.*” have also reported the occurrence of a chiral 3D (10,3)-a net with
the compound (Ph;MeP).[NaCr™(ox)3], which is the only published 3D oxalate-based net
of its type to include an achiral monopositive cation. The cations also form a
supramolecular (10,3)-a net, due to multiple n-r and CH--m interactions, which
interpenetrates the anionic net. There are also supramolecular interactions between the two
interpenetrated nets, which provide chiral recognition between the cation and anion
lattices. Consequently, the two nets are of opposite chirality. The weak supramolecular
interactions of these types are discussed further in Chapter 5 in relation to mixed-ligand
anionic dca networks. |

Many examples of oxalate-based coordination polymers are now known, with a
variety of magnetic behaviours, with examples exhibiting ferro-, ferri-, antiferro- and
metamagnetic ordering. Day et al have observed negative magnetisation at low
temperatures in some systems.”*'?®’ The nature of magnetic ordering can be predicted by
the principle of orthogonality of magnetic orbitals,*

Recent work in the field has focused on adding new properties to these networks
by incorporating interesting cations such as decamethylmetallocenium ((M"'Cp’,J*, M" =
Co, Fe), and tetrathiafulvalene (TTF).Z"***** For instance, an example incorporating the
cation BEDT-TTF" (bis(ethylenedithio)tetrathiafulvalene), which forms the basis of many
molecular conductors and superconductors, has exhibited both conductivity and
ferromagnetic order.”’ Figure 1.20 shows the structure of [FeCp*;]{MnFe(ox);], which
consists of alternating layers of the paramagnetic [FeCp*,]” ions and ferromagnetic
[MnFe(ox);]” networks. While it has been shown that the bulk magnetic properties of the
netwo;'ks were not significantly affected by replacing non-magnetic cations with

paramagnetic ones, the packing of the anionic sheets is altered.**
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Figure 1.20 Two different views of the structure of [FeCp*,][MnFe(ox);] in the ab-plane

(top) and the ac-plane (bottom). Reproduced from reference 252.

Recenttyy, De Mumno and Julve et ol reported the compound
[Fe",(bpym)(0x),]-5SH20, whose structure shown in Figure 1.21 consists of neutral 2D
(6,3) hexagonal sheets related to those of the oxalate networks above, but includes bridging
2,2'-bipyrimidine (bpym) ligands. Intercalated water molecules form hydrogen bonding
networks between the sheets. This compound exhibits intra-layer antiferromagnetic

coupling between the high-spin Fe" ions, but does not show long range-order. De Munno
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and Julve et al.*’! also reported a chiral 3D Fe'" magnet {(NH4)2[Fe™,0(0x)>Cl:]-2H,0},,
which orders below a T of 40 K. The chiral anionic network, shown in Figure 1.22,

™ centres bridged by single p-O* and bisbidentate oxalate ligands forming

consists of Fe
pseudohexagonal channels. The ammonium cations and water molecules occupy the

channels.

Figure 1.21 The crystal structure of [Fe';(bpym)(ox);):5H.O in the ab-plane (HO

molecules omitted for clarity). Reproduced from re:erence 261.

Figure 1.22 Structure of {(NHs){Fe"20(0x):Cl)-2H,0}, viewed down the

pseudohexagonal channels (reproduced from reference 271).
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Other related bis-chelating ligands have also been used as precursors for magnetic

materials. Kahn, Verdaguer and other groups have employed oxamato,424%.253.272:27%

277-282 283,284

oxamido, oximato, and dithiooxalato®® li gands to synthesise bimetallic systems.
For example, in 1988 Kahn et al.*® reported the ferromagnet [Mn"Cu"(pbaOH)(H,0);]
(where HipbaOH = 2-hydroxy-1,3-propylenebis(oxamide)), which consists of linear
bimetallic chains of alternating Mn" and Cu" ions. The intra-chain coupling is
ferrimagnetic and inter-chain coupling is ferromagnetic, leading to ferromagnetic order
below 4.6 K. Removing the water molecule coordinated to the Cu" centre leads to a
partially dehydrated material that orders at the higher T;. of 30 K.*” The increased ordering
temperature was attributed to the fact that the chains are closer to each other than in the
hydratec phase.”

Kahn et al. have also reported some fascinating examples containing three spin
carriers by incorporation of a radical cation. For example, the isomorphous complexes
(Etrad),[M"; {Cu"(opba)} s(DMS0),J-0.25H,0 (where M" = Mn, x = 0.5; M" = Co, x =
1.5; Etrad” = 2-(1-ethylpyridinium-4-y1)-4,4,5,5-tetramethylimidazolin-1-oxyl 5-oxide; and

opba = ortho-phenylenebis(oxamato)).?*

The structures consist of 2D anionic hexagonal
(6,3) sheets, analogous to the oxalate networks, where the Cu(opba) units replace the
oxalate ligands (Figure 1.23). Nearly perpendicular two-fold interpenetration of the sheets
occurs. The Mn and Co complexes order magnetically below 22.8 and 37 K respectively.
The latter is also quite a hard magnet with a coercive field, which is dependent on particle

size, measured at 24 kOe¢ at 6 K for very small crystals.*
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Figure 1.23 leftt the 2D  hexagonal anionic sheet structure of
[Mn",{Cu"(opba)}3(DMS0)ys]*. Right: the overall interpenetrated structure of the sheets.
Etrad® cations, DMSO and H,O molecules are omitted for clarity. Reproduced from

reference 234.

1.4.6 Single-Chain Magnets

A relative newcomer to the field of molecule-based magnetism is the area of so-
called ‘single-chain magnets’ or SCMs. It has evolved very recently, in the last few years,
as an offshoot of the field of single-molecule magnets (SMMs), which is described in more
detail in Chapter 7. Briefly, SMMs are zero-dimensional entities, often large multinuclear
polyoxo metal clusters, with large ground state spin values, which can be magnetised at
low temperatures. Due to an energy barrier between the ‘spin-up’ to ‘spin-down’ states
they display slow relaxation of magnetisation, and hence are ‘trapped” or ‘frozen’ in either
one of the two states. Single-chain magnets are similar in that they display slow
magnetisation relaxation, but as the name implies, are one-dimensional entities. They
usually require 1D Ising-chain behaviour, which derives from orbitally degenerate ions
such as octahedral Co".**’ This phenomenon was first predicted in 1963 by Glauber.?® In

2001 Caneschi er al. 2% reported the compound [Co" (hfac),(NITPhOMe)] (where hfac =




]
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hexafluoroacetylacetonate, NITPhOMe = 4'-methoxy-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide), which was the first experimental evidence to
confirm Glauber’s prediction. The complex has a spiral chain structure. Recently, Clérac et
al.®®® have reported on the structure and SCM behaviour of a heterometallic chain
complex, [Mn"™y(saltmen);Ni"(pao)(py)2(ClOs)2 (where saltmenH, = NN'-(1,1,2,2-
tetramethylethylene)bis(salicylideneimine) and paoH = pyridine-2-al-doxime), which

consists of trinuclear repeating units, shown in Figure 1.24.

[an(watmenlNHpeo}Apy LK CIOL),
Figure 1.24 (Left) A schematic diagram of [Mn"™,(saltmen);Ni"(pao),(py)2](C1O4), and
(Right) its crystal structure with Mn" and Ni" centres indicated (reproduced from

reference 292).

1.4.7 Poly-Cyano Ligands: Dicyanamide, Tricyanomethanide and

Dicyanonitrosomethanide

Research into the chemistry of cyano-based ligands has undergone a renaissance
within the field of molecule-based magnetism. In particular, the observation of room-
temperature magnetic ordering in several Prussian Blue phases and in vanadium TCNE
compounds (vide supra) has seen researchers looking at ligands that contain non-radical
cyano moieties, such as dicyanamide (N(CN),, dca) and tricyanomethanide (C(CN);,
tem).**"#>2* Their conjugated nature and their ability to bridge multiple metal centres,

both of which are essential for the occurrence of long-range magnetic order, have led to
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their significance. Despite this, compared to the oxalate and cyanide ligands, dca and tcm
are relative newcomers to the field of molecule-based magnetism. However, dca and tcm
transition metal complexes were first reported in the 1960s.2*3% Since Batten et al.
reported, in 1998, the occurrence of long-range ferromagnetic order in o-[M"(dca),]
(where M" = Co and Ni, with T, values of 9 and 20 K respectively), there has been much
research focused on using dca and other such poly-cyano ligands as precursors for
molecule-based magnets.'*2

The structure of dca in its various resonance forms is shown in Figure 1.25. IR
and Raman spectroscopic measurements and X-Ray structural analysis have shown that the

dicyanamide ion has an angular planar structure, with a central C-N-C angle of

approximately 120° and N-C—N angles of around 175°.%!
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Figure 1.25 Resonance structures of dicyanamide (dca), the first linear structure is

unfavourable.

Dicyanamide is capable of forming covalent and coordination bonds via the amide
and/or nitrile nitrogens. The possible coordination modes of dca are shown in Figure 1.26.

It has four lone pairs of electrons and thus it is possible for dca to act as a tetradentate
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ligand. The rigid structure of dca and the disposition of donor atoms prevent metel

chelation and favour multiple bridging.
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Figure 1.26 Some possible coordination modes of dicyanamide (dca).

The binary [M(dca);] complexes were first described by Kéhler in the mid
1960s.2’2% He used spectroscopic studies to gain much insight into the structures of these
compounds and their derivatives.”®! Two phases were reported: o-[M(dca)z] (where M =
Mn, Fe, Co, Ni and Cu) and B-[M(dca),} (where M" = Mn, Co and Zn). The a-phase
contains octahedral metal centres and tridentate dca ligands, while the B-phase contains
tetrahedral metal centres and bidentate dca ligands. It was not until 1998, when Batten et
al. reported the crystal structure of a-[Cu(dca),], that the structure of this phase was
unambiguously determined.”’ The structure, shown in Figure 1.27, consists of a single
rutile-like network, and is described in more detail along with that of the related two-fold
interpenetrated rutile-like [M(tcm);] structure in Chapter 2 in relation to the self-

penetrating structure of [Mn(dca)2(H,0)].



Chapter 1 52

Figure 1.27 Rutile-like structure of a-[Cu(dca),]. Circles represent in order of decreasing

size Cu, N, C (reproduced from reference 51).

In this paper Batten ef al.’' reported the long-range ferromagnetic order exhibited
by the a-[M(dca),], M" = Co and Ni, complexes with 7; values of 9 and 20 K respectively.
This was closely followed by reports of long-range order for the same and other rutile-like
dca spe:cieas,”'1‘""3{;'2""‘0‘s which are summarised in Table 1.3. a-[Cu(dca);] was thought until
very recently not to order magnetically. This was believed to be due to the presence of
Jahn-T=lier distortion, which elongates the axial Cu-Nymige bonds, thus leading to weaker
Cu--Cu magnetic interactions. Recently ferromagnetic order has been detected below 1.7

K..307
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Table 1.3 Magnetic data summary for the rutile-like a-[M"(dca),] series, where M" = Cr,

Mn, Fe, Co and Ni, (S-C AF = spin-canted antiferromagnetic and F = ferromagnetic).

M" Type of Ordering T.or Tn/K Coercive Field, H./ Oe ref

Cr S-C AF a7 300 o
Mn S-C AF 16 406@ a1
Fe S-C AF 19 17800 303
Co F 9 710 3
Ni F 21 7975 -

(a) Miller et al.*® reported a value of 750 Oe

Kohler first reported the tetrahedral B-[M(dca),] series (where M" = Mn, Co and
Zn).2%73013% 1, fact, Zn" does not form the rutile-like phase. The tetrahedral Mn" and Co"
complexes can be obtained from depyridination of the corresponding [M"(dca)a(py)2]

306,309
and

complexes.”®™"**% The crystal structure of B-[Zn(dca),] was recently reported,
consists of (interdigitated) corrugated 2D (4,4) sheets of [Zn(dca);] with p; s-dca ligands
(Figure 1.28). On the basis of powder X-ray diffraction data it is believed the tetrahedral
Co" complex adopts this same structure.’®® Since K&hler’s work no further reports of B-

[Mn(dca),} have appeared.**!*%
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Figure 1.28 The crystal structure of a single 2D (4,4) sheet of B-[Zn(dca),] (reproduced

from re aence 306).

In recent years research groups worldwide: have displayed immense interest in dca

310311 11, cases where such

based coordination polymers with many containing co-ligands.
studies are particularly relevant to the present study, some of the recent literature will be
discussed in the following chapters.

In recent papers by Schnick ef al. on the alkaline earth dca compounds, [M(dca),]
(where M" = Mg, Ca, Sr, and Ba) and other dca related work,>'**'* a different assignment
of the IR spectrum of dca to that of Khler’s original work was used.”” They swapped the
asymmetric (vas(C=N)) and symmetric nitrile stretching modes (v;(C=N)). For consistency
with previous work of Murray ef al., the assignment of Kohler is retained in this thesis.

Another ligand included in this investigation was the pseudochalcogenide anion
dicyanonitrosomethanide (ONC(CN),, denm), otherwise known as

nitrosodicyanomethanide, shown in Figure 1.29. This ligand has aiso been known for some

time,’”® with early work by Kaohler et al.,”'**? Chow and Britton,***** Skopenko et
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320,321,325-330
al, 30321353

and later research by Hvastijova and Jager er al®'>* featuring

prominently.

Figure 1.29 The dicyanonitrosomethanide (denm) anion.

The first structurally characterised denm compound was Ag(dcnm), reported by
Chow and Britton in 1974.32°% In the structure, which consists of two interpenetrating 3D
nets, denm is tetradentate, bridging four Ag atoms via both nitrile nitrogens and the nitroso
oxygen and nitrogen atoms.”

Several other denm complexes have been investigated to date including

326,330 341,342

lanthanide, main group, and transition metal complexes.”****?** From these
structures it is clear that dcnm is an ambidentate ligand. Some of the coordination modes
are shown in Figure 1.30. However, the structures of the simple binary compounds of the
first row transition metals, [M"(dcnm),], have not been reported. This may be partly due to
the tendency of denm to undergo a nucleophilic addition (at one of the nitrile carbon
atoms) of solvent molecules (e.g. HO and MeOH) upon coordination to form chelating

ligands. Hvastijova et al.*****® in particular have investigated this phenomenon, and it has

been experimentally observed in the present study and is described in Chapter 9.
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Figure 1.30 Some of the possible coordination modes of dicyanonitrosomethanide (dcnm)
that have been structurally characterised: monodentate (I and II), bidentate (III, IV and V)

and tetradentate (VI).

1.5 The Present Study

The encompassing theme of the present work is molecule-based magnetic
materials. Initially, the project involved the synthesis, structural characterisation and
magnetic properties of coordination polymers incorporating first row transition metals,
dicyanamide or dicyanonitrosomethanide, and various co-ligands such as Schiff-bases.
This work led to the discovery of several mixed valence manganese cluster complexes,
which in turn led into the field of single-molecule magnets. This thesis is therefore broadly
divided into two parts. Chapters 1 to 6 deal with polymeric coordination complexes,

whereas Chapters 7 to 9 focus on the cluster studies. For the most part, each chapter is
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designed to be self-contained with its own relevant introduction. As such, they need not be
read sequentially. A brief summary of all subsequent chapters is provided below.

The majority of crystal structures presented in this thesis were solved by the
candidate. For those solved by either Dr. Stuart Batten or Dr. Paul Jensen, due reference is
made in the experimental section of each chapter where appropriate. Some crystallographic
details, bond lengths and angles are given throughout the text, however full details (i.e.
complete tables of bond lengths, angles, coordinates etc.) for all structures are to be found
on the attached CD-ROM of Appendix 3.

Chapter 2 describes the structure and magnetic properties of a new molecule-
based magnet [Mn(dca);(H,0)). A hydrated derivative of the parent rtile-like o-
{Mn(dca),] species, this complex possesses an interesting self-penetrated single network
structure that can be considered a structural compromise between the single rutile net of a-
[M(dca),] and the doubly interpenetrated rutile-like [M(tcm),] series. [Mn(dca).(H,0)] was
discovered to exhibit long-range spin-canted antiferromagnetic order below a Ty value of

6.3 K. Additionally, the structures and magnetism of two closely related dca complexes

containing terpyridine, [Mn(dca)(NOs)(terpy)), and {[Mn(dca)(H,O)(terpy)j(dca)},, are
discussed. The former complex has a linear 1D chain structure, and the latter also a linear
chain structure but hydrogen bonds with the non-coordinated dca ligands form a pseudo-
sheet structure. These two complexes display weak antiferromagnetic coupling.

In Chapter 3 an isostructural series of 1D linear chain complexes containing
salicylaldehyde derived Schiff-base ligands is investigated. The compounds are
[M"(L)(dca)),, where M™ = Mn and Fe; LH, = salenH, (NN-
ethylenebis(salicylideneimine)), sal-o-phenH; (N,N-o-phenylenebis(salicylideneimine))

and (t)-saltchH; (()-N,N'-trans-cyclohexanebis(salicylideneimine)). These compiexes
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display weak antiferromagnetic coupling and are some of the first M™-dca compounds to
be isolated and structurally characterised.

The structures and magnetism of two new chiral 3D framework types containing
acetylacetone derived Schiff-based ligands are described in Chapter 4. The complexes
[M"(acenH,)(dca),], M" = Mn and Fe; acenH, = N,N'-ethylencbis(acetylacetoneimine), are
isomorphous and consist of 3-fold helical {[Fe(p-acenH,)(jt1s-dca)]’},, motifs that are
linked by p;s-dca ligands to form a chiral 3D network. They are the first examples of
single networks with the unusual ‘dense’ 7°9 topology. The second framework type is
exhibited by the complexes [M"(actchH,)(dca),), M = Mn and Fe; ()-actchH, = ()-
N, N'-trans-1,2-cyclohexanebis(acetylacetoneimine). It consists of 2D square-grid (4,4)
sheets of composition [M(dca);} that are connected in the third dimension by p-actchH;
ligands. These links are 2-fold helices. This network type possesses an unprecedented
topology with the Schlafli symbol 4%.5%.6%, and is compared to the a-polonium type net.
These materials also display weak antiferromagnetic coupling. The structure of a
mononuclear complex, frans-[Mn"(acenH,),(decnm),], was also investigated. It exhibits an
unusual bis-chelating mode of acenHa.

Chapter 5 details the structures and magnetism of three anionic heteroleptic dca
complexes. The first two compounds, PhyP[M"(dca),(NO,)]'MeCN, M" = Co and Ni, have
2D square-grid sheets structures with p, s-dca and chelating nitrite groups. The compound
PhsP[Co(dca)Br] also possesses a chiral structure, consisting of linear anionic 1D helical
chains of [Co(dca)Br,]". It is the first air-stable tetrahedral cobalt(Il} dca network complex.
The magnetic properties of the PhyP[M(dca),(NO2)]"MeCN, M" = Co and Ni, complexes
are indicative of very weak antiferromagnetic exchange coupling occurring via p;s-dca

bridges. Traces of a-[M(dca),} are thought to be responsible for long-range ordering
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effects observed in low fields but this is not definitive in the Co” case. PhyP[Co(dca)Br;]
displays very weak intra-chain antiferromagnetic coupling with no magnetic order.

A new manganese(lll) complex, {[Mn(p-OH)(u-OAc);]HOAc'H,0},, whose
structure consists of infinite 1D linear chains that are hydrogen bonded to form 2D sheets,
is described in Chapter 6. The complex displays weak intra-chain antiferromagnetic
coupling at higher temperatures and a magnetic phase transition, at Iy = 6.1 K, to an
ordered antiferromagnetic phase, probably mediated by the hydrogen bonding pathways.
There is also a metamagnetic transition at ca. 1000 Oe from the antiferromagnetic phase to
a canted-spin antiferromagnetic (weak ferromagnetic) phase, brought about by increasing
the applied field.

The fields of polynuclear cluster complexes with an emphasis on manganese oxo
clusters, and single-molecule magnets are reviewed in Chapter 7.

The structures and magnetism of a new manganese(Ill/IV) carboxylate cluster,
[Mn;60,;6(OMe)s(OACc)14(MeOH)3(H20)3}:6H,0, and a new 1D linear manganese(III)
complex, [Mn(u-OMe)(OAc),], are detailed in Chapter 8. Detailed magnetic measurements
have shown the Mn)¢ complex to be a new single-molecule magnet. The linear chain
complex displays weak antiferromagnetic coupling.

The final chapter, Chapter 9, investigates the structures and magnetic properties of
trinuclear and tetranuciear mixed valent manganese complexes, [Mn3(mcoe)s]NO;-2H,0
and (MesN);[MnyOx(cao)s(MeCN)2:(H,0)s1(NO3)4-2H20O (where mcoe = methyl(2-cyano-
2-hydroxyimino)ethanimidate, ONC(CN)C(NH)OCH3;"; and cao = cyanoacetamidoximate
ON=C(CN)(CONH;)). Separately, two mononuclear complexes were also isolated,
[Cu(imcoe),(MeOH),] and [Ni(ca0),(H;0)2). These are also discussed. The chelating-
bridging ligands mcoe and cao were formed in siru by nucleophilic addition of solvent to

denm.
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2.1 A Molecule-Based Magnet, [Mn(dca):(H20)], and Self-
peneiration - a Structural Compromise Beiween Single

Networks and interpenetration of Nefworks

2.1.1 Imtroduction

Work undertaken during the candidate’s B.Sc. Honours year included studies of
the rutile-litke o-[Mn(dca),] species and a new, related hydrated species,
[Mn(dca)(H,0),)-H,0." The discovery of this hydrated species seemed to answer some
questions regarding the reported formula of Ni(dca)»0.5H,0.% It was proposed that a
hydrated species analogous to that above as an impurity could be responsible for the
formulation. However, the trihydrate lost water in air and transformed back into the parent
rutile-like binary species. Could another hydrate be responsible? In addition to this, the
magnetization versus temperature plots of a-[Mn(dca),] (T = 16 K) showed a small
abrupt increase at 6 K that could not be explained as well as the main transition at 16 K.*
Subsequently, during the Ph.D. program, a new dicyanamide containing molecule-based
magnet was discovered, {Mn{dca),(H,0)]. This mono-hydrated analogue of the parent
species behaves as a spin-canted antiferromagnet, ordering below 6.3 K thus explaining the
magnetisation anomaly seen in the parent rutile-like a-[Mn(dca),], and is described here.
Structurally [Mn(dca),(H,0)] displayed a new self- or intra-penetrated 3,6-connected (2:1)
network topology that can be related back to rutile. This new network can be thought of as
a structural compromise between the two interpenetrated rutile-like networks of [M(tcm),]
(where tcm = tricyanomethanide) and the single rutile-like network of a-[M(dca);]. Indeed,
an isostructural compound [M({(dca)(tcm)] can be formed in which tcm is topologically

equivalent to the dca-H,O moiety in [Mn(dca)z(HZO)].s
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Entangled systems have received considerable interest due to the interesting
physical properties and topologies these species display.® Entanglement on the molecular
l scale seen, for example, in rotaxanes and catenanes has been reported widely.’
Entanglement of ordered polymeric networks is known as interpenetration and many
examples have been reported.® Interpenetration occurs where two or more independent
networks pass through each other such that they cannot be separated without the breaking
of bonds.

i' The polymeric equivalent of a molecular knot ts a self-penetrating (self-entangled
or intra-penetrating) network. These single networks contain regions where rods pass
through rings in a similar manner to interpenetrated systems. While rods and rings in any
network may be chosen such that a rod passes through a ring, a usefu! and necessary
restriction is to define an self-penctrated network as such only when the topological
‘shortest circuits’ are penetrated by rods of the same network.>® The magnetism of self-
r penetrated nets containing open-shell d ions was essentially unexplored at the onset of this

work.

2.1.2 Synthesis and Characterisation of [Mn(dca),(H,0)]

Crystals of [Mn(dca),(H,0)] were obtained from either a solution of [Mn(dca),}
in a mixture of wet methanol/ethanol or from an aqueous 1:2 solution of Mn(ClO4),-6H,0O
and Na(dca). Unlike [Mn(dca),(H20),]-H»O, the crystals are not sensitive to solvent loss at
room temperature. The infrared spectrum of {Mn(dca),(H>0)] shows a broad absorption at
3388 cm! and a sharp peak at 1625 c¢cm™ due to W(OH) and S(HOH) vibrations
respectively, of the coordinated water. Absorptions due to dicyanamide occur at 2310,
2258, and 2185 cm™ corresponding to [V,(C—N) + vi(C—N)], vo(C=N) and v{(C=N)

vibrations respectively. These values are indicative of bidentate dicyanamide. However,
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the absorptions at 1359 and 1326 cm™ correspond to va(C—-N) vibrations of bidentate and
tridentate dicyanamide respectively. Likewise the absorptions at 956 and 937 cm™ are due
to v{(C-N) of tridentate and bidentate dicyanamide respectively. Two different types of
dicyanamide i.e. bidentate and tridentate coordination modes are inferred from this
spectroscopic evidence, and this was further confirmed by single-crystal X-ray
crystaliographic analysis (see next section). Microanalytical results on samples prepared by
the different routes (see Experimental Section 2.4.1) were consistent with the formulation

[Mn(dca),(H,0)].

2.1.3 Crystal Structure of [Mn(dca),(H,0)}

X-Ray structural analysis was performed by Dr. P. Jensen on a single crystal
prepared by the candidate. Table 2.1 contains a summary of crystallographic details and

Table 2.2 (see page 98) contains selected interatomic distances and angles. The atom

4 labelling scheme for {Mn(dca)>(H>0)] is shown in Figure 2.1. The structure consists of a

ki
.
o

i
¥

3D network containing Mn" atoms coordinated in a near octahedral arrangement by (on
average) five dca ligands and one water molecule. There are two types of dca ligand — one

(dcal) is tridentate, coordinating to three Mn" atoms via both nitrile nitrogens

(Mn(1)-N(1) = 2.191(4) A) and the amide nitrogen (Mn(1)}-N2%) = 2.417(4) A). The
other (dca2) is bidentate, coordinating directly to two Mn" atoms via the nitrile nitrogens

only (Mn(1)-N(3) = 2.171(5) and Mn(1)-N(5%) = 2.190(4) A). The dca2 ligand also forms

a hydrogen bond via the amide nitrogen to the coordinated water molecule coordinated to
an adjacent Mn" atom. This moiety dca2-H,O is, however, disordered over two positions
related by a mirror plane (Figure 2.2). One nitrile group (N(3) and C(2)) and the amide
nitrogen (N(4)) of dca2 {and the Mn" atom coordinated by the nitrile group) lie on the

mirror plane, whereas the other nitrile group and water ligand do not. The latter, in fact,
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have symmetry-related positions that superimpose on each other so that the nitrogen and
oxygen atoms have been given the same positional and thermal parameters. Consequently
the O-N hydrogen-bonding distance is constrained to be equivalent to the NCN distance
of the dca2 ligand (O(1)-N(4) = 2.633(7) A), and the position of the nitrile carbon atom is
the only site not fully occupied by a non-hydrogen atom. The result of this disorder is the
creation of a trigonal pseudo-tridentate ‘ligand’ dca2-H,0, which is structurally aimost
identical to tcm (see below) and thus the formula of the complex could be written as

[Mn(dcal)(dca2-H,0)].

W\ (5y0(1)

Figure 2.1 [Mn(dca);(H,0)] atom labelling scheme (thermal ellipsoids shown at 50 %

probability).
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Table 2.1 Summary of crystal data for [Mn(dca),(H-0)].

Compound [Mn(dca)(H,0)]

Formnula CsHoMnNgO

M 205.06

Crystal system Orthorhombic

Space group Ama2

a’A 7.5743(2)

bIA 17.4533(7)

cfA 5.6353(2)

U/A? 744.97(4)

zZ 4

Peac / gem” 1.828

7K 293(2)

#(Mo-Ko)/mm”™ 1.728

Hrange/° 3.56 -30.03

Index ranges 0<h<9,

-24<k<0,
0<1<7

Completenessto 28 =55°/% 98.8

Data collected 5465

Unique data (Riy) 611 (0.037)

Observed reflections [/ > 2a(])] 554

Parameters 68

Final Ry, wR; [I>20(D]® 0.0262, 0.0571
(all data) 0.0333, 0.0615

Goodness of fit, S 1.199

@ Ry =3 | |Fo| - IFe| |/ £ [Fol, wR2 = {Z [W(Fo> - F)1/ Z (w(F 21} 7
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Figure 2.2 A chain in the structure of [Mn(dca)(H,O)] showing the disorder of the
dea2-H,O moiety over the mirror plane. The two different orientations of the system are
shown on the left and the resultant sum on the right. Hydrogen bonds are denoted by open
bonds, and the atom labelling scheme is given without distinction of symmetry related

atoms.

To effectively describe the topology of [Mn(dca),(H>0)], one must first recognize
its close relationship with the rutile-like structures of a-[M(dca);] (single net) and
[M(tcm).] (two identical interpenetrating nets). The structure of rutile (TiO;) consists of
octahedral Ti'" atoms (six-connectors) and trigonal O% atoms (three-connectors) in a 1:2
ratio (Figure 2.3) and can be described in terms of square channels in which the three-
connecting centres form the sides of the channels and the six-connecting centres occupy
the comers. These channels can be constructed by cross-linking four adjacent TiO; chains

oriented perpendicular to each other. The sides of the channels contain six-membered rings
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(alternating three- and six-connectors), which are the second smallest rings in the structure.
The smallest rings are four-membered rings within the aforementioned chains that also
contain alternating three- and six-connectors (Ti-(0:)-Ti). Both the four- and six-

membered rings are however considered ‘smallest circuits’ in the topological sense.

Figure 2.3 The TiO, rutile framework. Octahedral Ti centres are represented by blue
spheres and trigonal O centres are red spheres. A square channel is highlighted in the
centre by purple bonds (the four separate chains) and the green bonds (connections
between chains that form the channels. A four-membered ring (left) and a six-membered

ring (top left) are also highlighted by green bonds.
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In the [M(tcm);] structures, the distance between the trigonal centres (the central carbon
atom of tcm) and the octahedral centres (metals) (ca. 4.5-5.0 A) is much greater than for
TiO,. This resuits in a much Jarger open framework, thus allowing interpenetration of a
second network. Interpenetration occurs by the passing of one of the rods (M-NC-C) of
one net through the six-membered ring of the other. The four-membered rings are too

sterically crowded to permit interpenetration (Figure 2.4).

Figure 2.4 A square channel of [M(tcm);] network -(blue) interpenetrated by a second

identical network (red).

In the rutile-like structures of o-[M(dca);] two thirds of the trigonal to octahedral
node connections are of a similar length to those in the [M(tcm);] structures, however one

third, the M—Numige links, are considerably shorter. Consequently the links between the
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chains are shorter, so that the channels are smaller than those of the [M(tcm);] structures.
The result 1s a collapsed, denser network (Figure 2.5). Structurally, the size of the four-
membered rings remain relatively unchanged, however the six-membered rings, through
which pass the rods of the second net in the [M(tcm);] structures, are considerably

decreased in size. Hence it would appear interpenetration of a second net is not favoured

and does not occur.

Figure 2.5 A single square channel in the structure of rutile-related o-[M(dca);]. The

M—Namice links (green bonds) are significantly shorter than equivalent links in {M(tcm),)

Structures.
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In the structure of [Mn(dca)>(H-0)] we combine the two different ligands, dcal
(with one short and two long links) and dca2-H,0 (with three equivalent long links). As in
the a-[M(dca),] structures the short link of dcal again occurs between the ML chains. If
we examine the connections between four adjacent chains analogous to those that form the
square channels in the previous two rutile-related structures, the similarities and
differences of this new network to rutile will become apparent. The chains, all of which are
crystallographically equivalent, have the formula [Mn(dcal)(dca2-H,0)] with dcal ligands
on one side of the chain and dca2-H,O one the other. Again, adjoining chains are mutually
inclined to one another, and are connected by the third link of the three connecting centres
to the axial positions on the manganese centres. The requirement that the Mn+--Mn distance
within the chains must be the same for the dcal and dca2-H,O bridges means the dcal
inter-chain linrk must be the Mn—N;npia.(N(2)) bond. The dca2-H;0 inter-chain link is the
Mn—Npiiie(N(3)) bond that lies on the mirror plane. The result is that the two inter-chain
linkages of three-connecting centres to six-connecting centres are of different lengths,
depending on whether the ligand is dcal or dca2-H,O. The structural consequences of this
are shown in Figure 2.6. Moving along the network we can see that the first two inter-chain
linkages are of the long dca2-H>0 type. The next two linkages are of the shorter dcal type.
Therefore, while the four chains in rutile connect to form a square channel, the network of
interconnected chains in [Mn(dcal)(dca2-H,O)] fails to meet back at its starting point, and
folds back on itself in the spiral manner shown in Figure 2.6. The interpenetration seen
here is similar to that in the [M(tcm);] complexes. The N(4)—C(2)=N(3)-Mn(1) rods of
dca2'H,O (structurally similar to tcm) penetrate the six-membered rings of
Mnj(dcal }(dca2-H,0}); (structurally similar to Mstcms rings). However, in this instance we
have a single network folding such that it penetrates itself — hence self- or intra-

penetration.




]

RES
“3b
e
i
ks
i
B
2

izt A

i g

(3
b
A
-
by

Chapter2 96

Figure 2.6 The connections of four adjacent orthogonal chains in the structure of

[Mn(dca)>(H20)] (the dca2-H,O moieties are shown in blue) showing the self-penetration

of the network.

The overall network is shown in Figure 2.7. The importance of ‘shortest circuits’
in the topology of a network for defining a self-penetrating network was discussed in
Chapter 1. Inspection of the rutile network (Figure 2.3) shows that there are 15 smallest
circuits that start from a six-connected centre (p = 6): two four-membered rings, ten six-
membered rings and three eight-membered rings. The smallest circuits radiating out from
the three-connecting centres (p = 3) are one four-membered ring and two six-membered
rings. In the self-penetrated network of [Mn(dca),(H,0)], the distribution and size of the
smallest rings are the same as rutile: four-, six- and eight-membered rings (2:10:3) for the

six-connecting nodes, and four- and six-membered rings (1:2) for each of the two types of
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three-connecting nodes (dcal and dca2:H,0). Thus, although rutile and [Mn(dca),(H.0)]
have different topologies, they have the same Schlifli notation: (42.6"°.8%(4'.6Y).
Recently, a number of other self-penetrating networks have been reporied.®’

[Mn(dca),(H,0)] is a new example of a self-penetrating network. This structure also

F represents a new topology for a network containing three- and six-connectors in a ratio of
2:1. Previously described topologies include the afore mentioned rutile and that of

[Hg(tpt)2(C104)2] 6C,HaCly (tpt = 2,4,6-tris(d-pyridyl)-1,3,5-triazine).!®

Figure 2.7 Overall view of [Mn(dca);(H,0)] with Mn shown in red, dcal (green) and

dca2-H,O (blue).
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The shortest Mn---Mn distance is through space between a manganese(ll} atom of
a self-penetrating rod and that of a ring and is equal to the unit cell length ¢ (5.6353(2) A).
The next shortest Mn-+Mn distance is via the Mn-N=C-N-Mn dcal link (6.2368(7) A) and
is the shortest Mn-ligand-Mn distance. From previous work,*'"""? it is believed that this
particular magnetic exchange pathway of the tndentate dca is important in any observed
long-range order. However, it would not appear to be absolutely necessary. For example,
B-[Co(dca),),"* PhE[Ni(dca)s] {E = P or As)'>'® and a-[Mn(dca)x(pyz)]'""* display long-
range order despite possessing no M-Nymise links. The intra-chain Mn--Mn distance is

equal to the unit cell length @ (7.5743(2) A).

Table 2.2 Selected interatomic distances (A) and angles (°) for [Mn(dca),(H.0)).

Mn(1)-N(1) 2.191(4)  Mn(1)-N(3) 2.171(5)
Mn(1)-N(2"% 2417(4)  Mn(1)-N(5)/0(1) 2.190(4)
N(1)-C(1) 1.148(49)  N(3)-C(2) 1.146(7)
C(1)-N(2) 1.307(4)  C(2)-N@4) 1.325(8)
N(4)-C(3) 1460(7)  C(3)-N(5) 1.175(6)
N(4)--0(1) 2.633(7)

N(3)-Mn(1)-N(1) 94.8(2)  N(1)-Mn(1)-N(5)y0(1)) 87.8(1)
NG)-Mn(1)-N(5)/O(1}) 96.5(1)  N(1)-Mn(1)-N(1) 95.9(2)
N(3)-Mn(1)-N(2% 178.7(3)  N(1)-Mn(D)-N(VyoQ™) 167.7(2)
N(3)-Mn(1)-N(1%) 94.8(2)  N(2")-Mn(1)-N(5'y0(1) 84.4(2)
C(1)~N(1)-Mn(1) 157.3(4)  C(3)-N(@4)-C(3™ 119.2(7)
C(D-N(1)-C(1Y) 118.3(4)  C(3)-N(5)-Mn(1'} 161.7(4)
C(1)-N(2)-Mn(1*) 120.6(2)  N(1)-C(1)-N{(2) 174.5(4)
C(2)-N(3)-Mn(1) 162.9(5)  N(3)-C(2)-N(4) 178.4(6)
C(2)-N(4)-C(3) 118.033)  N(5)-C(3)-N(4) 176.2(6)

Symmetry transformations: (i) -x, -y, z-1; (ii) -x, 1/2-y, z-1/2; (iii) 1/2-x, y, z; (iv) x+1/2, -
Y, z-1; (v) -x-1/2, y, z; (Vi) -x, 1/2-y, z+1/2; (vii) -X, -y, z+1.
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2.1.4 Magnetism of [Mn(dca),(H,0)}

(Mn(dca),(H>0)] is a new example of a growing class of homometaliic spin-
canted antiferromagnets, otherwise known as weak ferromagnets, which includes its
parent, the rutile-like o-{Mn(dca);].%'*'*% In a field of 0.3 T the Lper Mn at 300 K of 5.64

s (emT = 3.98 cm’mol'K) decreases gradually to 2.62 pg (xm7 = 0.86 cm’mol'K) as the

temperature is decreased to 4.2 K (Figure 2.8).
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Figure 2.8 Plots of magnetic moment, gper mn, versus temperature for [Mn(dca);(H;0)] in

different applied fields; 20 Oe (), 100 Oe (A) and 3000 Oe (X).

The Weiss constant, 8, from the y vs. I/T plot is -4.2 K indicating
antiferromagnetic coupling. In field values below about 200 Oe the magnetic moment
shows an abrupt increase at approximately 6 K due to the onset of long-range magnetic

order (Mperma is 10.9 g at 4.2 K in a field of 20 Oe). The Ty value of 6.3 K was confirmed
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by measuring zero-field cooled (ZFCM) and field cooled magnetization (FCM, H =5 Oe),

see Figure 2.9. These diverge at the ordering temperature, 6.3 K.

100

M / ecm’mol ' Oe
88583388

10

T/K

Figure 2.9 Plots of magnetization of [Mn(dca),(H,0)], M, versus temperature with zero-

field cooled (ZFCM) and field cooled (FCM H = 5 Oe) measurements.

The AC in-phase susceptibility, x’, versus T plot (Figure 2.10) shows a very sharp
maximum at 6.3 K indicative of a weak ferromagnet (spin-canted antiferromagnet). M vs.
H hysteresis measurements on a neat powder at 2 K gave a remnant magnetization (RM) of
112 cm®mol™Oe and a coercive field, H;, of 250 Oe, values typical of a soft magnet
(Figure 2.11). High field magnetization measurements made at temperatures above and
below the ordering temperature, show behaviour consistent with spin-canted
antiferromagnetism such as linear plots with low values of M even in the highest fields

employed. For example, at 2 K and in 5 T M = 1.7 N8 (Mg for Mn" is 5 Nf).
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Figure 2.10 Plot of in-phase, 3’, AC susceptibility versus temperature 1n 2 field of 1 Oe

oscillating at 20 Hz.
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Figure 2.11 Hysteresis loop for [Mn(dca),(H,0)] of a powder sample at 2 K.
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‘ Antiferromagnetic coupling is thought to arise from super-exchange via the M-
NC-N-CN-M pathways of bidentate dicyanamide coordinating through their nitrile
nitrogens between Mn" centres as in the cases of a-[Mn(dca),] and the [Mn(dca),L5] chain
complexes (L = e.g. pyridine).*'>* Use of Rushbrooke and Wood theory® for the coupling
¥ of § = 5/2 centres led to a set of best-fit parameters of the 0.3 T susceptibility data of g =
1.93 and J = -0.19 c¢m’, although agreement below 30 K was poor. The J value is similar
to those seen in the {Mn(dca)L} chain complexes, '

The occurrence of long-range order from spin-canting is believed to arise from a
complex combination of the super-exchange pathway M-N=C-N-M i.e. via bonding

through the amide nitrogen and orientation of the Mn" centre chromophores 60.6° to each

other along those same exchange pathways.

LR TR S ke e 7R R e e B e

2.2 Two linear Mn' chain complexes conlaining dicyanamide

and terpyridine: [Mn{dca)(NO:s) (terpy)]. and

{IMn(dca}(H:0)(terpy)](dca)}n

2.2.1 Introduction

In recent years. research in polymeric coordination complexes containing
dicyanamide has undergone rapid growth.">'%?"37 Of particular interest is the potential of
dicyanamide to act as a bridging ligand in molecule-based magnetic materials, particularly
in response to the tridentate bridging mode seen in the series of rutile-rciated complexes a-
[M(dca),], M" = Cr, Mn, Fe, Co, Ni and Cu, which display long-range magnetic order.

Much work has been undertaken to modify the structures and properties of
dicyanamide containing networks by the incorporation of co-ligands giving 3D, 2D and 1D

complexes of the general formula [M(dca),L,], where L can be a terminal ligand, for
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example, DMF, pyridine,' 4-benzoylpyridine® or 2-aminopyridine.”® The resulting
structures often have 1D chain (e.g. L = pyridine, 4-benzoylpyridine and DMF) or 2D
sheet structures (e.g. L. = EtOH) or in the case of [Mn(dca);(H20),}-H20 both chain and
sheet structural types exist in the one material.* The complexes [M(dca)s(apym)] M"=Co
and Ni, apym = 2-aminopyridine), reported by Jensen ef al.,*® have a 1D linear tubular
structure.*® In the above examples dicyanamide bridges through both nitrile nitrogen atoms
in the p; s mode, except the apym complexes, which has dicyanamide in the tridentate p,; 55

mode bridging through both nitrile and central amide nitrogens, as well as dca ligands in

the p;s mode. In fact, the tubular structures of the apym complexes can be described as
single square channels of the rutile-like a-[M(dca);] complexes ‘coated’ by the
monodentate apym ligands.*

When L; is a linear bridging ligand, for example pyrazine (pyz) or 4,4'-

bipyridine,'”"'***#? the resulting compiexes can have doubly interpenetrating «t-Po related

3D network structures.!” Polymorphs also exist such as B-[Cu(dca)(pyz)], which possesses

a 2D square grid structure.*® Long-range antiferromagnetic order has been reported in o-

[Mn(dca)(pyz)]'**® and in [Cux(2,5-Meypyz)(dca)s], 2,5-Mezpyz = 2,5-dimethylpyrazine,

at very low temperatures.’® N-heterocyclic chelating ligands, both bridging and terminal,
have also been employed to modify the structures and consequently the properties of
dicyanamide containing coordination polymers. Some examples include the two-
dimenstonal [Fez(dca)s(bpym)]‘H20 and [Fex(dca)s(bpym)(H,0);] where bpym = 2,2'-
bipyrimidine is also bridging Fe" centres in a bis-chelating fashion>® and the one-
dimensional complexes [M(dca)y(bpym)}(H;0)), M = Mn!, Fe" and Co' ¥
[M(dca)s(phen)l, M = Mn" and Cu', phen = 1,10-phenanthroline,” and
[Cos(HAT)(dca)s(H20),), HAT = 1,4,5,8,9,12-hexaazatriphenylene, where the tris-chelated

trinuclear Cos(HAT) units are further bridged by p, s-dca ligands.*!
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The present study using terpyridine as a terminal chelate forms part of an
extensive study using terminal and bridging co-ligands bonded to Mn"(dca),.* While the
candidate was in the process of solving the structures of the following two Mn"(dca),-terpy
species, Escuer et al. reported the same compounds.*® It follows on from their related Mn"-

azide adduct chemisl:ry.‘g'-"'49

2.2.2 Synthesis and Characterisation of [Mn(dca)(NO;s)(terpy)]l.

This compound and that described in section 2.2.3 were initially obtained in the

same reaction, To obtain them separately, crystals of [Mn(dca)(NOs)(terpy)), were
& prepared by reaction of Mn(NQ3),-4H,0O with terpy, in methanol followed by subsequent
addition of a methanolic solution of Na(dca) (1:1:2 molar ratio). This route for
[Mn(dca)(NO;)(terpy)}, is similar to that reported by Escuer et al.*® The infrared spectrum
of [Mn(dca)(NO;)(terpy)]. shows that absorptions due to dicyanamide occur at 2294, 2243,
and 2177 cm™ corresponding to [Vas(C-N) + vi(C-N)], v,i(C=N) and v,(C=N) vibrations
respectively. These values are indicative of bidentate dicyanamide bridging throngh both

nitrile nitrogens {u; s). Elemental microanalysis supported the above formulation.

2.2.3 Synthesis and Characterisation of {{Mn(dca)(H,O)(terpy)l(dca)},

Crystals of {[Mn(dca)(H;O)(terpy)l(dca)}, were prepared by a two step reaction.
First, Mn(terpy)Cl, was prepared by reaction of MnCl, with terpyridine in ethanol. This

solid was then reacted with a solution of Na(dca) in a methanol/water mixture. This

contrasts with the synthesis of {{Mn(dca)(H,O)(terpy)l(dca)}, reported by Escuer et al.

where they used Mn" triflate to prevent the formation of [Mn(dca),(NOs)(terpy)]».*¢ The

infrared spectrum of {{Mn(dca)(H.O)(terpy)l(dca)}, shows a strong absorption at 3296

cm™ due to v(OH) of the coordinated water. Hydrogen bonding (vide infra) is responsibie

for the relative sharpness of the peak. Evidence of two different dicyanamides can be seen
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clearly in the vi(C=N) absorption, as it is split into two peaks at 2166 and 2143 cm™. The
former is consistent with p; s dicyanamide and the latter lower wavenumber value is due to
the free uncoordinated, albeit hydrogen-bonded, dicyanamide. In comparison, PhyP(dca),
which has unbound dca and shows vy(C=N) at 2130 cm™!, whereas Na(dca), in which dca is
bound to the Na* atoms shows v{(C=N) at 2182 cm™. These spectroscopic data were

supported by X-ray crystallographic analysis (see Section 2.2.5). Elemental microanalysis

2 supported the above formulation.

2.2.4 Crystal Structure of [Mn(dca)(NO;)(terpy)l.

Crystallographic details for [Mn(dca)(NO;)(terpy)], are given in Table 2.3 (see
page 109) and selected bond distances and angles are given in Table 2.4 (see page 110).
[Mn(dca)(NOs){terpy)], crystallizes in the monoclinic space group P2)/n with the
asymmetric unit containing one formula unit. The structure (Figure 2.12) consists of zigzag
chains of manganese atoms linked by single p;s-dca bridges (Mn-N = 2.221(1) and
2.196(1) A). Each manganese atom is seven-coordinate with an approximately pentagonal
bipyramidal environment around the metal. The equatorial plane contains the three
nitrogens of the chelating terpyridine ligand (Mn-N = 2.301(1), 2.278(1) and 2.319(1) A)
and two oxygen atoms of a chelating nitrato ligand (Mn—O = 2.366(1) and 2.399(1) A).
The bridging dca nitrile nitrogens fill the axial coordination sites, so that they are in a trans
arrangement. The average bond distance to the axial ligands (2.208(2) A) is approximately
0.12 A shorter than the average equatorial bond distance (2.333(5) A). The smallest
chelating angle (O(1)-Mn(1)~0(2) = 54.93(4)°) is that subtended by the nitrato ligand. A
mean plane defined by the five equatorial donor atoms gave the greatest deviation as
0.1918(9) A for N(2) (of the central pyridine ring) towards N(21). The manganese atom

deviates 0.0721(6) A away from this plane towards N(25i). The terpyridine ligand is not
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‘ entirely planar. The angle between the mean plane of the coordination environment and
that of the central pyridine ring is 26.75(7)°, being bent towards N(21). The angles the

1 I other two pyridine rings make to the central one are 17.0(1) and 15.0(1)° for the planes

containing N(1) and N(3) respectively.
Recently Escuer ef al. reported a very similar complex, [Mn(dca)(OAc)(terpy)]n,

1 which is essentially isostructural with a chelating acetate instead of the chelating nitrate. 0

1t has comparable Mn—Ng., and Mn—Ni.py bond distances, but slightly shorter chelate bond

distances of Mn~Oacetsre = 2.300(4) and 2.269(4) A. The chelating angle of the acetate is

slightly larger at 57.1(1)°.
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Figure 2.12 The crystal structure of [Mn(dca)(NOs)(terpy)], with atom labelling scheme

(thermal ellipsoids shown at 50 % probability).
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The chains propagate paraliel to the [101] lattice vector. The intra-chain Mn---Mn
distance is 8.1713(1) A. The Mn-~Mn distance between adjacent chains in the ag-axis
direction is equal to the unit cell length a (8.7458(1) A). The chains interdigitate with
adjacent chains in the ac-plane (Figure 2.13) via weak m-m stacking interactions, with
closest separation of 3.67 A and a pyridyl centroid--centroid distance of 3.803 A, forming
sheets. The chains also participate in weak ®-x interactions, with adjacent chains in the b-
axis direction, with closest separation of 3.49 A and a pyridyl centroid---centroid distance
of 3.759 A (Figure 2.14). The Mn-Mn distance between these adjacent chains is 8.6093(5)
A.

Figure 2.13 Packing diagram of [Mn(dca)(NO;)(terpy)], in the ac-plane showing weak 1t-

7 interactions (dashed green).
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Figure 2.14 Packing diagram of [Mn(dca)(NOs)(terpy)], showing weak m-r interactions

(dashed pink/red).
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Table 2.3 Summary of crystal data for [Mn(dca)(NOs)(terpy)], and

{[Mn(dca)(H,O)terpy)](dca)} ..

Comipound {Mn(dca)(NOs)(terpy)l, {{Mn(dea)(H;O)(terpy)](dca)j,

Formula Ci7H 1 MnN-,0; CioH12MnNgO

M 416.27 438.32

Crystal system Monoclinic Triclinic

Space group P/n P1

alA 8.7458(1) 7.5461(2)

bIA 13.7690(2) 8.7787(3)

c/A 14.7029(2) 14.7849(5)

a/° 78.309(1)

Br 95.759(1) 79.923(2)

o 81.269(2)

U/A3 1761.60(4) 937.41(5)

VA 4 2

Deare / g cm™ 1.570 1.553

T/K 123(2) 123(2)

#(Mo-Ka)/mm™ 0.785 0.737

Index ranges -lish<ll, 9<h<9,

~18< k<18, 15k,
-19<7/<19 -1957<19

f(?g}lzleteness to 20 = 99.9 99 4

Data collected 31142 17431

Unique data (Ri) 4344 (0.0543) 4241 (0.0790)

83;‘%‘;? reflections 3281 3005

Parameters 253 279

Final R1, wR2 [I>2a(D)]®  0.0339, 0.0628 0.0427. 0.0762
(all data) 0.0596, 0.0692 0.0821, 0.0920

Goodness of fit, § 1.033 1.020

@ Ry =3 | |Fo| - |Fe| |/ £ |Fol, wRy = {Z [W(Fo* - F*) 1 E [wF 72
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Table 2.4 Selected interatomic distances (A) and angles (°) for [Mn(dca)(MOs)(terpy)]..

Mn(1)-N(1) 2.301(1)  O(1)-N(4) 1.263(2)
Mn(1)-N(2) 2.778(1)  O(2)-N(4) 1.268(2)
Mn(1)-N(3) 2.319(1)  N(4)-0(3) 1.227(2)
Mn(1)-0(1) 2.366(1)  N(21)-C(22) 1.151(2)
Mn(1)-0(2) . 2299(1)  C(22)-N(23) 1.311(2)
Mn(1)-N(21) 2.221(1)  N(23)-C(24) 1.308(2)
Mn(1)-N(25") 2.196(1)  C(24)-N(25) 1.151(2)

N(2)-Mn(1)-N(1) 71.02(5)  N(25%-Mn(1)-N(3) 89.92(5)
NQ)-Mr(1)-N(3) 70.08(5)  N(21)-Mn(1)-N(1) 90.28(5)
N(1)-Mn(1)-N(3) 140.18(5)  N(21)-Mn(1)-N(2) 83.34(5)
O(1)-Mn(1)-N(1) 84.25(4)  N(21)~-Mn(1)-N(3) 93.39(5)
O(1)-Mn(1)}-N(2) 153.42(4)  N(25)-Mn{1)-0(1) 88.30(5)
O(1)-Mn(1)-N(3) 135.50(4)  N(259%-Mn(1)-0(2) 90.91(5)
O(2)-Mn(1)-N(1) 139.15(4)  N(21)-Mn(1)-0(1) 87.29(5)
O(2)-Mn(1)-N(2) 148.37(4)  N(21)-Mn(1)}-O(2) 86.76(5)
O(2)-Mn(1)-N(3) 80.66(4)  Mn(1)-N(21)-C(22) 167.0(1)
O(1)-Mn(1)-0(2) 54.93(4)  NQ1)~C(22)-N(23) 174.6(2)
N(25%)-Mn(1)-N(21) 175.59(5) - C(22)-N(23)-C(24) 119.4(1)
N(25")-Mn(1)-N(1) 89.03(5)  N(23)-C(24)-N(25) 173.5(2)
N(25")-Mn(1)-N(2) 100.55(5)  C(24)-N(25)-Mn(1%) 177.1Q1)

Symmetry transformations: (i) x+1/2, -y+1/2, z+1/2; (ii) x-1/2, -y+1/2, z-1/2.

2.2.5 Crystal Structure of {{Mu(dca)(H,O)(terpy)l(dca)},

Crystallographic details for {{Mn(dca)}(H.O)(terpy)](dca)}, are given in Table 2.3

and selected interatomic distances and angles are given in Table 2.5 (see page 115).

{[Mn(dca)(H,O)(terpy)](dca)} . crystallizes in the triclinic space group P1. The structure
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(Figure 2.15) consists of linear zigzag chains, which propagate along the a-axis direction,
of manganese atoms linked by single y, s-dca bridges. The second dea is non-coordinating
and links adjacent chains via hydrogen bonds through the nitrile nitrogens, in the b-axis
direction, to the coordinated water on each manganese centre. Thus the overall structure
consists of 2D (4,4) sheets in the ab-plane (Figure 2.16). Each manganese atom is six
coordinate, having three sites filled by the chelating terpyridine ligand (Mﬁ—N = 2.288(2),
2.235(2) and 2.297(2) A), two sites are occupied by the nitrile nitrogens of two y; s-dca
ligands (Mn-N = 2.177(2) and 2.167(2) A) and the sixth site is filled by the water
molecule (Mn(1)-0(1) = 2.219(2) A). The nitrile atom (N(25)) of one of the bridging dca
ligands occupies a pesition in approximately the same plane as the terpyridine ligand and
the other (N(21)) perpendicular to this, so that they are in a cis arrangement. The
terpyridine ligand is more planar than it is in [Mn(dca)(NO;)(terpy)], where the angles the
two outer rings make with the central ring are 5.9(1) and 3.5(1)° for the rings containing
N(1) and N(3) respectively. Due to this planarity, the coordination mode of the manganese
atom is distorted octahedral.

The intra-chain Mn--Mn distance is equal to the a unit cell length (7.5461(2) A),
being significantly shorter than the equivalent for [Mn{dca)(NO;)(terpy)],. The inter-chain
Mn--Mn distance along the chain of hydrogen bonds is equal to the b unit cell length
(8.7787(3) A). The shortest inter-chain distance, which is also the shortest metal-to-metal
distance, is 6.9946(7) A, between Mn" atoms in adjacent hydrogen bonded sheets. The

sheets pack in a “back-to-back” 4B fashion (Figure 2.17).
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Figure 2.15 A segiment of the crystal structure of {{Mn{(dca)(H,OXterpy)l(dca)}, with

atom labelling scheme (thermal ellipsoids shown at 50 % probability).
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Figure 2.16 Hydrogen bonded sheets of {{Mn(dca)(H.O)(terpy)](dca)}, showing the water

and hydrogen bonds (orange) to lattice dicyanamide ligands (blue).
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Figure 2.17 Packing diagram of {[Mn(dca)(H,O)(terpy)](dca)}, viewed along the b-axis

direction.
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Table 2.5 Selected interatomic distances (A) and (® for
{{Mn(dca)(H:0)(terpy))(dca) } ..

Mn(1)-N(1) 2.288(2)  Mn(1)-NQ1) 2.177(2)
Mn(1)-N(2) 2.235(2)  Mn(1)-N(25) 2.167(2)
Mn(1)-N(3) 2.297(2)  Mn(1)-0(1) 2.219(2)
N21)-C(22) 1.154(3)  N(31)~C(32) 1.156(3)
C(22)-N(23) 1.310(3)  C(32)-N(33) 1.315(3)
N(23)-C(24) 1.302(3)  N(33)-C(34) 1.308(3)
C(24)-N(25) 1.159(3)  C(34)-N(35) 1.158(3)
N(2)-Mn(1)-N(1) 71.76(7)  N(259)-Mn(1)-N(2) 161.16(7)
N(2)-Mn(1)-N(3) 71.26(7)  N(25)-Mn(1)-N(3) 94.04(7)
N(1)-Mn(1)-N(3) 143.03(7)  N(21)-Mn(1)-0(1) 172.90(7)
O(1)-Mn(1)-N(1) 85.05(7)  N(25%-Mn(1)-O(1) 81.58(7)
O(1)-Mn(1)-N(2) 87.30(7)  N(1)-Mn(1)-N(25%) 94.03(7)
O(1)-Mn(1)-N(3) 92.81(7)  Mn(1)-N(21)-C(22) 164.0(2)
N(21)-Mn{1)-N(1) 92.63(7)  N(21)-C(22)-N(23) 173.9(3)
N(Q1)-Mn(1)-N(2) 98.36(7)  C(22)-N(23)-C(24) 120.1(2)
N(Q1)~Mn(1)-N(3) 93.07(7)  N(23)-C(24)-N(25) 174.2(3)
N(25)-Mn(1)-N(1) 121.93(7)  C(24)-N(25)-Mn(1%) 155.8(2)
N(31)-C(32)-N(33) 174.3(2)  Mn(1)-O(1)-H(16) 121(2)
C(32)-N(33)~C(34) 119.6(2)  Mn(1)-O(1)-H(17) 117(2)
N(33)~-C(34)-N(35) 173.7(3)  H(16)-O(1)-H(17) 108(3)
Hydrogen bonds

O(1)-H(17) 0.86(2)  O(1)-H(16) 0.86(2)
H(17)--N(31) 1.98(2)  H(16)-N(35' 1.93(2)
O(1)--N(31) 2.814(3)  O(1)N(@35 2.791(3)
O(1)-H(17)N(31) 166(3)  O(1)-H(16)~N(35') 176(3)

Symmetry transformations: (i) x-1, y, z; (i1} x-+1, y, z; (iit) X, y+1, z
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2.2.6 Magnetism of [Mn(dca)(NO;)(terpy)], and

{{Mn(dca)(H,O)(terpy)|(dca)},, Complexes

The magnetic moment .z versus temperature plots for [Mn(dca)(NOs)(terpy)].
and {[Mn(dca)(H,O)(terpy)](dca)}, are shown in Figure 2.18 and Figure 2.19,
respectively. The magnetic properties of the two complexes are very similar and indicative
of overall weak antiferromagnetic coupling. At 300 K, in 2 field of 1 T, tper mn = 5.90 g
and 5.80 up (ymT = 4.35 and 4.20 cm’mol'K) for [Mn(dca)(NO;)(terpy)], and
{[Mn(dca)(H,O)(terpy)}(dca)}, respectively. The moments decrease very gradually to 5.85
ug and 5.72 g (ymT = 4.27 and 4.09 cm’mol'K) at around 50 K, then more rapidly to
reach 4.57 and 3.58 ug (ymT = 2.61 and 1.60 cm®mol'K) at 2 K. This rapid decrease
arises from a combination of antiferromagnetic coupling and zero-field splitting of the °A;,
jons.>! Since the latter is expected to be weaker than the spin coupling it is not included in

the analysis.

6.0 L
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Figure 2.18 Plot of ugr versus Tin a field of H=1 T for [Mn(dca)(NO3)(terpy)l,, the solid

line shows the best-fit theoretical curve (see text).
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T/K

Figure 2,19 Plot of per versus Tin a field of # =1 T for {[Mn(dca)(H,O)(terpy)](dca)},,

the solid line shows the best-fit theoretical curve (see text).

The magnetic data were fitted to a 1D Heisenberg chain model (§ = 5/2 {-2JS§;})
derived by Fisher, given by Equation 2.1,> vielding the best fit parameters shown in Table
2.6. Those derived by Escuer et al. are given for comparison. The values of g and J are
similar for both determinations. The value of J for [Mn(dca)(NO;)(terpy)]» (-0.06 cm™) is
approximately half that for {{Mn(dca)(H,O)(terpy)](dca)}, (-0.13 cm™). This may be due
to hydrogen bonding inferactions between the chains, thus increasing the overall

antiferromagnetic coupling.

2 2 .
X=Nﬁ g S(S+1)(1+u) Equation 2.1

3kT 1-u

—2JS(S+1) 2JS(S+1)
kT

u = coth
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Table 2.6 Best-fit parameters g and J for compounds [Mn(dca)(NOs;)(terpy)], and
{[Mn{dca)(H;0)terpy)(dca)} . using the Fisher chain model®* with those reported by

Escuer et al.*® for the same compounds for comparison.

This work Escuer ef al. ©
Compound g J/em’! g J/em
[Mn(dca)(NOs)(terpy)]s 1.99 -0.06 200(1)  -0.06(1)
(Mn(dea)(HO)(terpy)](dca)}.  1.98 -0.13 200(1)  -0.10(1)

@) Figures reported by Escuer et al. divided by 2 for comparison as that group used the
Hamiltonian H = -JS;S;

2.3 Conclusions

The new hydrated phase [Mn{dca)(H»0)], displays a fascinating rare 3D seli-
penetrated structure containing both tridentate (1, 3) and bidentate (p; s) dicyanamide. The
bidentate dicyanamide is further hydrogen bonded to a coordinated water molecule, thus
forming a pseudo 3-connecting ligand. fMn(dca),(H,0)}, like its parent non-hydrated
phase a-[Mn(dca)], is a spin-canted antiferromagnet with a Ty value of 6.3 K. This leads
us to believe that this compound is responsible, as a trace impurity, for a weak transition, at
6 K, seen 1n the variable temperature magnetization plot of the parent species, o-
[Mn(dca),], T = 16 K.*

The two complexes [Mn{dca)(NO;s)(terpy)l, and {[Mn(dca)(H,O)(terpy)](dca)},
were synthesised and structurally elucidated prior to them being reported by Escuer ef al.*
The structures of each are similar, in that they both consist of lincar zigzag chains of

manganese(II) atoms linked by p, s-dca ligands. In the structure of [Mn(dca)(NOs)(terpy)].
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weak 7-m interactions between the terpy ligands of adjacent chains that influence the

packing of the chains. In the structure of {{Mn(dca)(H,O)(terpy)](dca)}, non-coordinated
dicyanamide ligands hydrogen bond to the coordinated water molecules, thus forming
hydrogen-bonded 2D (4,4) sheets. They were initially synthesised in the same reaction

using conditions similar to those used separately for the synthesis of

[Mn(dca)(NOs)(terpy)]a.

The long-range magnetic order shown by [Mn(dca)(H,0)] and the lack of it
observed in [Mn(dca)(NO;)(terpy)}, and {{Mn(dca)(H,O)(terpy)}(dca)}, is consistent with
our understanding that bidentate dicyanamide, bridging through both the nitrile nitrogens
{1, s-dca), is a very poor super-exchange pathway and complexes containing only these
links are unlikely to display long-range magnetic order. Escuer ef al. recently published
MO calculations that go towards explaining this, by comparing orbital interactions with the
more efficient exchange mediator, p, ;-azide. From the presence of long-range order in the
rutile-like o-[M(dca)z] and [M(dca)(tem))® (excluding Cu in the dca/tcm compound), and
[Mn(dca),(H,O)] species, it is believed tridentate dicyanamide, bridging through both
nitrile nitrogens and the amide nitrogen, is important for the occurrence of order. The Jahn-
Teller elongation of the M—Nmidc bond in the copper complexes, which weakens magnetic
exchange, the lack of magnetic order in the [Cu(dca)(tcm)] compound,’ and the occurrence
of ferromagnetic order in a-[Cu(dca),) at the very low temperature of T, = 1.7 K** may
back this assertion. However, recent results for the compounds (PhyE)[Ni(dca);], E =P and
As,"”, B-[Co(dca),},"* and a-[Mn(dca)(pyz)]'"'® have cast doubt on this conclusion. These
compounds display long-range magnetic order at 20 K, 9 K and 2.7 respectively, yet the
structures of each contain dicyanamide present only in the p,s-dca coordination mode.
Clearly the exchange pathways of bridging co-ligands also play an important role and

future work yet needs to be done to explain these observations.
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2.4 Experimental

2.4.1 Synthesis of [Mn(dca),(H,0)]

Method A: Mn(dca), (30 mg, 0.16 mmol) was dissolved in 5 mL of hot methanol.
On cooling this solution to room temperature, 5 mL of ethanol was added. Crystals of
[Mn(dca);(H,0)] suitable for X-ray diffraction were afforded by slow evaporation of this
solution over a period of several months. (he majerity of crystals were triangular in habit
and insensitive to solvent loss. LR. (crn", Nujol): 3611vw,sh, 3577 vw, 3521 w, 3389 w,br,
3113 vw, 2310 s, 2258 5, 2185 5, 1626 m, 1359 m, 1326 m, 955 vw, 937 vw, 679 vw, 668
vw. Anal. (%): Found: C, 23.6; H, 0.8; N, 41.3. Calculated for C;H.MnN4O: C, 23.4; H,
1.0; N, 41.0.

Method B: Aqueous solutions (5 mL each) of Mn(ClO4),:6H,0 (0.362 g, 1.0
mmol) and Na(dca) (0.178 g, 2.0 mmol) were combined. Silow evaporation over 2 weeks
yielded several crystal aggregates and a small number of mainly irregularly shaped single
crystals (some were of triangular habit) that were filtered and washed with ethanol. Yield
0.082 g, 40 %. LR. (cm™, Nujol): 3520 m, 3388 m,br, 3222 w,sh, 3111 w, 2309 5, 2257 s,
2183 s, 1625 s, 1359 s, 1324 s, 1057 vw, 1006 vw, 956 w, 938 w, 681 w,sh, 667 w,sh.
Anal. (%): Found: C, 23.5; H, 0.8; N, 41.4. Calculated for C;4H.MnNgO: C, 23.4; H, 1.0; N,

41.0. The powder XRD pattern matches that calculated from the crystal structure data.

2.4.2 Synthesis of [Mn{dca),(NOs)(terpy)l,

A methanolic solution (5 mL) of terpyridine (0.117 g, 0.5 mmol) was added to a
methanolic solution (20 mL) of Mn(NO,)»*4H>0 (0.126 g, 0.5 mmol) and a pale yellow
solution formed immediately. A methanolic solution (5 mL} of Na(dca) (1.0 mmol, 0.089
g) was then added to this yellow solution. After about three hours a yellow, crystalline

solid had formed. It was subsequently collected by vacuum filtration, washed briefly with
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methanol and dried in air. Yield 0.14 g, 66 %. LR. (cm™, Nujol): 3583w, 3093vw, 2294s,
2244s, 2177s, 1774vw, 1741vw, 1595m, 1578m, 1470s, 1438s, 1404m, 1349s, 1308s,
1240w, 1185w, 1160w, 1096w, 1074vw, 1053w, 1040w, 1012m, 934vw, %09vw, 833vw,
R18w, 799w, 774s, 752vw, 738w, 652m, 634m. Anal. (%): Found: C, 49.2; H, 2.5; N, 23.6.

Calc. for C]';H]]Ml’lN}fO;Z C, 490; H, 2.7; N, 23.6.

2.4.3 Synthesis of {{Mn(dca)(H,O)(terpy)](dca)},

Part A: Synthesis of Mn(terpy)Cl,

Terpyridine (0.233 g, 1.0 mmol) was added to a hot stirred solution of MnCl;
(0.126 g, 1.0 mmol) in ethanol (20 mL). A yellow precipitate formed immediately. The
resultant mixture was stirred and heated for a further 15 minutes. The solid was filtered hot
and washed briefly with ethanol and dried with ether (2 x 10 mL). Yield C.34 g, 96 %,
assuming the above formulation. This solid was used in Part B.

Part B: Synthesis of {{Mn(dca)(H,O)terpy)](dca)},

A solution of Na(dca) (0.11 g, 1.2 mmol) in methanol/water (5§ mL/1 mL) was
added to a stirred suspension of Mn(terpy)Cl; (0.172 g, 0.48 mmol, from Part (a)) in
methanol (7 mL). 3 mL of water was added to this suspension after which the
Mn(terpy)Cl; had largely dissolved. The solution was filtered to remove a small amount of
undissolved residue. After one day many pale yellow block-like crystals had formed. The
mother liquor was decanted into another vessel. The crystals were washed with acetone
and dried with ether. Yield 50 mg, 23 %. LR. {cm™, Nujol): 3599vw, 3296s, 3096vw,
3036vw, 2312s, 2250s, 2208s, 2166s, 2143s, 1644w, 1598m, 1581m, 1572m, 1478m,
1452s, 1440s, 1407m, 1366s, 1323s, 1246w, 1190w, 1164m, 1102w, 1074vw, 1052vw,
1021m, 1012m, 976vw, 938vw, 912vw, 777s, 754vw, 736w. 652m, 638m. Anal. (%):

Found: C, 52.2; H, 3.0; N, 28.8. Caic. for C,oH;sMnNyO: C, 52.1; H, 3.0; N, 28.8.
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24.4 X-Ray Crystallography of [Mn(dca),(H,0)}, {Mn(dca),(NO;)(terpy)],

and {{Mn(dca)(H,0)(terpy)l(dca)},

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A), using ¢ and @ rotations with 1° frames.
Integration was carried out by the program DENZO-SMN,> and data were corrected for
Lorentz polarisation effects and for absorption using the program SCALEPACK.*
Solutions were obtained by direct methods followed by successive Fourier difference
methods using SHELXS 97 for [Mn(dca)(H;0)] and teXsan®® for
[Mn(dca)(NO;)(tetpy)], and {[Mn(dca)(H,O)(terpy)l(dca)},, while the final full matrix
least squares refinements on Fops® were performed using SHELXL 97°° with the aid of the
graphical interface program X-SEED.”” All non-hydrogen atoms were refined
anisotropically.

For [Mn(dca),(H.0)] the hydrogen atoms were neither located nor assigned.
Atoms C(3), O(1) and N(5) were refined at half occupancy due to the disorder over the
mirror plane and O(1) and N(5) were constrained to have identical x, y, z and Uj
parameters. The structure was refined as a racemic twin. The structure of [Mn(dca)>{H,0)]
was also solved in P1, which indicated that the disorder was present even in the absence of
any crystallographically imposed symmetry.

For [Mn{(dca)(NOs)terpy)l. and {[Mn(dca)(H.O)(terpy)l(dca)}, all terpy
hydrogen atoms were assigned to calculated positions with isotropic thermal parameters
1.2 times the U of the adjoining carbon atom. The water hydrogen atoms of the latter
structure were located in the Fourier difference map and refined isotropically with the O-H

bonds distances restrained to be 0.84(2) A with the DFIX instruction,®
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2.4.5 X-Ray Powder Diffraction of {Mn(dca),(H,0)]

Powder X-ray diffraction data for [Mn(dca),(H;0)] were collected by Mr. Rod
Mackie (School of Physics and Materials Engineering, Monash University, Clayton) on a
Scintag Automated Powder Diffractometer using a Cu-Ka monochromatic radiatton source
(A = 154.059 pm), a solid state Ge detector, 2 mm divergence slit and a 3 mm receiving slit
at room temperature. The programs Crystal Diffract’® and Unit Cell®® were used by Dr.
Stuart Batten (School of Chemistry, Monash University, Clayton) to confirm that the single

crystal was representative of the bulk sample.
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3.1 Introduction

Studies of polymeric coordination complexes, and how the bridging ligands affect
magnetic coupling and long-range order, have increased rapidly in recent years. The
bridging ligands CN’, C;04* and RCO; "' and poly-cyano ligands such as dicyanamide
(N(CN);, dca)*'*"? have received most attention. Since the discovery, by our group and
others, that the rutile-like binary complexes of dicyanamide, a-[M(dca)s], M" = Cr, Mn,
Fe, Co and Ni,">"!* display long-range magnetic order, we have been undertaking a wide
investigation of molecule-based magnetic materials containing terminal and bridging co-
ligands and the dicyanamide ligand.'>"*'®% The present study of temnary transition metal
dicyanamide networks containing tetradentate Schiff-base ligands is part of this
investigation. It complements the results, described in Chapter 4, with novel dicyanamide
chiral 3D network complexes with the acetylacetone derived Schiff-base ligands, acenH,
(N,N'-ethylenebis(acetylacetoneimine)) and (£)-actchH> {((£)-N,N"-trans-1,2-
cyclohexanebis(acetylacetoneimine)). Interestingly. the networks containing the achiral
Schiff-base ligand are chiral and the crystals are spontaneously resolved.

Metal Schiff-base complexes continue to attract attention in magnetechemical
work, either in their own right, or as building blocks in heterometallic molecule based
magnetic materials. For instance, Floriani and Miyasaka et al. have incorporated metal-
Schiff-base moieties into ‘molecular’ Prussian-blue CN™ bridged magnetic materials. For
example, the.y have combined Schiff-base ligands and hexacyanometallates in the conzlex
[NEty]IMn(5-Cl-salen)]),[Fe(CN)s]), which consists of [Mn(5-Cl-salen)]" moieties linked
with ferricyanide forming a 2D sheet structure. This complex is a metamagnet with Ty =

4.0 K.*® This is one of many such studies by this group; [Fe(salen)]® has also been
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M Schiff-base dimers as

employed.?” More recently Miyasaka et al. also reported using Mn
possible components in magnetic materials as the dimers display ferromagnetic coupling.*

Outside of their magnetochemical interest, manganese(Ill/IV) Schiff-base
complexes are also relevant as models for the water oxidation complex (WOC) of
photosystern 11 (PS ) of green plants and cyanobacteria.””*> Homo-chiral manganese(I11)
Schiff-base complexes have been used extensively as enantioselective catalysts for the
epoxidation of olefins.***” The best known of these is Jacobsen’s catalyst.*® In addition,
chiral Schiff-base complexes have also been demonstrated to display non-linear optical
properties.>**

Described in this chapter are six new linear chain corhplexcs of the general
formula, [M(Schiff-base)(dca)],, M™ = Mn and Fe. These are some of the first trivalent
M™_dca complexes to be reported, and the first to be structurally characterised.”’ The
tetradentate  Schiff-base ligands chosen for this study were salenH, (N,N-
ethylenebis(salicylideneimine)), sal-o-phenH, (¥, N'-o-phenylenebis(salicylideneimine))
and ()-saltchH, ((%)-N,N'-trans-cyclohexanebis(salicylideneimine)) (Scheme 3.1).
Initially salenH, was chosen, followed by two variations of salenH,. By selecting the
ligand sal-o-phenH;, we could obseljve the effect that introducing the rigidity of the phenyl
ring, as the bridge component of the Schiff-base ligand, may have on the structural and
magnetic properties. The (£)-saltchH; ligand also possesses a six membered ring as the
bridge component, however, it is flexible like salenH; and is also a chiral ligand, similar to

that in Jacobsen’s catalyst and related complexes. However, in this case a racemic mixture
Y p

of (%)-saltchH, was employed.
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Qe ngd Q:g? %53

salenHy sal-o-phent; (x)-saltchHz { 1?‘%@

Scheme 3.1 Schiff-base ligands salenH,, sal-o-phenH, and (&)-saltchH>.

Several [M(salen)(u-X)], linear chain 1D complexes have been reported
previously, where M™ = Mn or Fe and X is a short anionic bridging ligand including
OAc™,**** NO;y~,* N3~,* or CN™ (which has alternating high and low spin Mn"" ions)*® or a
longer bridging ligand such as N-4-pyridylglycinato, 4-(pyridylthio)acetato,* or 1,4-bis(1-
imidazolyl)butane.’® Such compounds are generally weakly exchange coupled, magnetic
ordering not being a common feature. However, Rajasekharan ef al. very recently reported
the 1D helical polymer [Mn"'(salpn)(NCS)], (where salpnH, = N,N-Bis(salicylidene)-1,3-
diaminopropane), which exhibits spin-canted antiferromagnetic ordering below 7 K.*!

During the writing of this thesis, the structures and some physical properties of the
compounds [M(salen)(dca)),, M™ = Mn and Fe, were reported by Shi e al.*®> However,
there are serious shortcomings in this paper. They reported markedly different variable

I

temperature magnetism of the Fe™ complex compared to our observations (vide infra) and

proposed that it contains low-spin Fe'

with strong antiferromagnetic coupling. They
measured electronic spectra and cyclic voltammetry on solutions of the complexes. As
these complexes are polymeric, by necessity they must break up to dissolve and are thus nc

longer possess the reported structures in solution.
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3.2 Synthesis and Characterisalion of [M(L)(dca)]n Complexes;
M = Mn and Fe; LH; = salenH,, sal-o-phenH: and (#)-
saltchH:

Reaction of salenH; and sodium dicyanamide with manganese(ll) nitrate in air in
a molar ratio of 1:1:1 in methanol led to the formation of [Mn(salen)(dca)},.. Reaction of
Fe(salen)Cl with sodium dicyanamide in methanol in a molar ratio of 1:1 in methanol led
to the formation of [Fe(salen)(dca)],.. [Mn(sal-o-phen)(dca)], was prepared in an analogous
reaction to the synthesis of [Mn(salen){(dca)],, replacing salenH, with sal-o-phenH,, and
[Fe(sal-o-phen)(dca)l, was prepared in a similar reaction to [Mn(sal-o-phen)(dca)l,,
replacing the manganese(1l) salt with iron(II) tetrafluoroborate. Reaction of ()-saltchH,
with sodium dicyanamide and manganese(Il) nitrate in a molar ratio of 1:2:1 in a

methanol/acetone mixture led to the formation of [Mn((Z)-saltch)(dca)l,. [Fe((¥)-

saltch)(dca)],, was prepared by a similar reaction to the synthesis of [Mn((%)-saltch)(dca)],
except the manganese(Il) salt was replaced by iron(Il) tetrafluroborate and a
methanol/DMF solvent mixture was used. No base was needed to deprotonate the salenH,,
sal-o-phenH; or (£)-saltchH, ligands.

As indicated above, Shi et al>?

very recently reported the synthesis of
[Mn(salen)(dca)], and [Fe(salen)(dca)], from Mn(OAc);4H,O and FeCls-6H;0,
respectively. In each case the salenH; ligand was formed in situ by reaction of the metal
salt with salicylaldehyde and ethylenediamine. Problems with by-products (Fe(salen)Cl) in
the synthesis of the Fe'! complex were also reported. By using salenH, as a reagent in the

present work, rather than forming it in simu, or using Fe(salen)Cl itself, to form the

[M(salen)(dca)], complexes, has reduced the potential of such by-product formation.
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Some characteristic vibrational absorptions of the dicyanamide ligand and Schiff-
base ligands for the [M(Schiff-base)}{dca)}, complexes are listed in Table 3.1. It can be
seen that the selected dicyanamide vibrations have lower wavenumber values for the
[Mn(Schiff-base){dca)), complexes compared to the [Fe(Schiff-base)(dca)], complexes
(for equivalent Schiff-base). These values are consistent with bidentate dicyanamide
ligands bridging through both the nitrile nitrogens in the u;s-dca mode. There are no
significant differences in the [M(salen)(dca)], vas(C=N) or vy(C=N) values here compared

to those reported by Shi ez al. ™

Table 3.1 Selected assigned dicyanamide and Schiff-base IR absorptions.

Complex dicyanamide Schiff-base
Vas{C—N)+vs(C-N) v,(C=N) vi(C=N) | W(C=N) w(C=C)

[Mn(salen)(dca)], 2285 2226 2162 1622 1601
[Fe(salen)(dca)), 2317 2246 2179 1625 1598
{Mn(sal-o-phen)(dca)l, 2284 2230 2161 1605 1576
[Fe(sal-o-phen)(dca)], 2316 2249 2174 1605 1579
[Mn(()-saitch)(dca)). 2278 2229 2164 1620 1598
[Fe((%)-saltch)(dca)], 2315 2248 2182 1618 1594

3.3 Crystal Strucfures of [M(L) (dca)j» Complexes; M = Mn and

Fe; LH: = salenH;, sal-o-phenH2 and (#)-salichH:

Crystal data for the [M(Schifi-base)(dca)], complexes are summarised in Table
3.2. The structures of these complexes are all very similar. They consist of linear 1D
zigzag chains of [M(Schiff-base)]” moieties linked by p,s-dca ligands via the nitrile

nitrogens. In each case the high-spin M™ atom is coordinated in a near octahedral
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environment by the imine nitrogens, (M—N = 1.991(2) - 2.024(3) A (Mn), and 2.105(2) -
2.127(2) A (Fe)), and phenolate oxygens, (M-O = 1.872(1) - 1.888(2) A (Mn), 1.880(1) -
1.902(2) A (Fe)), of the appropriate Schiff-base ligand in the equatorial plane and by two
nitrile nitrogens of two bridging dicyanamide ligands in the axial positions (M~N =
2.252(3) - 2.297(2) A (Mn), and 2.125(2) - 2.167(2) A (Fe)). These distances are
comparable to other M™ salen complexes. For instance, in [M™(salen)(OAc)],, M™ =
Mn,* and Fe,* the equatorial M"'—~Njmin. distances are 1.989 and 2.108(3) A for Mn and
Fe, respectively, and M"l—-Ophmme distances are 1.888 and 1.894(2) A for Mn and Fe,
respectively. In [Mn'(salen)(u; 5-N3)],Y the Mn"'—Ng,iq. distances are 2.280(2) and
2.334(2) A, where the latter distance is significantly longer than the Mn""—Nyg., distances of
the present structures.

In Chapter 4 the structures of [M"(L)(dca);], M" = Mn and Fe; L = acenH; and
(+)-actchHa, are reported. The M"Ng., distances range from 2.204(4) to 2.248(2) A (Mn),
and 2.112(4) to 2.200(4) A (Fe). The M—Ng, distances for the Mn!' complexes are shorter
than those for the Mn"" complexes presented here (although they do overlap within error)
because the latter show Jahn-Teller elongation in the axial Mn"™-Ng., bonds (as expected
1

for a d* ion in near octahedral geometry). The M—Ngy., distances for the present Fe
complexes are, however, within the ranges of those distances for the Fe" complexes in
Chapter 4.

The asymmetric unit for each complex consists of one octahedral M™ atom, one

Schiff-base ligand and one dicyanamide ligand.




Table 3.2 Crystal data for the [M(Schiff-base)(dca)], complexes.

Complex [M(salen){dca)], (M(sal-o-phen)(dca)}, [M((L)-saltch)(dca)],
Mn Fe Mn Fe Mn Fe

Formula ClgHuMnN 502 CgHsFeNsO, ngHHMI‘leOz CnHHFeNst CnHmNIlleoz szHzoFCNsoz
M 387.28 388.19 435.32 436.23 441.37 442,28
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic
Space group Pbca Pbea P2\/n P2\/n P2yn P2\n
alA 11.2285(3) 11.3538(2) 7.5424(1) 7.7017(1) 8.6890(1) 8.7045(2)
biA 16.8379(8) 16.4929(2) 16.7964(2) 16.9869(3) 15.7419(3) 15.9663(3)
e/A 17.5396(8) 17.7377(4) 15.3008(2) 14.9862(2) 14,2566(2) 14.0241(3)
gre 103.8472(6) 104.2021(8) 9211 K1) 90.973(1)
UrAl 3316.1(2) 3321.5(1) 1882.05(4) 1900.69(5) 1948.71(5) 1948.77(7)
VA 8 8 4 4 4 4
T/K 123(2) 123(2) 123(2) 123(2) 123(2) 123(2)
#(Mo-Ka)/mm'™ 0.820 0.932 0.732 0.824 0.708 0.804
Crystal dimensions/mm 0.4 x0.15 < 0.075 0.24x021 %006 03x015x015 023x02x005 0.13x0.13x0.1 0.25x0.1x0.1
Index ranges -12<€h<14; -14<h <14, D<hgo; -10<h <10, -l kg1l l1<h<g1];
225k<22; -20< k<20, -22 <k<22, -22<ks522; 20<k<21; 20<k<2N,
-23<1<23 -23<1€23 -20€1<520 -19<1<19 2151521 -18<1<18
Data coltected 46338 43185 25139 29664 25930 25795
Unique data (R;y) 4002 (0.1325) 3933 (0.0897) 4625 (0.0299) 4697 (0.0582) 4795 (0.0600) 4805 (0.0882)
Observed reflections [I > 20(])) 2568 3033 3913 3519 3650 3267
Parameters _ 275 275 327 327 351 351
Final Ry, wR, [1 > 20(D} @ 0.0698, 0.1214 0.0520, 0.0989 0.0341, 00970 0.0362, 0.0727 0.0470, 0.0920 0.0493,0.1118
(all data) 0.1373, 0.1402 0.0793, 0.1072 0.0434,0.1083 0.0653,0.0811 0.0750, 0.1007 0.0917,0.1264
Goodness of fit, S 1.108 1.053 1.114 1.020 1.028 1.057

© Ry =E||Fol- [F4 1/ ZIF), wRy = {E [W(F? - FAY11 Z IR}
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3.3.1 [M(salen){dca)],, M'" = Mn, Fe

The complexes [M(salen)(dca)],, M™ = Mn and Fe, (Figure 3.1) are isomorphous
and crystallize in the orthorhombic space group Pbca. Table 3.3 contains selected
interatomic distances and angles (see page 140). The salen ligand is non-planar, such that
the phenyl rings of the ligand are bent slightly away from the equatorial coordination plane
(defined by mean plane of MN,05) and are at 23.4(2)° (Mn) and 24.0(1)° (Fe) with respect
to each other. The equatorial coordination planes along the chains, which run paralle] to the
b-axis direction, are at acute angles of 52.38(6)° (Mn) and 50.70(4)° (Fe) to each other.
Intra-chain MM distances are 8.4596(4) A (Mn) and 8.3137(1) A (Fe). The former
distance is significantly longer due to the Jahn-Teller elongation in this direction. The
inter-chain MM distances of 7.4959(7) and 7.5830(8) A (Mn), and 7.6169(5) and
7.6055(5) A (Fe) are, interestingly, significantly shorter than the intra-chain M:-M
distances.

Shi et al. determined their structures of the [M(salen)(dca)}, complexes at 293 K,
whereas the present structures were determined at 123 K. The structures at the two
temperatures are isomorphous (same crystal system and space group), although the unit
cell parameters of the former structures are slightly longer (differences of ~0.04 to 0.2 A).
The coordination bond lengths are the identical (within error) for the equivalent Mn and Fe
structures at the two temperatures, with the exception of the Mn""~Nj., distances, which

are ~0.05 A longer at 293 K.
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Figure 3.1 The crystal structure of [Fe(salen)(dca)], with atom labelling scheme (thermal

ellipsoids shown at 50 % probability). {Mn(salen)(dca)), is isomorphous.

The [M(salen}(dca)), chains interdigitate with adjacent chains in the bc-plane
(Figure 3.2) via weak n-r interactions, with closest C--C contacts of 3.494(6) A (Mn) and
3.443(4) A (Fe) and phenyl centroid--centroid distances of 3.828 A (Mn) and 3.772 A
(Fe), thus forming m-stacked sheets. The lenger n-m distances for the manganese(1ll)

structures are due to the Jahn-Teller elongation.
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Figure 3.2 Packing diagram of [Fe(salen)(dca)],, showing interdigitating chains in the bc-

plane, and n-% stacking interactions (dashed green).
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Table 3.3 Selected interatomic distances (A) and angles (°) of [M(salen)(dca)],, M"™ = Mn

and Fe.

Mn Fe Mn Fe
M(1)-O(1) 1.882(3)  1.894(2)  M(1)-N(12) 2.024(3)  2.105(2)
M(1)~-0(20) 1.883(3) 1.894(2)  M(1)-N(31) 2.252(3)  2.152(2)
M(1)-N(9) 2.018(3) 2.114(2)  M(1)-N@35) 2.253(4)  2.167(2)
M(1)-M(1) 8.4596(4) 8.3137(1)

Mn Fe Mn Fe

O()-M(1)-N(9)  90.8(1) 88.62(9) N@G5)»-M(1)-O(1)  9L.5(1) 92.42(9)
NO-M(1)-N(12)  80.3(1)  77.7(1) N@G5)»-M(1)-N(9)  88.0(2)  85.5(1)
N(12)-M(1)-O(20) 90.5(1)  88.32(9)  N(B35)-M(1)-N(12)  88.4(1) 87.90(9)
020)-M(1)-O(1)  98.4(1) 10546(8) N(35)-M(1)-0(20) 90.8(1)  90.93(9)
NGD-M(1)-0(1)  91.9(1) 91.90(9) O()-M(1)-N(12)  17L.1(1) 166.21(9)
NGD-M(1)}-N(9) 88.7(2)  88.6(1) OQ0)-M(I1)-N(9)  170.8(1) 165.69(9)
NGD-M(1)-N(12) 87.7(1) 86.5509) N(31)-M(1)-N(35) 175.3(}) 172.87(9)
NGD-M(1)-0(20) 91.9(1)  93.38(9)

Symmetry transformation: (i) 1/2-x, y-1/2, 2.

3.3.2 [M(sal-o-phen){dca)},, M" = Mn, Fe

The complexes [M(sal-o-phen)(dca)},, M™ = Mn and Fe, (Figure 3.1) are
isomorphous and crystallize in the monoclinic space group P2i/n. Table 3.4 contains
selected interatomic distances and angles (see page 144). While the phenyl groups of the
salen ligand in the [M(salen)(dca)], complexes are bent away from the coordination plane
in a roughly symmetrical fashion, this is not the case for sal-o-phen. One of the phenyl

rings is bent 3.9(1)° (Mn) and 6.0(1)° (Fe), while the other makes an angle with the
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coordination plane of 24.88(8)° (Mn) and 23.08(9)° (Fe). In contrast to the [M(salen)(dca)},
complexes, the sal-o-phen equatorial coordination planes on adjacent M™ atoms are at the
larger angles of 78.31(3)° (Mn) and 73.64(4)° (Fe) to each other. The chains run parallel to

the [101] lattice vector.
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Figure 3.3 The crystal structure of [Mn(sal-o-phen)(dca)], with atom labelling scheme

(thermal ellipsoids shown at 50 % probability). [Fe(sal-o-phen)(dca)], is isomorphous.

The intra-chain M-M distances of 7.7893(1) A (Mn) and 7.6974(2) A (Fe), are
almost 1 A shorter than those of the [M(salen)(dca)], complexes. A contributing factor to
the more pronounced angular zigzag nature of the chains described above may be the
presence of CH-m interactions between a hydrogen atom (H(14)) on the bridge phenyl
ring of sal-o-phen and cne of the phenyl rings (C(2)-C(7)) of the salicylaldimine moiety

(Figure 3.4), with CH--centroid distances of 2.593 A (Mn) and 2.630 A (Fe). One of the
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inter-chain M-+M distances is equal to the unit cell length a (7.5424(1) A (Mn) and
7.7017(1) A (Fe)), and the next shortest MM distances are 7.4666(5) A (Mn) and

7.2516(5) A (Fe). As in the [M(salen)(dca)], complexes, these distances are shorter than

the intra-chain MM distances.

Figure 3.4 The structure of [M(sal-o-phen)(dca)], showing intra-chain CH ‘% interactions

(dashed green).

The [M(sal-o-phen)(dca)], chains interdigitate with adjacent chains in the ac-
plane (Figure 3.5). The bridge phenyl rings associate with one of the phenyl rings (C(18)-
C(23)) of the salicylaldimine moiety of sal-o-phen via weak n-% interactions, with closest
C--C contacts of 3.433(3) A (Mn) and 3.376(3) A (Fe), and pheryl centroid--centroid

distances of 4.069 A (Mn) and 3.969 A (Fe).
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Figure 3.5 A packing diagram of [M(sal-o-phen)(dca)], showing interdigitating chains in
the ac-plane, and weak n-m stacking interactions (dashed green). Hydrogen atoms are

omitted for clarity.
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Table 3.4 Selected interatomic distances (A) and angles (¢) for [M(sal-o-phen){dca)],, M™

= Mn and Fe.

Mn Fe Mn: Fe
M(1)-0(1) 1.872(1)  1.880(1)  M(1)-N(16) 1.994(1) 2.113(2)
M(1)-0(24) 1.881(1)  1.894(1)  M(1)-N(@31) 2275(2) 2.155(2)
M(1)-N(9) 2.007(1)  2.127(2)  M(1)-N@35) 2.277(2) 2.125(2)
M{1)-M(1%) 7.7893(1) 7.6974(2)

Mn Fe Mn Fe
O(1)-M(1)-N(9)  92.93(6) 89.83(6) N(35)-M(1)-O(1)  95.16(6) 96.46(6)
N(9)}-M(1)-N(16) 81.64(6) 77.46(6) N@B5)-M(1)-N(9)  89.00(6) 88.64(6)
N(16)-M(1)-0(24) 92.44(5) 89.93(6) N(35)-M(1)-N(16) 86.74(6) 86.05(6)
0Q24)-M(1)-O(1)  92.94(5) 102.66(6) N(35)-M(1)-O(24) 91.76(6) 92.53(6)
NGI)-M(1)-0(1) 91.47(6) 92.09(6) O®)-M(»1)-N(16) 174.23(6) 167.01(6)
NGI-M(1)-N(9) 88.82(6) 86.61(6) O(24)-M(1)-N(9) 173.98(6) 167.23(6)
NGI-M(1)-N(16) 86.49(6) 84.57(6) N(31)-M(1)-N(35) 173.11(6) 170.21(6)
NG1)-M(1)-0(24) 89.73(6)  90.24(6)

Symmetry transformation: (i) x-1/2, 1/2-y, z-1/2.

3.3.3 [M((¥)-saltch)(dca)],, M = Mn, Fe

The complexes [M(()-saltch)(dca)],, M" = Mn and Fe, are also isomorphous and

crystallize in the monoclinic space group P2,/n. Table 3.5 contains selected interatomic
distances and angles (see page 149). The asymmetric unit contains one R,R-saltch ligand
(Figure 3.6). The chains however, which run parallel to the [T 01] lattice vector, consist of
alternating R R-saltch and S,S-saltch ligands, .resulting in an overall centrosymmetric

structure. Thus the ()-saltch noiation indicates the presence of both enantiomers in the
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structure. The coordination planes of the saltch ligands on adjacent M™™ centres along the
chains make angles with respect to each other of 44.87(5)° (Mn) and 42.22(7)° (Fe) —
smaller than those of the previous complexes. Like sal-o-phen, the phenyl rings of the (%)-
saltch ligand are bent away from the coordination plane at different angles. One phenyl

ring makes an angle of 5.7(1)° (Mn) and 4.5(2)° (Fe), while the other makes an angle with

the coordination plane of 16.6(1)° (Mn) and 16.0(1)° (Fe).

S.S

g O@24)
L NG3SHFC(22

D ddyiof Feen

- u R C(20)
C3) He(17) @
ca2) \ . 0

! 'cad)
B!

Figure 3.6 The crystal structure of [Mn((¥)-saltch)(dca)],, with atom labelling scheme and
the enantiomeric forms of the saltch ligands indicated (thermal ellipsoids shown at 50 %

probability). [Fe((%)-saltch)(dca)}, is isomorphous.
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The intra-chain MM distances are 8.5297(1) & (Mn) and 8.3790(2) A (Fe).
Unlike the previous complexes, only one of the inter-chain MM distances, 7.8754(7) A
(Mn) and 7.7264(8) A (Fe), is shorter than the intra-chain M~M distances. This
observation may be due to the larger steric bulk of the cyclohexyl bridge of the saltch
ligand hindering closer packing of the chains.

The chains again interdigitate vig a series of weak n-x and CH---xt interactions.
Firstly, the phenyl ring (C(2)-C(7)) n-stacks with its symmetry equivalent in an adjacent
chain, with C+C closest contacts of and 3.465(4) A (Mn) and 3.453(4) A (Fe) and phenyl
centroid--centroid distances of 3.624 A (Mn) and 3.608 A (Fe), and a hydrogen atom
(H(14A)) on the cyclohexyl ring on the adjacent chain is directed towards the phenyl ring,
with CH-centroid distances of 2.821 A (Mn) and 2.774 A (Fe). These interactions result in
the formation of sheets in the (101) plane (Figure 3.7). Secondly, the other phenyl ring of
the saltch ligand (C(18)-C(23)) associates with a hydrogen atom (H(12B)) on a cyclohexyl
ring on an adjacent chain, with CH-centroid distances of 2.817 A (Mn) and 2.730 A (Fe),

forming sheets in the ac-plane (Figure 3.8).
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Figure 3.7 A packing diagram of [M((x)-saltch)(dca)], showing n-stacking (dashed green)

and CH--t (dashed pink/red) interactions forming sheets in the (101) plane.




Chapter 3 148

Figure 3.8 A packing diagram of [M((¢)-saltch)(dca})], in the ac-plane CHr (dashed

pink/red) interactions.
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Table 3.5 Selected interatomic distances (&) and angles (°) for [M((¥)-sattch)(dca)l,, M™

= Mn and Fe.

Mn Fe Mn Fe
M(1)-0(1) 1.875(2) 1.883(2) M(1)-N(16) 2.002(2) 2.118(2)
M(1)-0(24) 1.888(2) 1.902(2) M(1)-N(@31) 2.295(2) 2.154(3)
M(1)}-N(9) 1.991(2) 2.107(2) M(1)-NQ3 5‘) 2.297(2) 2.148(2)
M(1)-M(1%) 8.5297(1)

Mn Fe Mn Fe

O(1)-M(1)-N@©)  91.20(7) 88.51(9) N(35)-M(I)-O(1)  96.15(7) 97.59(9)
N(O)-M(1)-N(16) 82.16(8) 78.03(9)  N(35)-M(1)-N(9)  88.41(8) 86.94(9)
N(16)-M(1)~0(24) 92.44(7) 92.44(7)  N(35)-M(1)-N(16) 87.5(8) 87.29(9)
0Q4)-M(1)-0(1) 94.37(7) 103.69(8)  N(35)-M(1)-O(24) 88.59(8) 88.93(9)
N(1)-M(1)-0(1) 89.01(8) 89.93(%)  O(I)-M(1)-N(i16) 172.35(7) 165.45(9)
NGD-M(1)-N(9) 89.56(9)  89.9(1)  O(24)-M(1)-N(9) 173.93(8) 167.54(9)
NGI)-M(1)-N(16) 87.15(8) 84.60(9)  N@G1)}-M(1)-N(35) 174.49(8) 171.75(9)
NGD-M(1)-0(24) 92.95(9)  92.5(1)

Symmetry transformation: (i) 1/2+x, 1/2-y, z-1/2.

3.4 Magnetism of [M(L)(dca)], Complexes; M!" = Mn and Fe; LH
= salenH2, sal-o-phenH; and (#)-saltchH:

It can be seen from Figure 3.9 to Figure 3.14 (see pages 151 to 154) that the e
vs. temperature behaviour for all the [M"(Schiff-base)(dca)], (M™ = Mn, Fe; Schiff-base =
salen”, sal-o-phen®, saltch®) series is rather similar and indicative of very weak

antiferromagnetic coupling combined, perhaps, with weak zero-field splitting cn the Mn™
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(sEg; d*) and Fe™ A, g d’) centres. The corresponding y vs. T plots are Curie-Weiss like,
without any maxima (above 2 K). The approximation was made that z.f.s. is zero and
Heisenberg chain models were used for $ = 2 (Mn") and § = 5/2 (Fe'™).*® The best-fit
parameters are given in Table 3.6. Good agreement is obtained with the J values obtained
by Shi et al.*? for [Mn(salen)(dca)],. Their [Fe(salen)(dca)], data are clearly wrong and the
assumed spin-state S of 1/2 is not compatible with their quoted Fe—ligand distances. Their
data are likely to be due, at least in part, to an impurity of the strongly
antiferromagneticaily coupled [ {Fe(salen)}(u-0)].>* All the J values in Table 3.6 are less
than 1 cm™, which is characteristic of p; s-dca bridged M" species.!? This bridging mode
provides a poor superexchange pathway and, in the Jahn-Teller elongated Mn™ species,

involves c-overlap of dca with the d,: “magnetic” orbital on Mn™

(t2g°eg(d 2 )'). Similar
overlap occurs in the Fe'" (t»5°¢,”) compounds.

Somewhat larger negative J values were found for related acetato-bridged chain
structures such as [Mn(salen)(OAc)],, J = -1.8 cm™, reflecting the enhanced superexchange
properties of acetate bridging. A recent [Mn""(salpn)(NCS)], helical (zig-zag) chain has J
= .1.6 cm™’ with ordering to a spin-canted antiferromagnet occurring below 7y = 7 K.*!

The anisotropy on Mn™

(negative D) contributes to the spin canting.
There is not a big enough spread in J values in the present compounds o make a
search for magnetostructural trends worthwhile. The shorter MM distances in the [M(sal-

o-phen)(dca)l, chains do appear to give larger J values, It is not possible to extract any

relationship to n-n or CH-7 interactions.




Chapter 3 151

Table 3.6 Best-fit parameters for [M"(chelate)(dca)], series obtained using Fisher chain

models (S = 2, Mn"™; §=5/2, Fe').

Complex g J/ em”!
[Mn(salen)(dca)), 1.91 (1.99)? -0.12 (-0.12) ®
[Mn(sal-o-phen)(dca)], 1.88 -0.19
[Mn(saltch)(dca)l, 1.95 -0.19
[Fe(salen)(dca)], 1.92 (2.01)® -0.12 (-7.6) ®
[Fe(sal-o-phen)(dca)], 1.90 -0.72
[Fe(saltch)(dca)], 1.87 -0.03

(a) ref: Shi et al.> (b) ref: Shi er al.*? assuming S = 1/2 Fe'’
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Figure 3.9 Plot of u.ir versus temperature for [Mn(salen)(dca)],. For this and the following

plots, the applied field is H =1 T and the solid line indicates the line of best-fit.
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Figure 3.10 Plot of sy versus temperature for {Fe(salen)(dca)],.
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Figure 3.11 Plot of u.q versus temperature for [Mn(sal-o-phen)(dca)],.
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Figure 3.12 Plot of u.q versus temperature for [Fe(sal-o-phen)(dca)],.
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Figure 3.13 Plot of u.q versus temperature for [Mn(saltch)(dca)],.
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Figure 3.14 Plot of u.«r versus temperature for {Fe(saltch)(dca)),.

3.5 Conclusions

The 1D coordination polymers, [M(L)(dca)],, M™ = Mn and Fe; LH, = salenH,,
sal-o-phenH; and (%)-saltchH,, were synthesised, in most cases by reaction of a M" salt
with dca and the corresponding Schiff-base ligand. Except [Fe(salen)(dca)}., which was
prepared from Fe(salen)Cl and dca. The complexes consist of octahedral high-spin M™
atoms coordinated in the equatorial plane by the tetra-chelating Schiff-base ligand and
coordinated in the axial positions by single n, s-dca bridges, forming irfinite linear zigzag
chains. The chains of the complexes interdigitate in a parallel fashion with adjacent chains,
via weak n-stacking. Variable temperature magnetic susceptibility measurements (2-300 K;
H=1T) showed that these compounds display very weak antiferromagnetic coupling, and
consequently no long-range magnetic order was observed under these conditions. The data

were fitted to Heisenberg chain models (S = 2, Mn"; § = 5/2, Fe'™) and J values obtained
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ranged from -0.03 to -0.72 cm™'. No significant magnetostructural relationships could be

drawn due to all the complexes studied displaying very similar magnetic behaviour.

3.6 Experimental

The Schiff-base ligands salenH;, sal-o-phenH; and (#)-saltchH; ligands were
prepared by the condensation reaction of salicylaldehyde with the appropriate diamine;
ethylenediamine, o-phenylenediamine and frans-(f)-diaminocyclohexane respectively in a

2:1 molar ratio. Fe(salen)Cl was prepared according to the literature.

3.6.1 Synthesis of [Mn(salen){dca)],

Na(dca) {0.089 g, 1.0 mmol) and salenH; (0.268 g, 1.0 mmol) were dissolved in a
mixture of 5 mL ethano! and 10 mL methanol by heating to boiling and stirring for
approximately 5 minutes. This was subsequently allowed to cool, causing some salenH; to
recrystallise. This mixture was stimred and heated to gentle reflux at which point a
methanolic sclution (5 mL) of Mn(NO»);4H,0 (0.251 g, 1.0 mmol) was added. An instant
colour change to a dark brown/black occurred on addition. The recrystallised salenH:
redissolved soon after addition. Less than one third of the solution was placed in a conical
flask to evaporate. The remaining solution was placed in a sealed vial. Afier approximately
two weeks the solution in the conical flask had evaporated to dryness leaving behind some
black material, and a small amount of red crystalline material. The latter is likely to be
[(Mn(salen)),(u-0)]. The other two thirds of the solution was then allowed to slowly
evaporate. After a month, a precipitate of black crystals had formed which was
subsequently collected and washed several times with small amounts of methanel, once
with water and followed by more methanol. (Yield 0.17 g, 44 %). IR (Nujol, cm™): 3575w,
3056w, 2360vw, 2285s, 2226s, 2162s, 1696vw, 1622s, 1601s, 1542s, 1466s, 1389m,

1359m, 1292s, 1243vw, 1202m 1150m, 1133m, 1090m, 1054m, 1036m, 985m, 973w,
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962vw, 948vw, 932vw, 905m, 854w, 799m, 759m, 750m, 649m, 630s, 596msh. Anal. (%):

Found: C, 55.9; H, 3.7; N, 18.3. Calc. for CigH;4MnNsO3: C, 55.8; H, 3.6; N, 18.1.

3.6.2 Synthesis of |[Fe(salen)(dca)],

A methanolic solution (5 mL) of Fe(salen}Cl (0.358 g, 1.0 mmol) was added to a
methanolic solution (5 mL) of Na(dca) (0.089 g, 1.0 mmol). After a period of a week,
black crystals suitable for X-ray diffraction analysis had formed. They were filtered and
washed with ethanol and dried with diethyl ether. (Yield 0.14 g, 35 %). IR (Nujol, cm™):
3620vw, 2317s, 2246m, 2179s, 1625s, 1598s, 1547s, 1446s, 1383s, 1340m, 1297s, 1245w,
1199w, 1149m, 1129w, 1090w, 1054w, 1036w, 985w, 974vw, 958vw, 944vw, 907m,
854w, 797m, 759m, 749m, 595vw. Anal. (%): Found: C, 55.6; H, 3.5; N, 17.9, Calc. for

C13H14FCN502: C, 55.7; H, 3.6; N, 18.0.

3.6.3 Synthesis of [Mn(sal-o-phen)(dca)],,

A solution of Mn(OAc),4H,0 (0.245 g, 1.0 mmol) in methanol (10 mL) was
added to a stirred refluxing suspension of sal-o-phenH; (0.316 g, 1.0 mmol) and Na(dca)
(0.089 g, 1.0 mmol) in methanol (20 mL). On addition the solution went deep red/brown.
The solution was then left to cool to room temperature and subsequently filtered to remove
a fine brown precipitate. After a few days black crystals had formed. Most of the mother
liquor was then decanted and the crystals collected by filtration. (Yield 0.01 g, 3 %). IR
(Nujol, cm"): 2284m, 2230m, 2161s, 1605s, 1576s, 1531s, 1490vw, 1442m, 1347w,
1286w, 1254vw, 1232vw, 1193m, 1152m, 1130w, 1031vw, 968vw, 925vw, 871vw,
857vw, 810m, 754s, 672vw, 630w. Anal. (%6): Found: C, 60.8; H, 2.7; N, 16.1. Calec. for

CxHisMnN;Os: C, 60.7; H, 3.2; N, 16.1.
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3.6.4 Synthesis of [Fe(sal-o-phen)(dea)],

Na(dca) (0.089 g, 1.0 mmol) was dissolved in a suspension of sal-o-phenH,
(0.316 g, 1.0 mmol) in 15 mL of methano] stirred at gentle reflux. A methanolic (5 mL)
solution of Fe(BF,),-6H,O (0.338 g, 1.0 mmol) was filtered into this suspension. The
resulting mixture instantly turned a dark brown/black colour, and was stirred for a further
20 minutes at gentle reflux, after which time the sal-o-phenH; had dissolved/reacted. The
solution was then left to stand at room temperature to slowly evaporate. After a few days,
black crystals had appeared. These were filtered, washed quickly with methanol and dried
in air (Yield 0.089 g, 20 %). IR (Nujol, cm'l): 3607vw, 3073vw, 2316s, 2249s, 2174s,
1605s, 1579s, 1538s, 1445s, 1384s, 1338w, 1314s, 1255vw, 1230vw, 1189m, 1152m,
1127w, 1108vw, 1054vw, 1032w, 970w, 922m, 870w, 811m, 756m, 752s, 662w, 620m.
Anal, (%): Found: C, 60.0; H, 3.1; N, 15.9. Calc. for C,;H4FeNsO,: C, 60.6; H, 3.2; N,

16.1.

3.6.5 Synthesis of {[Mn((+)-saltch)(dca)],,

A solution of ()-saltchH; (0.322 g, 1.0 mmol) and Na(dca) (0.178 g, 2.0 mmol)
in a 7 mL/3 mL methanol/acetone mixture was added to a methanolic solution (5 mL) of
Mn(NO;)»4H,0 (0.251 g, 1.0 mmol). The resulting solution changed colour to dark
brown/black after about 5-10 minutes. After a couple of days many black crystals were
present. The crystals were collected, washed quickly with methanol and dried in air (Yield
0.210 g, 48 %). IR (Nujol, cm"): 3562vw, 3069vw, 2278s, 2229s, 2164s, 1620s, 1598sh,
1542s, 1450s, 1389m, 1341s, 1311s, 1285s, 1242vw, 1222m, 1200m, 1150s, 1128m,
1096vw, 1039vw, 1030w, 1020m, 972w, 907s, 858w, 851w, 810s, 786vw, 753s, 740w,

688w, 624s, 569m. Anal. (%), Found: C, 59.4; H, 4.6; N, 16.0. Calc. for CHpMnN,0,:
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C, 59.9; H, 4.6; N, 15.9. A suitable crystal for X-Ray diffraction was selected from a

sample prepared by an analogous reaction to the preparation of [Mn(sal-o-phen)(dca}]..

3.6.6 Synthesis of [Fe((+)-saltch)(dca)],

A methanolic solution (5 mL) of Fe(BF,),-6H,0 (0.338 g, 1.0 mmol) was added
to a solution of (¥)-saltchH; (0.322 g, 1.0 mmol) and Na(dca) (0.178 g, 2.0 mmol)in a 5
mL/5 mL methanol/DMF mixture. The resulting solution immediately changed colour to
dark brown/black. After several days a black crystalline solid had formed. It was collected
and washed quickly with methanol (Yield 0.071 g, 16 %). IR (Nujol, cm’): 3616 vw,
2315m, 2248w, 2182s, 1618s, 1594m; 1545m, 1342vw, 1330vw, 1312m, 1249w, 1218vw,
1193w, 1148w, 1123vw, 1032vw, 1016w, 977vw, 930vw, 908w, 750m, 738w, 620w.
Anal. (%): Found: C, 59.1; H, 4.5; N, 15.8. Calc. for C2;H»FeN2O;: C, 59.4; H, 5.0; N,

15.8.

3.6.7 X-Ray Crystallography

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A). Integration was carried out by the
program DENZO-SMN,* and data were corrected for Lorentz polarisation effects and for
absorption using the program SCALEPACK.*® Solutions were obtained by direct methods
(SHELXS 97)°" followed by successive Fourier difference methods, and refined by full
matrix least squares on Fg® (SHELXL 97)°7 with the aid of the graphical interface
program X-SEED.*® Al non-hydrogen atorns were refined anisotropically (unless
otherwise stated). Secondary CH; hydrogen atoms were included at calculated positions for
{Fe(salen)(dca)], with isotropic thermal parameters 1.2 times U, of the adjoining carbon
atom. The equivalent hydrogen atoms for [Mn(salen)(dca)],, were not included due to the

disorder present on one of the CH; carbon atoms {(vide infra). All remaining hydrogen
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atoms of [M(salen)(dca)],, M" = Mn, Fe, and all those for the complexes [M(sal-o-
phen)(dca)),, [M((£)-saltch)(dca)],, M"™ = Mn and Fe, were found in the Fourier difference
map and refined isotropically.

The methylene carbon, C(10), of complex [Mn(salen)(dca)], was found to be
disordered over two positions. It was modelled as two atoms, C(10A) and C(10B), which
were refined with isotropic thermal parameters. Site occupancies of 0.37 and 0.63 (1-0.37)
for C(10A) and C(10B) respectively. Hydrogen atoms on C(10A) and C(10B) or C(11)

were not included due to the disorder present.
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CHAPTER 4: CHIRAL 3D MANGANESE(Il) AND
IRON(il) DICYANAMIDE NETWORKS

CONTAINING SCHIFF-BASE LIGANDS
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4.1 Introduction

The work presented in this chapter is part of a wider investigation of molecule-
based magnetic materials containing terminal and bridging co-ligands and the dicyanamide
ligand."'? The present study of chiral 3D transition metal dicyanamide networks
containing acetylacetone derived Schiff-base ligands complements work on the 1D linear
chain complexes, {M"(L)(dca)],, M = Mn and Fe, with the salicylaldehyde derived Schiff-
base ligands, LH; = salenH; (V,N'-ethylenebis(salicylideneimine), sal-o-phenH; (N ,N‘o-
phenylenebis(salicylideneimine)) and (&)-saltchH, ((£)-N,N-trans-cyclohexanebis-
(salicylideneimine)) described in Chapter 3.

From a synthetic chemical perspective, homo-chiral manganese(Ill) Schiff-base
complexes have been used extensively as enantioselective catalysts for the epoxidation of

olefins.'*'® The best known of these is Jacobsen’s catalyst.!” In addition, chiral Schiff-base

complexes have also been demonstrated to display non-linear optical properties.'®!® There

is considerable current interest in synthesising and studying the properties of chiral
molecule based magnets. For instance, Coronado et al. have recently reported chiral
layered ferromagnets of [Ni(chxn),];[Fe(CN)¢]>2H>O in two enantiopure forms, 18,25 and
1R,2R.%® Other recent papers are cited in this report.

Presented in this chapter are four new 3D transition metal dicyanamide network
complexes of the general formula [M(Schiff-base)(dca);], M" = Mn and Fe. The Schiff-
base ligands (Scheme 4.1) chosen for this study were acenH; (N,N“-
ethylenebis(acetylacetoneimine)) and the chiral ligand, (+)-actchH, ((2)-N,N'-trans-1,2-
cyclohexanebis(acetylacetoneimine)), the latter used as a racemic mixture. Initially, acenH,
was used. The structures of the dicyanamide acenH, complexes with Mn" and Fe" were

discovered to be chiral and individual crystals were spontaneously resolved into the
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separate enantiomers. Following this isolation of a chiral network from achiral
components, it was decided to explore the effect of deliberately introducing chirality by
way of a structurally similar chiral Schiff-base ligand (i.e. (¥)-actchH;). The magnetic

properties of these complexes were investigated.

A e

acenH,

(£)}actchH, { 182

Scheme 4.1 The Schiff-base ligands acenH, and (%)-actchH,, drawn in conventional

tetradentate enamineketone forms.

The pseudochalcogenide ligand dicyanonitrosomethanide (denm, "'ONC(CN),)
was also investigated as a potential bridging ligand for molecule-based magnets by the
candidate. Presented here is the structure of a mononuclear species frans-
[Mn"(acenH,),(denm),] that was obtained during an effort to produce an analogous
complex to [Mn(acenH,)(dca);] with dcnm, As only a few crystals of this product were

isolated, no further characterisation was performed.
4.2 Synthesis and Characterization

4.2.1 {M(acenH;)(dca),}, M" = Mn and Fe

Aerobic reaction of sodium dicyanamide, acenH, and manganese(ll) acetate or
iron(Il) perchlorate/tetrafluoroborate in methanol in the mole ratio of 1:1:1 or 2:1.5:1 led to
the formation of the compounds [M(acenH,)(dca)], M" = Mn and Fe. The formation of

by-products such as a-[Fe(dca),] and the solvated species [Fe(dca),(MeOH),], in the




Chapter 4 167

synthesis of [Fe(acenH;)}(dca),], led to the use of a slight excess of acenH; in order to
obtain a single phase of the product. No analogous by-products were observed in the
synthesis of [Mn(acenH,)(dca),]. Interestingly, the oxidation state of the M" ion remained
at M", which contrasts with the [M"(salen)(dca)], species of Chapter 3. This presumably
related to a different reduction potential exhibited by [M"(salen)(dca)],, containing the
N,O, salen® ligand, compared to [M(acenH))(dca),], which contains neutral O-donor
acenH; groups. The N-donor M(dca); coinponents presumably dominate the reduction
potential in the acenH, species. Solubility differences in the polymeric products will also
play a part. Mole ratios of reagents are approximately the same in both series.

The infrared spectra of the complexes [M(acenH2)(dca);], M" = Mn and Fe, show
two absorptions assignable to vi(C=N) at 2184, 2171 and 2188, 2172 cm™ respectively,
implying slight differences in dicyanamide coordination environmients within each
structure. These values are indicative of bidentate dicyanamide, bridging through both
nitrile nitrogens. Subsequent structural data (vide infra) confirmed two distinct, albeit
similar, bidentate dicyanamide environments. The v(C=0) (acenH;) position of 1592 (Mn)
and 1598 (Fe) cm™ for each complex is consistent with the enamineketone tautomeric form
for this type of ligand. Structural studies of acenH,*' and other such acetylacetone derived
Schiff-base ligands™>® have shown them to exist in the solid state in the enamineketone
form shown in Scheme 4.1. Single crystals suitable for X-ray crystallographic experiments

were grown by siow evaporation of dilute methanol solutions of the reactants.

422 [M(actchH,)(dca);], M" =Mn and Fe

Aerobic reaction of sodinm dicyanamide and actchH; with manganese(Il) nitrate
or iron(II) perchlorate/tetrafluoroborate in methanol in 2:1:1 or 2:1.5:1 mole ratio led to the
formation of [M(actchHo)dca),J, M" = Mn and Fe. As in the synthesis of

[Fe(acenH,)(dca);], a slight excess of the Schiff-base ligand, actchH,, was used to favour




Chapter 4 . 168

the formation of the desired product, rather than by-products such as a-[Fe(dca),] and/or
[Fe(dca)2(MeOH),].

The infrared spectra of the complexes, [M(actchH;)(dca),], M" = Mn and Fe,
show v(C=N) at 2171 and 2172 cm™ respectively. These values are indicative of bidentate
dicyanamide bridging through both nitrile nitrogens. Unlike in the infrared spectra of the
[M(acenH,)(dca)2] complexes, no discernable splitting of these bands was observed, thus
implying identical, or at least very similar, dicyanamide coordination environments. The

W(C=0) (actchH,) position of ~1594 cm™ for both compiexes is (within instrumental error)

the same as W(C=0) (1600 cm’') for the free ligand. Previous structural studies? indicate
the free ligand exists in the solid state as the enamineketone form as shown in Scheme 4.1.
Crystals suitable for X-ray diffraction were obtained from the nitrate and tetrafluroporate
salts of manganese(II) and iron(Il). [Fe(actchH,)(dca),] was observed to oxidise in air so
was kept under an atmosphere of nitrogen.

The chirality of the_e complexes (vide infra) is introduced by a racemic mixture
(R,R- and §,S) of the (1)-actchH, ligand. In order to synthesise a homochiral product, a
chirally pure sample of S,S-frans-diaminocyclohexane was kindly donated by Prof. G. B.
Deacon (Monash University). Unfortunately, attempts to synthesise the Schiff-base ligand
and the subsequent crystallisation of a coordination polymer, however, were unsuccessful,

yielding brown oils for both ligand and coordination polymer syntheses.

4.2.3 [Mn''(acenH,),(decnm);]

Reaction of Mn(OAc),4H,0 with acenH, and MeysN(dcnm) in methanol in a
molar ratio of 1:1:1 led to a major product that was a dark brown residue, which was not

characterised and a minor product - a very small amount of orange crystals of frans-
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[Mn"(acenH,),(dcnm),] that were characterised solely by single crystal X-ray diffraction.

No further attempts were made to synthesise this product in higher yields.
4.3 Crystal Structures

43.1 [M(acenH,)(dca);}, M" = Mn and Fe

Crystal data for the complexes [M(acenH,)dca),], M" = Mn and Fe, are
summarised in Table 4.1 and selected interatomic distances and angles are listed in Table
4.2 (see page 179). The structures of the two are isomorphous and exist in the trigonal
crystal system. The crystals selected had opposite handed chiral space groups, P3; (Mn)
and P3, (Fe), and were each racemically pure, as indicated by the Flack parameters®® of
zero (see Experimental Section 4.6.8, page 202) for each respective structure refinement.
However, as none of the components are themselves chiral, it is assumed that the bulk
samples are racemic mixtures of P3, and P3; crystals.

The atom labelling scheme for {Fe{acenH,)(dca),] is shown in Figure 4.1. The
asymmetric unit contains three metal atoms, three p-acenH; ligands (bridging via the
carbonyl oxygen donor atoms), and six u;s-dca ligands (bridging via both nitrile
nitrogens). Despite being crystallographically distinct the three metal ions and acenH,
ligands are in very similar environments. The six p;s-dca ligands are of two types. The
first type bridge rwo metal cenires and generate unique helices. The three different p-
acenH ligands also bridge the same metal centres, forming three separate double bridges.
The resulting three unique {[M(u-acenH,)(i-dca)]*}, helical chains run parallel to the c-
axis direction. One such helix is shown in Figure 4.2 (see also Figure 4.4). The second type
of p; s-dca ligands cross-link these helices in the ab-plane to form a single 3D network.

The overall 3D structure is shown in Figure 4.3.
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Table 4.1 Crystal data for [M(acenH,)(dca),], M" = Mn and Fe.

Complex Mn Fe

Formula Ci6HaoMnNgO2  CysHaFeNgO,

M 411.34 412.25

Crystal system Trigonal Trigonal

Space group P3, P3

a’A 15.1415(2) 15.0317(3)

b/A 15.1415(2) 15.0317(3)

c/A 22.8225(2) 22.7014(2)

U/A 4531.39(9) 4442.2(1)

VA 9 9

/K 1123(2) 123(2)

4#(Mo-Kay/mm”™ 0.683 0.792

Crystal dimensions/mm 0.4x03x026 0.13x0.13x0.13

Index ranges <19<k <19, -19<k <19,
-19<k<19, -19<k<19,
-29<1<2] -29<17<2]

Completeness to 280=55°/%  99.7 99.9

Data collected 60719 61722

Unique data (Rin) 12995 (0.0424) 12875 (0.0821)

Observed reflections [1>20(I)] 12364 10181

Parameters 753 730

Final Ry, wR; [1> 20(1)] @ 0.0637, 0.1334  0.0700, 0.1371

(all data)
Goodness of fit, S

0.0676, 0.1356
1.120

0.0974, 0.1468
1.062

@ Ry =Z | |Fol ~ |Fel |/ Z |Fol, wR2 = {Z [W(Fo* - FSY1 1 Z [WF Y
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Figure 4.1 The asymmetric unit for [Fe(acenH;)(dca);] with atom labelling scheme

(thermal ellipsoids shown at 50 % probability and hydrogen atoms omitted for clarity).

[Mn(acenH:)(dca),] is isomorphous.

Figure 42 (a) A single {[Fe(p-acenH)(n-dca)]’}, helix in the structure of
[Fe(acenH;)(dca),] (the vacant trans coordination sites are occupied by cross-linking dca
ligands); and (b) a space-filling representation, where metal centres, helix p, s-dca and p-

acenH, ligands are yellow, red and green respectively.
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Figure 4.3 The 3D network structure of [Fe(acenH,)(dca);] viewed down the c-axis

direction. Colours are as in Figure 4.2 and cross-linking p, s-dca ligands are purple.

The cross-linking p, s-dca bridges form linear {{M(dca)]’}, chains that exist in
‘layers’ parallel to the ab-plane. Following these layers down the c-axis direction, the next
layer is rotated 120° about the c-axis to the one above it, thus the layers show an ABC type
packing sequence (Figure 4.4). In a topological sense, the helix p,s-dca and p-acenH;
bridges can be treated together as a single link between the metal ions. Thus each metal
centre is a 4-connecting node with square planar geometry. The net is then reduced to a 3D

network of (topologically) identical square planar centres. Figure 4.5 shows a topological
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representation. The resulting 3D chiral network type has been described by O’Keefe? as
having the ‘dense’ 7°9 topology. The first real example of this previously theoretically
predicted net? was observed recently by Ciani and co-workers in a (three-fold
interpenetrated) Cu" coordination polymer with the linear bridging ligand 1,2-bis(4-

yridyt)ethyne.”® The structures reported here are the first examples of single, non-
P

interpenetrating networks possessing this topology..

Figure 4.4 (a) A side-on and (b) a top view of a single helix in the structure of
[Fe(acenH;)(dca),] with cross-linking p s-dca ligands shown (different colours are used to

r indicate the ABC stacking sequence).
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Figure 4.5 A schematic representation of the [Fe(acenHj)(dca)z] dense 7°9 network

topology. Only metal centres are shown. Helix dca and acenH, connections have been
reduced to the single red bonds and cross-links between helices are coloured as in Figure

4.4 to indicate repeating layers.

The local coordination environment of each metal ion is distorted octahedral. The
equatorial coordination plane contains the nitrile nitrogens of four y, s-dca ligands — two
helix and two cross-linking dca ligands. The two helix dca ligands are symmetry related

and are trans oriented (M—Ny., = 2.204(4) - 2.234(4) A (Mn), and 2.147(4) - 2.200(4) A
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(Fe)). The cross-linking dca ligands are similarly trans oriented (M—Ng., = 2.168(4) -
2.214(4) A (Mn), and 2.112(4) - 2.162(5) A (Fe)). The axial coordination sites are
occupied by the carbonyl oxygen donor atoms of the acenH; ligand (M—Oyeen = 2.152(3) -
2.174(3) A (Mn), and 2.074(3) - 2.092(3) A (Fe)). Interestingly, in these structures the
acenH; ligand is in its neutral protonated form with the hydrogens attached to the nitrogen
atoms. Intra-ligand hydrogen bonding (Figure 4.6) occurs between the amine N-H and the
coordinating carbonyl oxygen forming a pseudo six membered ring (average N--O
distance is 2.62(3) A). Presumably the formation of intra-ligand hydrogen bonding may, in
combination with the flexibility of the ligand backbone, influence or stabilise the bridging

mode of acenH,, which involves coordination of the oxygen donor atoms alone.

Figure 4.6 A single {M(p-acenHz)(u-dca)M} helix moiety showing the intra-molecular

hydrogen bonding of the acenH; ligand (green dashed bonds).

The crystal structure of the free ligand, acenH,, was published in 1979 by

Calligaris et al.? Their data indicate the molecule is in the enamineketone form as shown
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in Scheme 4.1, with intra-molecular hydrogen bonding of the same type observed here. In
addition, they note the significant amount of delocalisation across the enamineketone
groups. This is supported by the almost planar-trigonal nature of the amine group, as is
also the case here, where the N bond angles sum to approximately 360°.

To the best of the candidate’s knowledge, this bridging mode of acenH; had not
been reported at the time of the present syntheses and characterisations. During the
preparation of this thesis, Junk and Smith published the structures of four isostructural
lanthanide coordination polymers, {Ln"'(NO;)s(acenH,):){CsHi2]}» (Where Ln™ = La, Pr,
Nd and Sm),” in which‘acenHz adopts two distinct modes of coordination. The first is
identical to that observed here, where acenH; acts as a bis-monodentate bridge vig both
oxygen atoms, with intra-ligand hydrogen bonding also present. The second mode involves
a single acenH; che'-.ing via the oxygen atoms only, thus forming a 14 membered chelate
ring.”” This mode is also observed in a mononuclear Mn" complex reported here (see
section 4.3.3, page 190). The complexation of the lanthanides by the acenH, ligands by
oxygen atoms alone is explained by the hard acid/base relationship - oxygen coordination
is preferred over that of nitrogen owing to the former being the harder Lewis base.
However, Mn" is an intermediate base, equally favouring O- or N-donors. A number of
examples of Schiff-base ligands adopting bis-bidentate bridging modes have been
reported.>>** For instance, in the dinuclear copper(I) complex, [{(PhsP),Cu}.(p-
acen)'MePh,” (Figure 4.7(b)) and in [Coy(3-MeO-salen);]-2H,0-2DMSO  (3-MeO-
salenH; = N,N'-ethylenebis(3-methoxysalicylideneimine)),”” the Schiff-base acts as a bis-

bidentate ligand occupying two coordination sites on each metal centre.
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Figure 4.7 (a) The bridging mode of acenH, in the [M"(acenH,)(dca);] complexes and, (b)

acen® in the structure of | {(Ph;P)ZCu}2(p-acen)]'MePh.33

In the present case, the intra-helix M--M distances are 8.4111(5) - 8.4176(4) A
(Mn), and 8.3511(5) - 8.3601(5) A (Fe). The inter-helix M--M distances are significantly
longer, ranging from 8.7489(9) to 8.7508(9) A (Mn), and from 8.681(1) to 8.689(1) A (Fe).
This observation is noteworthy in light of the fact that the latter bridges consist of a single
p1s-dea rather than the intra-helix bridges of ) s-dca and the longer acenH, ligand. In
general, the M-ligand and M--M distances are shorter for the iron(Il) complex compared
to the manganese(II) complex. Consequently, the wunit cell dimensions for
[Fe(acenH;)(dca);] are about 0.1 A shorter than those for [Mn(acenHz)(dca),].

In [Fe(acenH;){(dca);] it can be seen that the acenH, ligands follow a left-handed
screw whilst the dca ligands describe the path of a right-handed screw. Despite this, the
helices follow the symmetry rules of the three-fold screw, 3;. In the structure of
[Mn(acenH;)(dca);] the handedness of the helices is reversed and follow a 3; screw. An
interesting feature of these chiral networks is that they contain only achiral components i.e.
there is no intrinsic chirality in the precursors, which may lead to a chiral structure.
Additionally, spontaneous chiral resolution of crystals occurred.

Many discrete cluster helical coordination complexes, known as helicates, have

42,58,59

been reported.***” Ligands such as benzimidazoles, polypyridyls,®*%> and Schiff-

35,64,65

bases, many of which possess as part of their backbone the -CH,- group, which can
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twist around two or more metal centres giving rise to double or triple helicate structures.
The helicity is induced by the geometrical constrains of the tetrahedral methylene group.
For instance, Kruger et al. have recently reported some double helicates, [M",L,]-Solv
(where M" = Co, Cu; L = bis(N-salicylidene-4,4'-diaminodiphenyl)methane), using a
Schiff-base ligand that has a -Ph-CH,-Ph- bridge moiety.”® Presumably in the
{M"(acenH,)(dca),] structures presented here, the formation of helices is induced, or at
least influenced by, the geometrical requirements of the -CH,CH,- bridge of the acenH>
ligand as it ‘twists’ around to bridge two metal centres.

Some examples of infinite helical chain structures include those of
[Mn"'(salpn)(NCS)], (where salpnH, = N,N'-1,3-propylenebis(salicylideneimine)),%
[Co'(dca)(H;Bilm),]C1 (where H,Bilm = 2,2-biimidazole),”’ and PhsP[Co'(dca)Br,]
(described in Chapter 5) which exist as 2-fold helical chains bridged by NCS" in the first

example and by dca in the other two cases.
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Table 4.2 Selected interatomic distances (A) and angles (°) for [M(acenH:)(dca),]), M" =

Mn and Fe.

Mn Fe Mn Fe
M(1)-N(11) 2.172(4)  2.145(5)  M(2)-N(55%) 2.208(5) 2.200(4)
M(1)-N@35Y%  2.208(4)  2.160(5)  M(2)-0O(801) 2.159(3) 2.083(4)
M(1)-N(41) 2.216(4)  2.162(6) M(2)-O(816™) 2.160(3) 2.078(4)
M(1)-N(@45")  2.228(4)  2.182(6) M(3)-N@31) 2.168(4) 2.112(5)
M(1)-0O(701)  2.174(3)  2.075(4)  M(@3)-N(@25) 2.207(4) 2.152(4)
M(1)-O(716")  2.152(3)  2.078(4)  M(3)-N(61) 2.234(4) 2.200(4)
M(2)-N(21) 2.193(4)  2.113(5)  M(3)-N(65" 2.204(4) 2.147(4)
M(2)-N(15) 2214(4)  2.162(5)  M(3)-0(901) 2.165(4) 2.074(3)
M(2)-N(51) 2.228(5)  2.148(4)  M(3)-0(916") 2.159(4) 2.092(3)

M---M across p; s-dca bridges in ab-plane Mn Fe
M(1)--M(2) 8.7495(9) 8.684(1)
M(2)-M(3) 8.7489(9) 8.689(1)
M(3)--M(1%) 8.7508(9) 8.681(1)

M--M across acenH; and y, s-dca bridges parallel to c-axis Mn Fe
M(1)--M(19) 8.4176(4)  8.3511(6)
M(2)M(2") 8.4111(5)  8.3565(5)
M(3)M(3%) 8.4124(5)  8.3601(5)

Mn Fe Mn Fe
N(1 H-M(1)-N(41) 91.6(2) 94.7(2) NEI)-M(2)-N(51) 90.9(2) 92.1(2)
N(41)-M(1)-N@35™ 88.0(2) 88.0(2) N(51)-M(2)-N(15) 88.0(2)  89.2(2)
N(35")-M(1)-N(45" 87.5(2) 88.3(2) N(15)-M(2)~N(55%) 87.7(2)  86.1(2)
N(11)-M(1)-N(45™) 93.0(2) 89.9(2) N(55%)-M(2)-N(21) 935(2)  92.6(2)
N(11)-M(1)-N@35% 179.3(2) 178.3(2) N(21)-M(2)-N(15) 178.7(2) 178.4(%)
N(41)-M(1)-N(45™) 175.4(2) 175.2(2) N(51)-M(2)-N(55") 175.2(2) 175.3(2)
0(701)-M(1)-O(716") 172.9(1) 174.8(2) O(801)-M(2)-0O(816™)  173.8(1) 173.0(2)
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O(701)-M(1)-N(11) 92.9(2) 924(2) O(801)-M(2)-N(21) 93.5(2)  91.9(2)
O(701)-M(1)-N(41) 94.5(1)  92.6(2) O(801)-M(2)-N(51) 90.3(2) 94.4(2)
O(701)-M(1)-N(35") 87.7(1)  87.4(2) O(801)-M(2)-N(15) 87.1(2) 87.1(2)
O(701)-M(1)-N(45™) 86.3(1)  88.5(2) O(801)-M(2)-N(55%) 87.3(2) $6.1(2)
O(716)-M(1)-N(11) 93.3(1) 92.83(2) O(816™)-M(2)-N(21) 92.5(2) 93.7(2)
O(7169)-M(i)-N(41) 89.0(1) 87.7(2) O(816™)-M(2)-N(51) 87.9(2) 89.6(2)
0(716)-M(1)-N(35") 86.2(1) 87.4(2) 0O(816™)-M(2)-N(15) 86.9(2) 87.2(2)
O(716)-M(1)-N(45™) 89.8(1)  90.8(2) O(816™)-M(2)-N(55") 94,0(2)  89.5(2)
O(901)-M(3)-0(916")y  172.7(1) 173.5(1) O(916")-M(3)-N(31) 92.3(2) 91.8(2)
O(901)-M(3)-N(31) 94.5(2)  93.5(2) 0(916")-M(3)-N(61) 86.8(2) 86.6(2)
0(901)-M(3)-N(61) 90.1(2) 89.4(2) O(916")-M(3)-N(25) 86.9(2) 87.2(2)
0(901)-M(3)-N(25) 86.3(2) 8/4(2) O(916")-M(3)-N(65"™) 93.8(2) 94.2(2)
0O(901)-M(3)-N(65"" 88.92) 89.4(2)

Hydrogen bonding

N(707)-+0(701) 2.626(5) 2.607(6) N(810)--O(816) 2.605(5) 2.623(6)
N(710)--0(716) 2.626(5) 2.625(6) N(907)--0(901) 2.629(5) 2.616(6)
N(807)-~O(801) 2.625(5) 2.631(5) N(9i0)-O(916) 2.635(5) 2.617(6)
H(707)--0(701) 1.92 1.92 H(810)O(816) 1.9 1.92
H(710)--0(716) 1.93 1.91 H(907)--0(901) 1.92 1.93
H(807)-0(801) 1.91 1.93 H(910)--0(916) 1.94 1.91
N(707)-H(707)~-0(701) 136.2 134.0 N(810)-H(810)—0O(816) 134.8 135.4
N(710)-H(710)--0(716) 135.0 137.4  N(907)-H(907)--0(901) 136.2 133.8
N{807)-H(807)--0(801) 136.9 1349 N(910)-H(910)-0(916) 135.1 136.4
Symmetry transformations:

For Mim: (i) -x+y+1, -x+2, z+1/3; (ii) x+1, y+2, z; (iii) -y+2, 2. y+1, z-1/3; (iv) -x+y+1, -x+1, z+1/3;
(v) <y+1, x~y, z-1/3; (vi) -x+y+1, -x, z+1/3; (vii) -y, x~y-1, z-1/3.
For Fe: (i) ~x-ty-1, -x+1, 2-1/3; (ii) x-1, y+1, z; (iii) -y+1, x-y+2, z+1/3; (iv) -x+y, -x+1, 2-1/3;
(V) -y+1, x-y+1, z+1/3; (Vi) -x+y+1, -x+1, 2-1/3; (vii) -y+1, x-y, z+1/3.
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4.3.2 [M(actchH;)(dca),], M" = Mn and Fe

The manganese(Il) and iron(ll) complexes are isomorphous, crystallizing in the
chiral orthorhombic space group P2,2,2,. The crystals were found to show racemic
twinning. The formula [M(actchH,)(dca),] is intended to include the presence of racemic
twinning, however, the structures presented here are of the twin component with the R,R-
actchH; ligand. The asymmetric unit consists of a single formula unit (Figure 4.8). Crystal
data for the complexes [M(actchH,)(dca),], M" = Mn and Fe, are summarised in Table 4.3

and selected interatomic distances and angles are listed in Table 4.4 (see page 189).

Figure 4.8 Atom labelling diagram for {Mn(actchH;)(dca),] (thermal ellipsoids shown at
50 % probability, hydrogen atoms are omitted for clarity). [Fe(actchH;)(dca):] is

isomorphous.




Chapter 4 182

Table 4.3 Crystal data for [M(actchHy)(dca),], M" = Mn and Fe.

Complex Mn Fe
Formula CyHasMnNgO;  CygHzFeNygO,
M 465.43 466.34
Crystal system Orthorhombic Orthorhombic
Space group P2:2,2, P22,y
al’ 8.7852(1) 8.7312(2)
blA 15.8152(2) 15.7724(3)
clA 16.0912(2) 16.0549(4)
U/A’ 2235.71(5) 2206.39(9)
V4 4 4
T/K 123(2) 123(2)
p#(Mo-Kay/mm'™ 0.624 0.718
Crystal dimensions/mm 0.13x0.13x0.1 0.13x0.13x0.1
Index ranges -11<A<11, -11£h<11,
20<k<21, .18 <k <20,
211521 20721
- Completenessto 26=55°/%  99.8 99.8
| Data collected 37306 19983
Unique data (Rin) 5531 (0.1010) 5441 (0.0676)
Observed reflections [I > 20(I)] 4462 4387
Parameters 285 285
Final Ry, wR; [1 > 20(I)] © 0.0522,0.0664  0.0539, 0.0693
(all data) 0.0786, 0.0704  0.0781, 0.0732
Goodness of fit, § 1.066 1.099
@R =Z||Fo| - [Fd |/ Z|Fol, wRy = {2 [W(Fy” - Fe')']/ Z [wFo )]
- The structures consist of (4,4) square grid sheets of octahedral M" centres
| connected by py s-dca ligands in the ab-plane. The sheets are linked in the c-axis direction
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by the actchH, ligand bridging through the both the carbonyl oxygen atoms in a bis-
monodentate fashion, thus forming a 3D network. The R,R-actchH; links parallel to the ¢-
axis form left-handed 2-fold helices, one of which is shown in Figure 4.9, whereas the
other twin component, with S,S-actchH, ligands, has right-handed 2-fold helices. The
cyclohexyl moieties of the actchH, ligands are parallel to the ab-plane. The sheets are
corrugated, with all the troughs parallel, and running in the ¢-axis direction (Figure 4.10).
The troughs of one sheet are above and below the troughs of the two adjacent sheets in the
c-axis direction, and hence likewise for the crests. Within the corrugated sheets the metal
centres are in two sets of parallel planes. In Figure 4.10 it can be seen that within each M,,
plane, the equatorial dca N4 coordination sets of each metal centre are inclined in the
opposite direction with respect to the other M, plane. The direction is reversed in the
adjacent M(dca); sheets. The actchH; ligands link the sheets trough-to-trough and crest-to-
crest such that adjacent sheets are offset to each other and the M centre in an adjacent sheet
is almost directly below the centre of the square grid of the sheet above (Figure 4.11).

Thus, the stacking of the square-grid sheets is of the infinite AB type (Figure 4.12).

Figure 4.9 A single {{M(p-actchH2)]**)q helix in the structure of [M(actchE)(des); ).
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Figure 4.10 The structure of [M(actchH2)(dca),] viewed parallel to the a-axis direction,
where actchH; ligands are in purple and the 2D square grid sheets of [M(dca);] are shown

in red.

P Figure 4.11 A view of [M(actchHy)(dca),} down the c-axis direction showing two 2D
square grid (4,4) sheets of [M(dca),] with the bridging actchH; ligands (the upper sheet is

shown in red, the lower in purple and the actchH, ligands in green).
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Figure 4.12 Three 2D square grid (4,4) sheets of composition [M(dca);] in the structure of
[M{actchHy)(dca);] viewed slightly off the c-axis direction showing the AB stacking (upper
sheet is red, middle sheet is purple and lower sheet is green, actchH; ligands are omitted

for clarity).

The network formed thus contains 6-connecting nodes (the metal ions). The most
common topology for a 6-connected network is that related to o-polonium (Figure
4.13(b)), which has the Schlifli symbol 4'2.6°.® Examples include the series [M(dca),L]
(where L = pyrazine or 4,4"-bipyridine), reported by Jensen et al."® However in the case of
[M(actchH;)(dca),], the actichH, links between the off-set {M(dca),] sheets result in an
unusual overall 3D structure. The links ‘zig-zag’, so that between any two layers, the
actchH, ligands are oriented in the same direction parallel to the a-axis, whereas their

orientations alternate along the b-axis. This can be seen in a schematic representation of
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the connectivity of the network shown in Figure 4.13(a), where the actchH, and dca
i ligands have been reduced to single connections. A similar situation has been observed for
the structure of CA(CN),pyz, reported by Abrahams and Robson er al,%® in which
corrugated [Cd(CN).] sheets are linked by pyrazine bridges in a ‘criss-cross’ pattern.
However, in that structure the pyrazine orientation alternates in both the ¢- and b-axis
directions, in a criss-cross fashion as shown in Figure 4.13(c). The present structures are
the first examples of a new 6-connected 3D network topology, which has the Schlifli

symbol 4.5%.63.

Figure 4.13 Schematic representation of the connectivity in (a) [M(actchH;){dca);]
network (2D square grid sheets are coloured as in Figure 4.12), (b) the o-poloniume-related

net, and (¢) Cd(CN),pyz (reproduced from reference 69).
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The local coordination environment of each metal atom is distorted octahedral.
The equatorial coordination plane consists of four nitrile nitrogens from the two unique
bridging dicyanamide ligands (M—Nys, = 2.208(2) - 2.248(2) A (Mn), and 2.155(2) -
2.194(2) A (Fe)). The axial coordination sites are filled by the carbonyl oxygen atoms of
the bridging actchHj;, (M-O = 2.171(2) and 2.169(2) A (Mn), 2.095(2) and 2.083(2) A
(Fe)). MM distances within the sheets across the p;s-dca ligands in the g-axis direction
are equal to the unit cell length ¢ (8.7852(1) A (Mn) and 8.7312(2) A (Fe)), whereas, in the
b-axis direction, the M--M distances are shorter — 8.3416(2) A (Mn) and 8.2965(3) A (Fe).
The MM distances directly across the actchH, ligand are 10.2008(4) A (Mn) and
10.0826(4) A (Fe). The shortest inter-sheet M-~M distances are 9.1342(3) A (Mn) and
9.1342(3) A (Fe), and are not via direct actchHj links.

As with the [M"(acenH;)(dca),) frameworks, intra-molecular hydrogen bonding
between the amine N-H and the coordinating carbonyl oxygen of the actchH; ligand forms
a psendo six membered ring (Figure 4.14), thus presumably stabilising the bis-
monodentate bridging mode via the oxygen atoms. The crystal structure of the racemic free
ligand, (+)-actchHa, was only recently reported by McCann et al.? As with acenH, (vide
supra), this molecule exists in the sclid state in the keto-amine form shown in Scheme 4.1,
with intra-ligand bonds between the respective amine NH and carbonyl oxygen. In the
same paper the authors report the structure of [Co"™((+)-actchH2)Cla],, a 1D coordination
polymer consisting of 2-fold helical chains of tetrahedral Co!! centres linked by bridging
actchH; ligands, in the same manner observed here, and terminal CI” ligands. The lef- and
right-handed 2-fold helices, which contain bridging R,R- and S, S-actchH:; ligands
respectively, are symmetry related, hence the overall structure is centrosymmetric. The

helices are very similar to those observed here, the chief difference being the tetrahedral
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Co" geometry. Intra-ligand hydrogen bonding between the amine hydrogen atoms and the
carbonyl oxygens is also observed in [Co"((+)-actchH,)Cls},. To the best of the candidate’s
knowledge the actchH, bridging mode had not been reported at the time of the present

syntheses and characterisations.

Figure 4.14 A {M(p-actchH;)M} moiety showing the presence of intra-ligand hydrogen

bonding (dashed green bonds). Hydrogen atoms sttached to carbons are omitted for clarity.
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Table 4.4 Selected interatomic distances (A) and angles (%) for [M(actchH.)(dca);], M" =

Mn and Fe.
Mn Fe Mn Fe
M(1)-N(11) 2.208(2) 2.155(2)  M(1)-N(25%) 2.248(2) 2.188(2)
M(1)-N(15%)  2.248(2)  2.194(2) M(1)-0O(31) 2.171(2) 2.095(2)
M(1)-N(21) 2.219(2)  2.179(2)  M(1)-0(50") 2.169(2) 2.083(2)
M:-+M across p, s-dca bridges Mn Fe
In the a-direction: M(1)-~-M(1") 8.7852(1) 8.7132(2)
In the b-direction: M(1)--M(1") 8.3416(2) 8.2965(3)
M--M across p-actchH M(1)-~-M(1%) 10.2008(4)  10.0826(4)
Mn Fe Mn Fe

N(11)-M(1)-N21) 98.25(8)  97.93(8) N(15™)-M(1)-N(25% 83.12(8)  85.19(8)
NQ2I)-M(1)-N(15%)  95.21(8)  92.61(8) N(25")-M(1)-N(11) 83.82(8)  B4.65(8)
O3 1)-M(1)-N(11) 97.25(7)  95.86(8) O(50)-M(1)-N(11) 94.74(7)  92.93(8)
O3 1)-M(1)-N(21) 85.68(7) 85727 O(50H-M(1)-N21) 82.25(6)  83.14(7)
O(31)-M(1)-N(15™) 85.35(7)  86.41(8) O(50")-M(1)~N(15" 85.43(7)  86.79(8)
O(31)-M(1)-N(25% 85.38(7) 84.8%(7) O(50)-M(1)-N(25")  106.36(7) 105.95(7)

E j:_ OB1-M(1)-0(50)  164.07(6) 166.66(7)
B Hydrogen bonding
E - N(37)~0(31) 2.649(2)  2.630(3) N(44)~O(50) 27172 2.72803)
H(37)-0(31) 1.96 1.93  H(44)0O(50) 2.04 2.05
N(37)-H(37)--0(31) 134.1 134.8  N(44)-H(44)--O(50) 133.5 1335

Symmetry transformations: (i) -x+3/2, -y, z-1/2; (ii) -x+1, y+1/2, -z+1/2; (iii) x+1, y, 2; (iv) x-1,
Y 23 (v) -xH, y-1/2, -z+1/2; (vi) -x+3/2, -y, z+1/2.
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4.3.3 [Mn"(acenH,);(dcnm),)

The mononuclear complex, shown in Figure 4.15, crystallises in the triclinic space

group P1. Crystal data for trans-{Mn(acenH;),(dcnm),] are summarised in Table 4.5 and
selected interatomic distances and angles are listed in Table 4.6 (see page 193). The
manganese(ll) centre lies on an inversion centre and is coordinated in a distorted
octahedral environment by four carbonyl oxygens (Mn(1)-O(1) = 2.160(1) and Mn(1)-
0(16) = 2.210(1) A) from two acenH, ligands in the equatorial plane and by two end-O-

denm coordinated ligands (Mn(1)-O(21) = 2.157(1) A) in the axial positions.

o C
.&_I|-__.

Figure 4.15 The crystal structure of trans-{fMn(acenH,),(denm);] with atom labelling

scheme (thermal ellipsoids shown at 50 % probability).
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Table 4.5 Crystal data for frans-[Mn(acenH3);(dcnm)s,].

Complex trans-[Mn{acenH3),(dcnm);]

Formula CioH4oMnN ;1405

M 691.66

Crystal system Triclinic

Space group P1

alA 8.9181(3)

b/A 10.2670(4)

c/A 10.8182(2)

al/® 67.269(2)

pr 88.995(2)

e 71.401(1)

UIA’ 859.53(5)

z 1

/K 123(2)

(Mo-Ko)/mm™ 0.440

Crystal dimensions/mm 0.09 x 0.05 x 0.04

Index ranges A11h< 1,
-13<k<13,
-1221<14

Completeness to 268=55°/% 96.3

Data collected 11926

Unique data (Riy) 4042 (0.0376)

Observed reflections [I > 2o(1)] 3056

Parameters 218

Final R, wR2 [I > 26(D)] © 0.0418, 0.0752

(all data) 0.0680, 0.0823
Goodness of fit, S 1.048

@ Ry = | [Fol - |Fe| |/ £ |Fo), wRy = {E [W(F2 - FAY 1 Z (W(FD} 2
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The acenH; coordinates in a bidentate chelation mode involving the oxygen donor
atoms exclusively, resulting in a 14 membered chelate ring. This unusual chelating mode
has also been recently observed by Junk and Smith in four isostructural lanthanide
coordination polymers (vide supra),”® and in a uranyl complex with salpnH, (N,N'-1,3-
propylenebis(salicylideneimine)).” The complex presented here is the first such example
in a first row transition metal complex. Of the various possible donor atom configurations
possible, the Og donor set is favoured.

Again, intra-ligand hydrogen bonding, shown in Figure 4.16, occurs in the acenH;
ligand involving the amine N-H groups and the coordinated carbonyl oxygens with average

distances - H+0 = 1.97 A, N---0 = 2.645(2) A.

Figure 4.16 The structure of trans-[Mn(acenH,);(dcnm);] viewed parallel to the axial
coordination bonds showing the intra-ligand hydrogen bonding (dashed green bonds) in

acenH,,
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A number of mononuclear complexes with end-O-decnm ligands have been
reported.n'” For example, frans-[Ni(dcnm)x(pz)s] (where pz = pyrazole), has four
pyrazole groups in the equatorial plane and two frans coordinated end-O-dcnm ligands,

with Ni—O = 2.085(2) A.

Table 4.6 Selected interatomic distances (A) and angles (°) for trans-

{Mn(acenH;)2(dcnm)s].

Mn(l);O(l) : 2.160(1) Mn(1)-0(21) 2.157(1)
Mn(1)-0O(16) 2.210(1)

O(21)-Mn(1)-0O(1) 87.90(4) 0(21)-Mn(1)-0O(16) 92.13(4)
0(21)-Mn(1)-0(1%) 92.10(4) O(21)-Mn(1)-0(16") 87.87(4)
O(1)-Mn(1)-0(16) 85.09(4) O(1)~-Mn(1)-O(16) 94.91(4)
Hydrogen bonding

N(10)--0(16) 2.665(2) N(7)--0(1) 2.625(2)
H(10)--0(16) 1.99 H(7)--0(1) 1.94
N(10)-H(1)--0O(16) 132.9 N(?)-H(7)-0(1) 133.3

Symmetry transformation: (i) -x,~y,-z+1.

4.4 Magnetism of [M(L)(dca)zj Complexes; Ml = Mn and Fe; L =
acenH; and actchH:

The magnetic data for all four compounds are, as in the [M™(Schiff-base)(dca)],
series (see Chapter 3), indicative of very weak antiferromagnetic coupling combined with

spin-orbit coupling and zero-field splitting effects. There is consequently no long-range
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order. Thus the »/T data are Curie-Weiss like and the u.a/T plots (Figure 4.17 to Figure
4.20, see pages 195 to 196) show that u.rr is essentially independent of temperature in the
range 300-50 K, and then decrease rapidly down to 2 K. The 300 K value of yq for the Fe'"
compounds (~ 5.3 ug) are bigger than ugpin-oniy (d®) because of orbital degeneracy and spin-
orbit effects perturbing the (parent) stg states. However, the constant value of u¢r, above
50 K, is indicative of a large splitting of the Ty, state by the low-symmetry ligand-field
around the Fe" centres.” Perusal of the Figgis-type calculation for >Ty, Fe!! monomers” ™
show that plots such as Figure 4.18 can be fitted to a monomer model using the spin-orbit
constant A = ca. -100 cm™ and A (the splitting energy > Eg, 5Bzg from stg) of ea. 10,000
cm’. The rapid decrease in serr below 50 K is then either due to zero-field splitting of the
>E, or *Byg states (into Ms 2, 1, 0 levels) and/or due to weak antiferromagnetic coupling.
Indeed, good fits are obtained using Heisenberg 3D or 2D models for S =2 (Fe!' or = 5/2

(Mn"), respectively, in which spin-orbit coupling effects are subsumed in the g value and

zero-field splitting is neglected. The best-fit parameters are given in Table 4.7.

Table 4.7 Best-fit parameters for the [M'(L)}{dca);] compounds.

Compound g J/em™

[Mn(acenH)(dca),] 1.91 -0.05
[Fe(acenHz)(dca);) 204  -0.007
[Mn(actchH,)(dca).] 1.95 -0.07
fFe(actchH:)(dca),] 2.15 -0.04

Whatever the limitations of the models employed, it is clear that the very weak
coupling reflects the poor superexchange properties of the p, s-dca bridge and the large

M:--M separations. The acenH, and actchH; links play no part in coupling,
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Figure 4.17 Plot of magnetic moment, ., versus temperature, 7, for [Mn(acenH;)(dca),].

The solid line is the calculated line of best-fit using a § = 5/2 Heisenberg model (see text).
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Figure 4.18 Plot of magnetic moment, u.s, versus temperature, 7, for [Fe(acenHs)(dca)s).

The solid line is the calculated line of best-fit using a 3D model for S = 2 (see text).
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Figure 4.19 Plot of magnetic moment, .y, versus temperature, T, for [Mn(actchH;)(dca),].

The solid line is the calculated line of best-fit using a 5= 5/2 Heisenberg model (see text).
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Figure 4,20 Plot of magnetic moment, g, versus temperature, T, for [Fe(actchH,)(dca)a].
The solid line is the calculated line of best-fit using a 3D model for S = 2, as described in

the text.
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4.5 Conclusions

The coordination polymers [M(acenH)(dca),] and [M(actchH,)dea),] (M" = Mn
and Fe) were investigated and found to display interesting chiral 3D network structures.
The [M(acenH;)(dca);} complexes consist of 3-fold helical [M(acenH,)(dca)]" motifs that
are cross-linked by p; s-dca ligands. Until very recently, the coordination mode of acenH,
displayed here (bridging via the oxygen donor atoms) was unprecedented. It was reported
for the first time in four lanthanide coordination polymers.” Nevertheless, the complexes
presented here are the first transition metal based examples. These networks exhibit the
unusual ‘dense’ 7°9 (chiral) topology, which was only observed in a real example for the
first time in 1998 in a 3-fold interpenetrated Cu" coordination polymer with the linear
bridging ligand 1,2-bis(4-pyridyl)ethyne.?® Thus, the complexes presented here are the first
single networks to possess this topology. Interestingly, the precursors or synthons for these
chiral networks do not possess any intrinsic chirality. It is perhaps the ‘twist’ in the
bridging mode of acenH;, which forms helices that result in a chiral network. Additionally,
spontaneous resolution of enantiomers in single crystals is observed.

The [M(actchH,)(dca),] complexes consist of [M(dca);] square-grid (4,4) sheets
that are linked by two actchH; ligands in the third dimension to form the overall 3D
network. Unlike the previous complexes, the actchH; ligands are intrinsically chiral. A
racemic mixture of R,R- and §,S-actchH: was used, resuiting in crystals exhibiting racemic
twinning. The twin component described here contained the R,R-actchH; enantiomer. The
{[M(R, R-actchH,)]**},, motifs are lefi-handed 2-fold helices, and right-handed for the twin
component with S,S-actchH; ligands. The actchH; ligands bridge in a similar manner to the
acenH, ligands, via the oxygen donor atoms only. At the time of synthesis and
characterisation, these complexes were the first examples for any metal to contain such

bridging actchH,. Recently, however, a 1D linear tetrahedral cobalt(Il) coordination
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polymer was reported with the same actchH, bridging mode.” Additionally, these
networks display an unprecedented topology with the Schlifli symbol 4°.5.6°.

Interestingly, the acenH; and actchH; ligands did not deprotonate or the divalent
metals oxidise to M™ on formation of the networks, which is unusual for Schiff-base
ligands.

Variable temperature magnetic susceptibility measurements (2-300 K; # =1 T)
show that these complexes display very weak antiferremagnetic coupling, most probably
due to the long Schiff-base and p; s-dca linking pathways. No long-range magnetic order
for these 3D network compounds was observed under these conditions.

Future work in this area, using different acetylacetone derived Schiff-base ligands,
may prove fruitful. In particular, enantiopure chiral Schiff-base ligands in combination
with dca may lead to interesting materials that may have interesting structures and
potentially useful non-linear optical properties. For instance, as well as further studies with
resolved actchH; and derivatives thereof, less bulky chiral Schiff-bases such as R- and §-
acpnH, (where acpnH; = N, N"-1,2-propylenebis(acetylacetoneimine)) may lead to network

topologies similar to that observed for the {M(acenH,)(dca),] series here.

4.6 Experimental

4.6.1 Synthesis of acenH; and (+)-actchH,

The Schiff-base ligands, acenH; and (*)-actchH;, were prepared from the
condensation reaction of acetylacetone and the appropriate diamine; ethylenediamine and
()-trans-1,2-diaminocyclohexane respectively in a 2:1 molar ratio.”
acenH>: IR (MNujol, cm"): 3134 w, 3084w, 1574 5, 1520 s, 1454 5, 1354 5, 1287 s, 1220 s,
1202 s, 1144 m, 1087 s, 1022 m, 980 m, 940 m, 929 w, 853 s, 791 vw, 759 m, 739 s, 652

vw, 642 m.
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(+)-actchH: IR (Nujol, em™): 3070vw, 1600s, 15125, 1447s, 1358s, 1304s, 1262s, 1242s,
1198m, 1150s, 1124s, 1087m, 1024s, 998s, 961m, 932m, 890m, 816s, 766m, 750s, 742s,

658m, 648m, 634w.

4.6.2 Synthesis of Ag(dcnm) and Me,N(denm)

Ag(denm) was synthesized by Dr. Stuart Batten according to the literature.3
MeyN(denm) was synthesised by adding a solution of Me;NBr (4.929 g, 32.0 mmol) in a
solvent mixture of 100 mL acetonitrile and 40 mL methanol to a stirred suspension of
Ag(denm) (6.059 g, 30.0 mmol) in 50 mL dichloromethane. AgBr was removed by
filtration through Celite on a large sinter. The solvent was evaporated from the filtrate by
rotary evaporation and the resulting yellow oil recrystailised by vapour diffusion of diethyl
ether into a solution in methanol (Yield 5.08 g, 95%). IR (Nujol, cn™'): 3438mbr, 2212s,
1654m, 1583w, 1487s, 1418m, 1273s, 1233s, 1169m, 951s, 879vw, 832vw, 779m, 669m,

580m.

4.6.3 Synthesis of [Mn(acenH;)(dca),]

A methanolic solution (5 mL) of Na(dca) (0.178 g, 2.0 mminol) and acenH; (0.448
g, 2.0 mmol) was added with stirring to a mixture of Mn{QAc)>4H,0 (0.490 g, 2.0 mmol)
in methanol (10 ml). After about 10 minutes a colourless precipitate began to form.
Stirring was continued for 30 minutes, before the mixture was filtered and the precipitate
washed three times with small amounts of methanol. (Yield 0.21 g, 46 %, based on
Na(dca)). Large colourless hexagonal crystals suitable for X-ray diffraction were obtained
from a more dilute, but analogous, reaction. IR (Nujol, cm™): 3613w, 3579w, 3082m,
2395w, 2310s, 2291s, 2237s, 2169sbr, 1592sbr, 1556s, 1537s, 1505s, 1434s, 1360s,

1294sbr, 1209m, 1130s, 1078vw, 1017s, 992m, 950s, 928w, 894vw, 848vw, 796m, 759s,
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660m, 628w. Anal. (%), Found: C, 46.7; H, 4.8; N, 27.3. Calc. for C;¢H0MnNzOs: C,

46.7: H, 4.9; N, 27.2.

4.6.4 Synthesis of [Fe(acenH,)(dca),]

A methanolic solution (5 mL) of Na(dca) (0.178 g, 2.0 mmol) and acenH; (0.336
g, 1.5 mmol) was added to a m:thanolic solution (5 mL) of Fe(ClO,4),-6H,0 (0.363 g, 1.0
mmol) in air, resulting in an instant colour change to an orange solution. After less than
one week the solution was a dark brown/black with many pale yellow hexagonal crystals
present. The crystals were collected and washed briefly with methanol and dried in air.
(Yield 0.317 g, 77 %). IR (Nujol, ecm™): 3615vw, 3575vw, 3080w, 2306s, 2284s, 2239s,
2188s, 2172s, 1598s, 1548s, 14365, 1346s, 1297s, 1211w, 1132w, 1018m, 954m, 924vw,
798w, 760m. Anal. (%), Found: C, 46.1; H, 5.0; N, 26.9. Calec. for C;;HaFeNgOz: C, 46.6;
H,49; N, 27.2.

A crystal suitable for X-ray diffraction was obtained from an analogous reaction
using Fe(BF4)»'6H;0 instead of the perchlorate salt. The unit cell of a crystal from the
above reaction was measured and found to be identical to the cell of the refined crystal

structure.

4.6.5 Synthesis of [Mn(actchH;){dca),]

A methanolic solution (20 mL) of Na(dca) (0.178 g, 2.0 mmol) and (%)-actchH,
(0.278 g, 1.0 mmol) was added to a methanolic solution (20 mL) of Mn(NO;),-4H,0
{0.251 g, 1.0 mmol). The resulting colourless solution was left to stand for several days,
after which time a colourless crystalline precipitate formed. A single crystal suitable for X-
ray diffraction was chosen from this precipitate. The: solid was later collected and washed
with methanol (Yield 0.081 g, 17 %). IR (Nujol, cm™): 3585vw, 3200vw, 3073vw, 2295s,

2235s, 2171s, 1594s, 1557s, 1369m, 1322m, 1263w, 1213vw, 1150w, 1124w, 1086vw,
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1006vw, 948w, 923vw, 888vw, 822w, 803vw, 767m. Anal. (%), Found: C, 51.4; H, 5.6; N,

24.2. Cale. for Cy;0HsMnNgO;: C, 51.6; H, 5.6; N, 24.1.

4.6.6 Synthesis of [Fe(actchH,)(dca),]

A methanolic solution (20 mL) of Na(dca) (0.178 g, 2.0 mmol) and (*)-actchH,
(0.336 g, 1.5 mmol) was added to a methanolic solution (20 mL) of Fe(Cl0,);-6H>0 (0.363
g, 1.0 mmol) in air, resulting in an instant colour change to an orange solution. After
approximately three wecks many yellow crystals were present in a deep orange-red
solution. These crystals were collected, washed briefly with methanol and dried in air.
(Yield 90 mg, 19 %). The sample was kept under N; to prevent oxidation, which occurs
over a period of weeks. IR (Nujol, cm™): 2230m, 2234w, 2172s, 1593m, 1567m, 1366s,
1322m, 1260w, 1150w, 1124w, 1026w, 950w, 827vw, 769w. Anal. (%), Found: C, 51.3;
H, 5.9; N, 24.4. Calc. for CyHFeN3O,: C, 51.5; H, 5.6; N, 24.0.

A crystal suitable for X-ray diffraction was obtained from an analogous reaction
using Fe(BF4)2"6H,0 instead of the perchlorate salt. The unit cell of a crystal from the
above reaction was measured and found to be identical to the cell of the refined crystal

structure.

4.6.7 Synthesis of frans-[Mn(acenH,);(dcnm),]

A methanolic solution (5 mL) of acenH; (0.224 g, 1.0 mmol) and MesN(dcnm)
(0.168 g, 1.0 mmol) was filtered into a methanolic solution (10 mL) of Mn(OAc),-4H,0
(0.245, 1.0 mmol) resulting in a dark yellow/orange solution. The solution was left to
slowly evaporate. After several weeks there was a dark brown residue in the bottom of the
vessel and a few small orange crystal present on the side of the vessel. One of these was

chosen for single crystal structural analysis.
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4.6.8 X-Ray Crystallography

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A), using ¢ and @ rotations with 1° frames.
Integration was carried out by the program DENZO-SMN,!! and data were corrected for
Lorentz polarisation effects and for absorption using the program SCALEPACK.™
Solutions were obtained by direct methods (SHELXS 97)% followed by successive Fourier
difference methods, and refined by full matrix least squares on Foe (SHELXL 97)* with
the aid of the graphical interface program X-SEED.®® All non-hydrogen atoms were
refined anisotropically except where otherwise stated. Hydrogen atoms were included at
calculated positions with U values 1.5 or 1.2 times the U, of the adjoining carbon and
nitrogen atoms respectively.

For [Mn(acenH2)(dca);], the central nitrogen atoms of the cross-linking dca
ligands and one of the nitrile carbons of one of the cross-linking dca ligands were found to
be disordered over two positions. The nitrogens and carbon were modelled as two atoms
each, which were refined isotropically and anisotropically respectively. Individual
contributions of the two disordered positions were allowed to refine as free variables, but
summing in each case to unity (N(130)/N(131) 0.46/0.54, C(120)/C(121) 0.49/0.51,
N(230)/N(231) 0.67/0.33, and N(330)/N(331) 0.32/0.68). Face-indexed numerical
absorption corrections were applied to the data for [Mn(acenH;)(dca);] and frans-
[Mn(acenH;)>(dcnm);] using the XPREP program.®*  Flack 1:'arametersz‘5 for
[M(acenH,)(dca),], M" = Mn and Fe, were 0.05(2) and 0.03(2) respectively, indicating the
correct absolute structures were assigned. For the racemically twinned complexes
[M(actchH,)(dca);], M" = Mn and Fe, the contributions of the refined structures were

0.54(1) for each.
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The CO groups of acenH; and (*)-actchH; were assigned as carbonyls on the

basis of bond lengths, where average C—-O = 1.27 A. The C-NH groups were also assigned

as such on the basis of bond lengths, where average C-N = 1.33 A. Additionally, peaks of
electron density were located near the amine nitrogens of the Schiff-base ligands. These
were assigned as hydrogens but refined unsatisfactory and therefore were subsequently

included at calculated positions.
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5.1 Introduction

Research into coordination polymers containing dicyanamide has undergone rapid
growth since the discovery by Murray and co-workers, and other groups, of long-range
magnetic ordering in the binary rutile-like octahedral complexes, a-[M(dca),], M" = Cr,
Mn, Fe, Co, Ni or Cu.'* A polymorph with tetrahedral metal centres, the B-form, B-
[M(dca),], M" = Co, Zn, Co/Zn was also reported.® The Co" complex displays long-range
magnetic order. Since then, modifications have been introduced to dicyanamide networks
by the use of various bridging and terminal (monodentate and chelating) co-ligands,
resulting in a wide variety of new and interesting topologies. The physical properties
(magnetic, electrical, porosity etc.) have been investigated.>’%

For example, through the use of neutral N-heterocyclic bridging ligands such as

4,4'-bipyridine,'? and pyrazine'>?

interpenetrated o-Po networks, 2D square grid (4,4)
sheets or other topologies can be formed. Monodentate terminal co-ligands such as
pyridine, DMF, pyridazine,'® 4-benzoylpyridine®” or 2-pyrrolidone® typically lead to linear
chains with double p, s-dca bridges and #rans co-ligands.? Protic terminal ligands such as
MeOH, > EtOH® and H-0,>® where multiple hydrogen bonding interactions can eccur,
lead to fascinating networks. This is well illustrated by [Mn(dca)x(H,0):]'H,0° and
[Mn(dca)(H>0)].”® In the structure of the former complex, linear chains of
[Mn(dca)2(H20);] lie in the channels formed by 2D (4,4) sheets of the same composition
stacked parailel. The intercalated water molecules participate in complicated 2D hydrogen
bonding networks between the chains and sheets. The monohydrate complex,
[Mn(dca),(H,0)], which is discussed in Chapter 2, has a 3D self-penetrated network

structure that can be related to the rutile networks of a-{M(dca).] and the interpenetrated

[M(tem),].
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In the field of molecule-based magnets the highest 7. values have been
predominantly obtained with the short bridging ligand cyanide.’®** It was reasoned that
another short, potentially bridging ligand, such as nitrite (NO;y), might provide high
temperature molecule-based magnets. The aim of the present work was to study the
structures and magnetism of new mixed ligand dicyanamide network complexes with the
nitrite ligand.

The nitrite ligand has long been of interest in coordination chemistry because of
its ability to function as an ambidentate ligand. An extensive review by Hitchman and
Rowbottom * in 1982 covers the various observed coordination modes of the nitrite jon
with numerous examples, many of which contain bridging nitrite ligands. Such an example
is [Ni(en)2(NO2)JX, X = Ci04,%"" 13,¥ or BF4,*® where NO," bridges each Ni" centre via
one oxygen and the central nitrogen to form linear polymeric chains. A number of possible
coordination modes of the nitrite jon are shown in Figure 5.1, Of those shown, eight modes
are bridging. The shortest bridge is one atom long and the longest is the fuil three atoms of
the nitrite ion. The chelating and bridging mode X was observed by Kahn ef al. in a
nickel(IlI} dinuclear complex, [Ni(en)y(NO2)}2(BPhs)2.>® Kahn and co-workers also
measured strong intrachain magnetic coupling (albeit antiferromagnetic) in the polymeric
complex [Ni(en),(NO2)JC10,.> The magnetic properties of this complex, also known as
NENP in the physics community, have been the subject of intense investigation, as it

exhibits what is known as Haldane gap behaviour, **45
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Figure 5.1 A number of possible nitrite coordination modes.*

As both dicyanamide and nitrite are anionic ligands, it was likely that their mixed
ligand complexes would be anionic. Indeed, two isostructural anicnic dca/NQO2™ complexes
were synthesized, PhsP[M(dca),(NO2)*MeCN, M" = Co and Ni. In addition, a third
anionic complex was obtained, PhyP[Co(dca)Br;]. The crystal structures and magnetic
properties are presented in this chapter.

Anionic coordination polymers of the type [M(dca)s], [M(dca)s)*,**" and the
mixed ligand complexes, [M(dca),(NCS),]*,"* were first reported by Kohler et al. but
without any crystallographic or magnetic characterisation. The results presented in this
chapter form part of a wider investigation by Murray, Batten and co-workers of anionic
dicyanamide network complexes.* Recently Murray et al. found that the network topology

is dependent on the choice of counter-cation — the anionic networks are in fact cation
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te:rrxplatcd.ﬁ’s2 The structures of Ph4E[M"(dca)3], where E = As or P, M" = Mn, Fe, Co cr
Ni, consist of 2D square grid (4,4) sheets of {M(dca)s]” with columns of cations separating
the 2D layers (Figure 5.2).°? The use of coordinating solvents also resulted in the formation
of solvated anionic networks with very different topologies. The structures of
(Ph4E):[M"(dca)s(H20)) H,0-xMeOH, x = 0.5 or 1; M = Co, Ni; E = P, As, consist >f
layers of 1D ladders that are linked by hydrogen bonding (dcaH;0) to form 2D (4,%)

sheets (Figure 5.3).>2

Figure 5.2 (Left) the alternating 2D (4,4) sheets of [M(dca);]” separated by layers of Phy>"
cations and (Right) a view of a single sheet showing orientation of cations, in the structue

of PhyP[M'(dca);).

Figure 5.3 Three ladder motifs hydrogen bonded to form overall 2D (4,4) sheets in the

structure of (Ph4E);[M"y(dca)s(H20)}-H,0-xMeOH.
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The structures of MePh;P[M"(dca);], where M" = Mn, Fe, Co and Ni, consist of a
3D network of {M(dca)a]” with cavities within the network that are occupied by pairs of
cations (Figure 5.4). Alternatively, the structures of (PrPhsP),[M"(dca)s] (where M" = Co
and Ni) consist of linear chains of [M(dca)s]** containing octahedral M" centres linked by
double p; s-dca bridges (Figure 5.5). The nitrile nitrogen atoms from two frans terminal

& monodentate dca ligands occupy the two remaining coordination sites.>

Figure 5.4 (Left) Two PhsMeP" cations in a cavity and (Right) the anionic [M"(dca)3]'

network, in the structure of MePh;P[M"(dca);).
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Figure 5.5 The linear chain structure of (PrPh;P),[M"(dca)s].

Murray, Batten and co-workers have also investigated the inclusion of
paramagnetic cations within anionic dca networks®® The structures of
[M(bipy);}{M"(dca)s;]2, where M = Fe, Ni; bipy = 2,2"-bipyridine and M’ = Mn, Fe, consist
of 2D (6,3) networks of [M’(dca);]” with [M(bip),f);]2+ cations sitiing in the hexagonal

windows of the sheets (Figure 5.6). These types of “hybrid” networks may have potential

4

spin-crossover and/or long-range order properties.’

Figure 5.6 The hexagonal (6,3) sheet structure of [M(bipy);)[M’(dca)s],.
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In general, the Ph4E[M"(dca);] series of compounds display weak
antiferromagnetic coupling, with one exception. The compounds Ph;E[Ni(dca);], where E
= As or P, both appear to display long-range order of the spin-canted antiferromagnetic
type below a Ty of 20 K. Extensive magnetic measurements were performed to show that
the magnetic ordering was not due to possible traces of a-[Ni(dca),), which displays long-
range ferromagnetic order with a 7, close to 20 K352

A number of groups have reported a number of Cu' mixed ligand anionic
dicyanamide compounds that display interesting electric and magnetic properties, using the
organic radical cation bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF). The compounds,
x-(BEDT-TTF),Cu(dca)X, X = Br, Cl are isomorphous, with the chloride and bromide
materials being superconductors (T, = 12.5, 11.6 K, respectively).>>*® The cyanide/dca
coordination polymers, x-(BEDT-TTF),{Cux(CN){dca)] and 8-(BEDT-TTF),Cu(dca);{CN)
display superconductivity (7. = 11.2 K) and 2D Heisenberg antiferromagnetic behaviour

(below ca. 220 K) respectively. 5%

5.2 Synithesis and Characterisation

52.1 Ph,P[M(dca),(NO,)]-MeCN, M" = Co and Ni

Reaction of a solution of M"(NO;),-6H.0, M" = Co or Ni, in acetonitrile with a
solution of PhsP(dca), PhsPBr, and NaNQ; in an acetonitrile/water solvent mixture in a
molar ratio of 1:2:2:1 yielded purple needle/rod-like crystals, and green clusters of rod-like
crystals, for the cobalt and nickel products respectively.

The infrared spectra of the products showed absorbances at 2180 (Co) and 2187
(Ni) cm™ due to v(C=N) of dicyanamide, and 1587 cm™ (Co and Ni) due to v(C=C) of

Ph4P*. The v{(C=N) value is consistent with the p, s-dca bridging mode. Comparison with
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the infrared spectrum of PhyAs{Co(dca);] (provided by P. van der Werff, School of
Chemistry, Monash University) shows that the absorbances at 1204 (Co) and 1212 (Ni)
em™ are due to vu,(NO) of NO,, which are decreased in energy, upon coordination,
compared to the free-ion value of 1260 cm™.* The elemental analyses of the Co and Ni
products were consistent with the formulae obtained from the crystal structures (vide
infra). The powder X-ray diffractograms of the Co and Ni samples match those calculated
from the crystal structures with the exception of two peaks in each case (20 = 11.64° and
14.66° (Co); 11.20° and 18.19° (Ni1)). These peaks could not be indexed to a-[M(dca)],
Ph4P[M(dca);] or (PhyP):[M(dca)s]. The diffractograms were also compared with that of

PhyAs(dca) (provided by P. van der Werff), which is believed to possess the same structure

as PhsP(dca). The unidentified peaks in the diffractograms of the Co and Ni samples did
not correspond to any peaks in the PhyAs(dca) diffractogram. Hence, the samples contain
as yet unidentified impurities.

The crystal of PhyP[Co(dca),(NO;)}MeCN used for X-ray crystallographic
analysis was chosen from crystals grown from a reaction of a solution of Co(NO3),'6H,0
in acetonitrile with a solution of PhyPBr, Na(dca) and NaNQO; in an acetonitrile/ethanol
solvent mixture in a molar ratio of 1:3:2:1. Colourless crystals co-crystallized with the Co"
product, which were probably NaNO; or Na(dca) due to their low solubilities in the solvent
mixture used.

Independently, Batten and Harris synthesised the nitrate analogue of the above
complex, PhsP[Co(dca),(NO3)]'MeCN, by a reaction similar to that here but with the
omission of NQ,. This complex is isostructural with the nitrite complex, and has very

similar unit cell parameters.®
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5.2.2 Ph,P[Co(dca)Br,]

PhsP[Co(dca)Br:] was initially obtained as a second product in a reaction that was
intended to synthesise PhyP[Co(dca);(NO;)]-MeCN. A pure sample was subsequently
obtained independently by reaction of a solution of (Et4N),CoBry in acetonitrile with an
acetonitrile solution of PhyP(dca) in a 1:1 molar ratio. Slow evaporation of the solution
yielded well-formed dark blue crystals of PhyP{Co(dca)Br;] in moderate yield. The
infrared spectrum showed absorbances at 2184 and 1586 c¢m™ due to vi(C=N) of
dicyanamide and v(C=C) of PhsP" respectively. The former value is indicative of bidentate
dicyanamide bridging through both nitrile nitrogen atoms. Elemental analysis was
consistent with the above formula. The powder X-ray diffractogram matched that

calculated from the single crystal data.
5.3 Crystal Structures

53.1 Ph,P[M(dca),(NO;)]-MeCN, M" = Co and Ni

Crystallographic data are summarised in Table 5.1 (see page 221). Table 5.2
contains selected interatomic distances and angles (see page 227). The compounds
PhsP[M"(dca);(NO,))'MeCN are isomorphous, crystallising in the chiral orthorhombic
space group P2:2,2,. The refinement of the structure of the nickel complex was poor
compared to that of the cobalt complex. Thus, although the crystallographic data and
distances and angles for the nickel complex are included here, only the structure of the
cobalt complex is described. The atom labelling scheme for PhyP[Co(dca)2(NO,)]-MeCN is
shown in Figure 5.7. The structure was refined as a racemic twin with approximately equal
twin component contributions. The asymmetric unit contains one formula unit. Each Co"
atom is coordinated in a highly distorted octahedral environment by two dca nitrile

nitrogens (Co(1}-N(41) = 2.099(5) A and Co(1)-N(45") = 2.087(5) A) in the axial
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positions, and two dca nitrile nitrogens (Co-N = 2.077(5), 2.097(5) A) and two oxygens
(Co—0 = 2.138(5), 2.164(5) A) of the chelating nitrite (0,0 -nitrito, mode IV shown in
Figure 5.1, see page 213) ligand in the equatorial plane. The coordination environment of
the equatorial plane deviates significantly from a regular square due to the chelating nitrite,
which subtends an acute angle of O{51)-Co(1)-0(53) = 58.4(2)". The nitrite bond angle,
O(51)-N(52)-0(53) = 112.2(5)", is decr;:ased on chelation by ~2° from the ‘free ion” value
of 114.9(5)° in the structure of NaNO2.**% To the best of the candidate’s knowledge there
has been only one other structurally characterised Co" complex containing chelating nitrite

ligands, [Co(LYNQ,),], where L = (-)-sparteine.®® The highly distorted octahedral

mononuclear complex has two chelating nitrite ligands that are less symmetrically chelated
compared to the present structure (Co—-O = 2.057 - 2.338 A, O-N-O = 107.0° and 110.1°,

0-Co-0 = 54.2° and 56.4°) where the sparieine ligand is also bidentate chelating.

Figure 5.7 The crystal structure of PhyP{Co(dca),(NO,)]'MeCN with the atom labelling
scheme (thermal ellipsoids are shown at 50 % probability, hydrogen atoms are omitted for

clarity).




Chapter 5 221

Table 5.1 Crystal data for PhP[M(dca),(NOy)]'MeCN, M" Co, Ni and

PhyP[Co(dca)Br,].
PhP[{M(dca),(NO;))*MeCN

Compound Co Ni Ph4P|Co(dca)Br;)

Formula CioH23:CoNgO,P CyoH23NINgOP  CygHypoBrCoNsP

M 617.46 617.24 624.17

Crystal system Orthorhombic Orthorhombic Orthorhombic

Space group P22, P2,2,24 P2,2,24

alA 7.4914(1) 7.4519(2) 7.3136(1)

biA 16.9427(6) 16.8131(5) 12.3136(2)

c/A 22.6970(7) 22.7773(9) 27.8730(7)

N 2880.8(1) 2510.15(8)

Z 4 4 4

Deare | g cm” 1.424 1.437 1.652

7K 123(2) 123(2) 123(2)

#(Mo-Ko)/mm™ 0.694 0.779 3.950

Crystal dimensions 0.63x0.15x0.15 0.5x0.1x0.1 0.25x0.15x0.15

frange/ ° 2.16 -3005 2.16 -28.29 1.81 —28.28

Index ranges -10<h <6, 9<h<T, 9<h<6,
22<k<22, -18<k<22, -16 <k<15,
295129 -28<71<30 -37<1536

Completeness to 280=55°/% 99.9 090.2 99.3

Tonins Tomax 0.7733,0.9174

Data collected 32974 18267 19022

Unique data (Rin) 7549 (0.0743) 6776 (0.1624) 6094 (0.1004)

Observed reflections [[>20(f)] 5512 3798 3543

Parameters 380 381 299

Final Ry, wR; [I> 20(1)] © 0.0868, 0.1815 0.1106, 0.1237 0.0880, 0.2371

(all data) 0.1313, 0.1964 0.2062, 0.1445 0.1563,0.2712

Goodness of fit, S
Apmjn, Apm / c A.-3

1.128
-0.801, 2.004

1.043
-0.720, 1.080

1.040
~1.785, 1.795

@ Ry =T | |Fol = IFd |/ 2 |Fof, wRy = {E [W(Fo? - FO) 1  [w(F)* 32
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Each Co" atom is connected to four others in the ab-plane by two
crystallographically unique dca ligands coordinating via the nitrile pitrogens in the
bidentate p; 5 mode. This gives square-grid 2D (4,4) sheets, one of which is shown in
Figure 5.8. In this figure it can be seen that the chelating nitrite ligands are all oriented in

one direction parallel to the a-axis direction, and alternate in direction parallel to the b-axis

direction. The overall structure consists of anionic (4,4) square-grid sheets of
[Co(dca)(NO,)] that alternate with layers of the PhyP” cations, with intercalated
acetonitrile molecules also present (Figure 5.9). The anionic sheets are similar to those in
the PhaE[M(dca)s] series of compounds (vide supra), except in those cases, half of the

links within the sheets are double dca bridges (M(p-dca),M, see Figure 5.2).

Figure 5.8 A 2D square-grid anionic sheet of {Co(dca)(NO;)]" in the structure of
PhyP[Co(dca),(NO;)]"MeCN (red spheres represent Co" ions, dca ligands are shown in

blue and nitrite ligands in green).
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Figure 5.9 Packing diagram of PhyP[Co(dca),(NO;)]'MeCN viewed parallel to the a-axis
direction. The purple spheres represent Co" ions, dca and nitrite ligands are shown in blue,
PhsP* ions in red, and lattice acetonitrile molecules are in blue (nitrogen) and green

(carbons).
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The sheets pack parallel to the c-axis direction such that adjacent sheets are offset
% of the unit cell length a with respect to each other (Figure 5.10). The resuiting packing is
of the inﬁnife AB type. In Figure 5.11 it can be seen that the cations do not lie directly
below (or above) the centres of the [Cos(dca),(INO;)4) squares, but are slightly offset in the

a-axis direction. Each cation layer is oriented antiparallel to its neighbouring cation layers.

Figure 5.10 Two square-grid sheets of [Co(dca),(NO,)Y, viewed parallel to the c-axis

direction (the upper sheet is shown in blue and lower in red).
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Figure 5.11 One square-grid sheet of [Co(dca)(NO,)], viewed parallel to the c-axis

direction, showing the positions of the PhyP” cations (green) with respect to the sheet.

The intra-sheet Co--Co distance across the deca ligand parallel to the g-axis

direction is equal to the unit cell length a (7.4914(1) A), whereas that across the dca ligand

parallel to the b-axis direction is 8.4914(3) A, approximately half the unit cell length b (the
Co centres are not collinear in this direction). The sheets are well separated with the

shortest inter-sheet Co~-Co distance being 12.463(1) A.
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The PhyP” cations layers are involved in multiple phenyl embraces, as described
by Dance and co-workers.*” Each of the cations is engaged in ‘orthogonal four-fold phenyl
embraces’ (O4PE) with its neighbours involving four separate edge-to-face C-Hm
interactions. These interactions create ‘linear infinite chains of translational four-fold
pheny! embraces’ (LIT4PE) in the a-axis direction (P--P distance is equal to the unit cell
length a, 7.4914(1) A, CH:centroid = 3.085, 3.256, 3.373 and 3.625 A). These chains are
cross-linked in b-axis direction by furtner edge-to-face C~H-~n interactions (P-P = 9.313

A and CH-centroid = 3.228 A) to form 2D sheets (Figure 5.12).

Figure 5.12 Three columns in a single layer of PhsP’cations in the structure of

PhyP[Co(dca),(NO;)]-MeCN showing edge-to-face CH-»x interactions. Some LIT4PE

interactions are shown as dashed purple and cross-linking CH:xt interactions shown in

dashed orange.
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The cations in the structure of the PhyE[M(dca);] series are also involved in

LIT4PE interactions (Figure 5.2). However, the chains are cross-linked by ‘off-set-face-to-

face’ phenyl m-n interactions to form 2D sheets.”’ This difference in the type of cross-

linking interaction is due to the orientation of the cation chains in the PhyE{M(dca);] series.

Within each layer, the chains of cations are oriented antiparallel with respect to each other.

However, in the present compound, PhyP[Co(dca)x(NO,;)]"MeCN, the cation chains are

oriented paralle] to each other.

Table 5.2 Selected interatomic  distances (A) and angles (°) for
PhP[M"(dca)2(NO2)}-MeCN, M" = Co and Ni.
Co Ni Co Ni

M(1)-N@G31) 2.077(5) 2.037(5)  M(1)-N(35% 2.097(5) 2.044(5)
M(1)-N(41) 2.099(5) 2.062(5)  M(1)-N(45) 2.087(5) 2.053(6)
M(1)-0(51) 2.138(5) 2.102(4)  M(1)-O(53) 2.164(5) 2.126(4)
NGD-M(1)-N@GEsH  99.8(2) 100.8(2)  N@1-M(1)-N@E5)  179.1(2) 178.6(2)
NGD-M(1)-N@1)  89.2(2) 90.0(2) NQGI)}-M(1)-N@E5)  91.52) 91.2(2)
N(G359)-M(1)-N@1) 89.2(2) 89.1(2) N@GB5)-M(1)-N(45)  91.2(2) 91.3(2)
O(51)-M(1)-0(53)  58.4(2) 59.5(2) OGI-M(1)-N(G1)  100.8(2) 100.1(2)
O(51)-M(1)-N(41)  91.512) 90.92) OGI-M()-N(35") 159.4(2) 159.1(2)
O(53)-M(1)~-N(@41)  89.2(2) 89.0(2) O(53)-M(1)-N@35)  101.1(2) 99.6(2)
O(53)-M(1)-N(45")  89.9(2) 88.3(2) OG3)-M(1)-N@3B1)  159.1(2) 159.6(2)

Symmetry transformations: (i) 1-x, y-1/2, 1/2-z; (ii) x+1, y, z.
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53.2 Ph,P{Co(dca)Br;}

Crystallographic data are summarised in Table 5.1 (see page 221). Table 5.3
contains selected interatomic distances and angles (see page 233). The compound
Ph;P[Co(dca)Br;] crystallizes in the chiral orthorhombic space group P2,2:2,. While the
crystal chosen for X-ray crystallographic analysis was homochiral, the individual
components are achiral, and it is thus expected that the bulk sample is a racemic mixture of
chirally pure crystals. The structure consists of linear 1D 2-fold helical anionic chains of
[Co{dca)Br,]” and associated PhyP" cations (Figure 5.13). The coordination environment of
each cobalt(ll} atom is distoried tetrahedral, consisting of two nifrile nitrogens of two
symmetry related 1, s-deca ligands (Co(1)-N(1) = 2.001(8) A, Co(1)-N(5") = 2.02(1) A)
and two terminal bromide ions (Co(1)-Br(l) = 2.403(2) A, and the significantly shorter
Co(1)-Br(2) = 2.315(2) A). As a comparison, the mononuclear tetrahedral complexes,
[Co(2,4-Me,Py);Br,]® and [Co(2-BrPy);Br2],®* where 2,4-Me,Py = 2,3-dimethylpyridine;
2-BrPy = 2-bromopyridine, have average bond lengths of Co~N = 2,045, 2,050 A and
Co—-Br = 2.394, 2.3986 A respectively.

The amide nitrogen of the dca ligand was found to be disordered over two
positions (N(3A) and N(3B)). The chains, which are left handed helices, run parallel to the
b-axis direction (Figure 5.14). The helical chains and cations pack in layers parallel to the
ab-plane, such that in the c-axis direction layers of chains alternate with cation layers

(Figure 5.15).
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Figure 5.13 The crystal structure of PhyP[Co(dca)Br,] with atom labelling scheme, also
showing the disordered dca amide nitrogen (thermal ellipsoids shown at 50 % probability,

hydrogen atoms are omiited for clarity).

Figure 5.14 View along the b-axis direction showing the left-handed helical [Co(dca)Br,]
chains in the structure of PhyP[Co(dca)Br;] (only one of the dca amide nitrogen positions is

shown for clarity).
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Recently Miller and co workers reported a helical cationic dicyanamide complex,
[Co(dca),(H,Bilm),]Cl, where H,Bilm = 2,2"-biimidazole.”™ The structure of this complex
consists of octahedral Co" centres with a Ng coordination environment containing two
imidazole nitrogens of two H;Bilm ligands in the equatorial plane and two nitrile nitrogens
of two p; s-dca ligands. Thus infinite (2-fold) helical chains are formed.

The shortest Co--Co distance is found between chains in the layers in the ab-plane
and is equal to the a-axis unit cell length, 7.3136(1) A. The intra-chain Co--Co distance is
significantly longer, at 8.333(2) A. The layers of chains are quite well separated - the
shortest Co+-Co distance between layers is 11.708(2) A.

Once again, the layers of PhyP" cations are involved in multiple phenyl embraces.
Each cation is engaged in ‘orthogonal four-fold phenyl embraces’ (O4PE) with its
neighbours parallel to the a-axis direction (perpendicular to the direction of the anionic
chains). Thus, ‘linear infinite chains of translational four-fold phenyl embraces’ (LIT4PE)
in this direction are created (P-P is equal to the unit cell length a, 7.3136(1) A,
CH--centroid = 3.089, 3.293, 3.420 and 3.432 A). These chains are cross-linked by further
CH--7 interactions to form corrugated- 2D sheets of cations in the ab-plane (Figure 5.16),
with two different inter-chain separations (PP = 8.905(4) A and CH--centroid = 2.983 A;
PP = 9.376(4) A and CH-centroid = 3.293 A). There are also a number of weak
supramolecular interactions between the cations and the anionic chains. The most
significant of these are H--N contacts with the disordered dca amide nitrogen of 2.751 A

(C~H-N = 144.5°) and 2.805 A (135.9°); and C~H-~Br contacts of 2.957 A (C—H~-Br =

129.6°) and 3.005 A (136.2°).
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Figure 5.15 Packing diagram of PhsP{Co(dca)Br;] viewed parallel to the g-axis showing

the alternating layers of [Co(dca)Br,]” chains (blue) and PhsP" cations (red).
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Figure 5.16 Three columns in a single corrugated sheet of PhyP" cations in the structure of
PhsP[Co(dca)Br;] showing edge-to-face CH:-m interactions. Some of the LIT4PE
interactions are shown as dashed purple. The two different cross-linking CH:-%t are shown

in dashed red and dashed light blue. The corrugated nature of the sheets can also be seen

clearly in Figure 5.15.

PhyP[Co(dca)Br;] is the first air-stable structurally characterised tetrahedral cobait
complex containing dca ligands. The binary complex, B-[Co(dca),], which consists of
tetrahedral Co" atoms bridged by p;s-dca ligands into 2D square grid (4,4) sheets,
undergoes a phase transition in air to form the octahedral rutile-like phase, o-[Co(dca);]. B-
[Co(dca),] is a spin-canted antiferromagnet below a Ty of 9 K.® This structural isomer of
the rutile-like phase, first reported by Kéhler et al.” but without detailed magnetism or

structural data, was studied as part of the candidate’s Honours degree and published by
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Jensen e al. with accompanying magnetic data and the crystal structure of the isostructural

complexes, B-[Zn(dca),] and the doped B-[Co/Zn(dca),).°

Table 5.3 Selected interatomic distances (A) and angles (°) for PhyP[Co(dca)Br,).

Co(1)-N(1) 2.001(8)  Co(1)~N(5) 2.02(1)
Co(1)-Br(1) 2.403(2)  Co(1)-Br(2) 2.315(2)
N(1)-Co(1)-N(5H) 102.4(4)  Br(1)-Co(1)-Br(2) 111.27(8)
N(1)-Co(1)-Br(1) 114.43)  N(5)-Co(1)-Br(1) 103.5(2)
N(1)-Co(1)-Bx(2) 109.93)  N(5)~Co(1)-Br(2) 115.1(3)

Symmetry transformation: (i) -x, y-1/2, -z+3/2.

5.4 Magnetism

54,1 Ph,P[M(dca),(NO,)}]"-MeCN, M*' = Co and Ni

The temperature dependence of u.y, per Ni, for PhyP[Ni(dca)2(NO;)]-MeCN is
shown in Figure 5.17. The sample had to be dispersed in a Nujol mull to prevent
orientation of crystallites and consequent anomalies in the data such as a maximum in ger
at ~ 20 K. These orientation effects are not common in octahedral nickel(1I) samples but
more so in Mn™, Co" or Fe' systems whose T ground states display large magnetic
anisotropy (i.e. 4 # #,).”" The observed data are typical of octahedral Ni'' compounds, s
at 300 K being 3.2 ug because of spin-orbit coupling to the 3Azg single-ion ground states.
The gradual, small decrease in g, between 300 - 20 K, is indicative of very weak
antiferromagnetic coupling occurring, The rapid decrease down to 2.39 ug, below 20 K, is

due to this weak coupling combined with zero-field splitting effects. The data were fitted
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to a S =1 Heisenberg chain model with best-fit parameter values of g = 2.23 and J = -0.18
cm’. Zero-field splitting was assumed to be zero. The very small value of J is typical of
M s~dca bridging. Interestingly, this complex shows only traces of a long-range ordered
material in low fields (~ 5 Oe), at 21 K, compared to cases of PhyE[Ni(dca)s] (where E =P
or As) for which great efforts were made to distinguish intrinsic magnetic order from that

due to traces of a-[Ni(dca);]. The presence of long-range order would appear to be due to

traces of a-[Ni(dca),] in the present sample.
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Figure 5.17 Plot of magnetic moment, poy versus temperature, 7, for
PhyP[Ni(dca),(NO,)]-MeCN (dispersed as a Nujol mull), applied field, # = 1 T. The solid

line is the best-fit curve to a S = 1 Heisenberg chain model (see text).

The Co" analogue, PhyP[Co(dca),{NO,)]-MeCN also presented some magnetic
anomalies in very low applied fields. In a ‘normal” field of 1 T (Figure 5.18) the yer versus
T plot is typical of those displayed by octahedral Co'"! species. The decrease in gey from

4,95 up at 300 K, first gradually then more rapidly, to reach an inflection at 4.05 up at 5 K
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and a value of 3.55 ug at 2 K, is due to an orbitally degenerate *T, g State being split by low-
symmetry ligand-fields and spin-orbit coupling. The plot is very similar to that of

PhsAs[Co(dca);].>!
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Figure 5.18 Plot of magnetic moment, p.x versus temperature, 7, for

PhyP[Co(dca),(NO,)]"MeCN in an applied field of =1 T.

In low fields {(Figure 5.19) there is a sharp increase in u.q at = 9.0 K which is
tentatively assigned to traces of o-[Co(dca);).’ However, the M / H hysteresis plot,
measured at 2 K, (Figure 5.20) shows very small coercive field (60 Oe)} and remnant
magnetisation (0.01 Nf) values and a shape typical of antiferromagnetic coupling (canted
antiferromagnet) rather than a ferromagnetic increase at H = 0. ‘Spiking’ with 1 % a-
[Co(dca);] (Figure 5.21) gave a more conventional ferromagnetic increase’ in M
superimposed on the plot of the neat sample. As in the case of PhyAs{Ni(dca)s],”* it is hard
to be definitive on the origin of this 9 K transition. A somewhat similar situation was

reported for Co(dca)2(pyrimidine)-EtOH.™
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Figure 5.19 Plots of magnetic moment, g, versus temperature, 7, for
PhyP[Co(dca)>(NO,)])‘MeCN in applied fields of 10000 Oe, 1000 Oe, 100 Oe and 20 Oe.

The solid line is not a fitted curve.
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Figure 5.20 Hysteresis plot of M versus H for PhyP[Co(dca),(NO2)]-MeCN.
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Figure 5.21 Hysteresis plot of M versus H for PhyP{Co(dca);(NO;)}MeCN + 1 % o-

[Co(dca),].

54.2 PhyP|Co(dca)Br;]

The magnetic moment versus temperature plot, shown in Figure 5.22, is typical of
the behaviour of high-spin tetrahedral Co" systems having “A; ground states. The magnetic
moment at 300 K of 4.5 pp is raised from the spin-only value (3.87 up) because of spin-
orbit coupling (spin-orbit constant A negative; ~ -170 cm™!) and ligand-field splitting (10
Dg; ~ 3500 cm') effects combined with a second order Zeeman (temperature independent

paramagnetism) term, as follows (Equation 5.1 and Equation 5.2).°

2 2 2
= L5Np 1- i + §Np Equation 5.1
3kT 10Dgq 10Dq

pu(upg) = J15 (1 - —65;) Equation 5.2
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Figure 5.22 Plot of magnetic moment, u.y, versus temperature, 7, for PhyP[Co(dca)Br;].
i The solid line indicates the best-fit to the data (see text).

Curie-Weiss behaviour should therefore be obeyed (see Figure 1.1, page 7) and
this is what is observed with 8= -0.35 K, there being a sharp decrease in y.r only below 50
K. This decrease could be due to a combination of zero-field splitting (z.f.s.) of the single-
ion ‘A, state and very weak antiferromagnetic coupling. If it is assumed that z.fs. is
negligible, fitting to an S = 3/2 Fisher chain model™ yields g = 2.3 and J = -0.25 cm™. The
increase in the effective g value from 2.0 essentially allows for the spin-orbit coupling
effect in the same way as shown above in the equation for u. Further detailed
magnetisation isotherms and calculation of susceptibilities using the thermodynamic
equation for y (involving the field, H)"> would be required to separate D and J
contributions. Suffice it to say that exchange coupling via the u; s-dca bridges in this chain

complex is, as usual, very weak.
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5.5 Conclusion

The compounds PhsP[M(dca)(NO,)]-MeCN, where M" = Co and Ni, possess
interesting structures, which consist of alternating layers of anionic [M(dca),(NO,)]" 2D
square grid (4,4) sheets and PhyP” cations. The anionic [M(dca),(NO,)] sheets have
chelating nitrite ligands. The overall structures are similar to those of the PhyE[M(dca);] (E
= As or P; M" = Mn, Fe, Co or Ni) series, with the exception that in the latter cases half of
the links in the (4,4) sheets are double p,s-dca bridges (Figure 5.2, see page 214).
Similarly, several weak CH--r and n--x interactions are present within the layers of PhyP*
cations. Additionally, these example. are th: st structurally characterised coordination
polymers to contain both the dca and NO;™ ligands.

The compound PhsP[Co(dca)Br,] possesses a chiral structure, which consists of
linear anionic 1D helical chains of [Co(dca)Br,]" that pack in layers, which in turn alternate
with layers of PhyP" cations. It is the first air-stable tetrahedral cobalt(I) dca network
complex.

The magnetic properties of the Ph,P[M(dca),(NO,)]-MeCN, M" = Co and Ni,
complexes are indicative of very weak antiferromagnetic exchange coupling occurring via
n s~dca bridges. Traces of «-[M(dca);] are thought to be responsible for long-range
ordering effects observed in low fields but this is not definitive in the Co" case.

Ph4P{Co(dca)Br,] displays very weak intra-chain antiferromagnetic coupling with

no magnetic order.
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5.6 Experimental

5.6.1 Synthesis of Ph P(dca)

Typical preparation: an aqueous snlution (30 mL) of Na(dca) (2.03 g, 23 mmol)
was added to a hot aqueous solution (140 mL) of PhsPBr (9.82 g, 23 mmol). The white
precipitate of PhyP(dca) formed immediately. The mixture was left to cool in ice and the
precipitate was collected by filtration and recrystallised from acefone (Yield 6.92 g, 74 %).
IR (Nujol, cm™): 3485w, 3061w, 2227s, 2188m, 2130s, 1584m, 1482m, 1438s, 1306s,

1188vw, 1162w, 1106s, 1027vw, 996m, 932vw, 901w, 862w, 760m, 753m, 724m, 692m.

5.6.2 Synthesis of PhsP{Co(dca),(NO,3}]"MeCN

A solution of Co(NO;3),-6H,0 (0.146 g, 0.5 mmol) in 5 mL of acetonitrile was
added to a solution of PhyP(dca) (0.203 g, 0.5 mmol), PhuPBr (0.210 g, 0.5 mmol) and
NaNO; (0.017 g, 0.25 mmol) in a mixture of 20 mL of acetonitrile and ~1 mL of water.
The resulting bright blue solution was left to stand. After one day the blue colour of the
solution had weakened and several large clusters of needle/rod-like purple crystals had
formed. The mother liquor was decanted and the crystals were washed with acetonitrile (3
x 5 mL) then collected by filtration (Yield 0.19 g, 60 %). IR (Nujol, cm™"): 2308s, 2255s,
2180s, 1828vw, 1587w, 1484s, 1456s, 1436s, 1352s, 1309w, 1204m, 1178m, 1160m,
1026w, 996m, 944vw, 924vw, 850w, 808vw, 756m, 750m, 724s, 689s, 648w, 616w. Anal.
(%): Found: C, 57.5; H, 3.6; N, 18.2. Calc. for C3pH23;CoNgO,P: C, 57.7; H, 3.7; N, 18.0.
XRD: The diffractogram of the bulk product matches that calculated from the crystal
structure, with the exception of two peaks (28 = 11.64° and 14.66°) that could not be
indexed to either the title compound or a-{Coldca}-1, PhyP[Co(dca);) or (PhsP);[Co(dca)s).

Crystals suitable for X-ray diffraction analysis were grown from the following

reaction. A solation of Co{NO1),-6H>0 (0.146 g, 0.5 mmol) in 5 mL of acetonitrile was
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added to a solution of PhyPBr (0.630 g, 1.5 mmol), Na(dca) (0.089 g, 1.0 mmol) and
NaNO; (0.035 g, 0.5 mmol) in a mixture of 15 mL of acetonitrile and 10 mL of ethanol.
The resulting bright blue solution was left to stand. After one day the blue colour of the
solution had weakened and several large clusters of rod-like purple/pink crystals had
formed. In addition many small colourless crystals had formed, some of which were
embedded within the aforementioned clusters. A rod-like crystal suitable for X-ray
diffraction analysis was cut from one of the clusters. An infrared spectrum was measured
of a portion of one cluster. IR (Nujol, cm"): 3624vw, 3558vw, 3093vw, 3068vw, 2309s,
2254s, 2180s, 1906vw, 1825vw, 1778vw, 1587m, 1496m, 1484m, 1439s, 1352s, 1315vw,
1293vw, 1204m, 1177m, 1160m, 11115, 1026W, 996m, 923w, 852w, 751m, 725s, 690s,

648vw, 6i6vw.

5.6.3 Synthesis of PhyP[Ni(dca);(NO;)I-MeCN

A solution of PhyPBr (0.230 g, 0.55 mmeol) and NaNO, (0.017 g, 0.25 mmol) in
acetonitrile (10 mL) and water (I mL) to an acetonitrile solution (10 mL) of
Ni(NO;),-6H,O (0.073 g, 0.25 mmol). This was left to stand for a minute then an
acetonitrile solution (10 mL) of PhP(dca) (0.203 g, 0.50 mmol) was added. Afier a few
minutes a small amount of fine pale green precipitate had formed in the pale green
solution. After one day several clusters of light green crystals had formed. The
comparatively small amount of fine precipitate was removed from these crystals by
successive washings with acetonitrile. The crystals were collected by fiitration (Yield 70
mg, 44 %). IR (Nujol, cm™): 3632vw, 3604vw, 3114vw, 2309s, 2261s, 2187s, 1654vw,
1587w, 1485m, 1438s, 1352s, 1316w, 1280w, 1212s, 1180w, 1162w, 1111s, 1026w,
996m, 920vw, 860w, 806vw, 757m, 751m, 724s, 689s, 642vw. Anal. (%): Found: C, 58.0;
H, 3.8; N, 18.3. Calc. for CsHa3NiNsO2P: C, 58.4; H, 3.8; N, 18.2. XRD: The

diffractogram of the bulk product matches that calculated from the crystal structure, with
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the exception of two peaks (20 = 11.20° and 18.19°) that could not be indexed to either the

titie compound or a-[Ni(dca),}, PhsP[Ni(dca);] or (PhsP),[Ni(dca)s).

5.6.4 Synthesis of PhyP[Co(dca)Br;]

A solution of (Et4N)>,CoBry4 (0.640 g,1.0 mmol) in acetonitrile (10 mL) was added
to a solution of PhyPdca (0.406 g,1.0 mmol) in acetonitrile (10 mL). A colour change
occurred instantly to a darker blue colour than the original cobalt solution. The solution
was left to slowly evaporate. After approximately two weeks the solution had reduced to
about 1 mL. Several large clusters of deep blue rod-like crystals had formed. These were
collecied, quickly washed with acetonitrile and dried in air (Yield 0.21 g,"33%). IR (Nujol,
em™): 2263m, 2218s, 2184s, 1586w, 1483m, 1496s, 1413m, 1313w, 1187vw, 1166vw,
1109s, 1028vw, 996m, 937vw, 928vw, 850vw, 763m, 752m, 723s, 690s. Anal. (%):
Found: C, 50.2; H, 3.3; N, 6.8. Calc. for C;sH2Br2CoN;P: C, 50.0; H, 3.2; N, 6.7. XRD:
The diffractogram of the bulk product matches that calculated from the crystal structure.

A single blue rectanguiar crystal for an X-ray diffraction experiment was chosen
from a reaction that produced PhyP[Co(dca);(NO,)]"MeCN as the major product. This
reaction was cenducted as follows. A solution of Co(NO3);°6H20 (0.146 g, 0.5 mmol) in »-
PrOH (10 mL) was added to a solution of PhyPBr (0.630 g,1.5 mmol), Na(dca) (0.089 g,
1.0 mmol) and NaNO; (0.035 g, 0.5 mmol) in a solvent mixture comprising 35 mL »-
PrOH, 5 mL EtOH and 3 mL MeCN. Immediately on addition the resultant solution
became deep blue in colour. After about three hours several clusters of purple-pink crystals
of PhyP[Co(dca)y(NO,)]'MeCN had formed. After several more hours additional small
clusters of fine blue rod-like crystals had formed. The crystal employed in crystallographic

studies was cut from one of these clusters.




e e K B L T T
iy -'.-.:_i!-'s,q-h:h-.-i;! PR Rt T

T e T
RERRVORC

o e e s P el
iy R o R e

i i ith R LA

Chapter 5 . 243

5.6.5 X-Ray Crystallography

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A). Integration was carried out by the
program DENZO-SMN,’® and data were corrected for Lorentz polarisation effects and for
absorption using the program SCALEPACK.” Solutions were obtained by direct methods
(SHELXS 97)" followed by successive Fourier difference methods, and refined by full
matrix least squares on Fo> (SHELXL 97)"7 with the aid of the graphical interface
program X-SEED.” All non-hydrogen atoms were refined anisotropically (unless
otherwise stated). Phenyl hydrogen atoms were assigned to calculated positions with
isotropic thermal parameters fixed at 1.2 times U, of the adjoining carbon atom.

The crystal of PhyP[Co(dca),(NO;)}MeCN was face indexed and numerical
absorption corrections were applied using the XPREP program.”” The structure of
PhaP[Co(dca)(NO2)-MeCN was refined as a racemic twin with a BASF® (twin
component) parameter that refined freely to 0.49. There was a residual electron peak of
0.89 e A>, at 1.05 A from the nitrite nitrogen, indicating the presence of very little NO;~
(but perhaps some). Thus, the crystal analysed and therefore the bulk sample may be doped
with a very small amount of nitrate. It can be noted that the unit cell length ¢ is
approximately 0.4 A longer for the nitrate complex, which corresponds to the direction of
the uncoordinated nitrate oxygen.

The structure refinement for PhyP[Ni(dca)(NO2)}-MeCN was of a lesser quality
than that of the Co structure. The thermal parameters of the dca ligands were less than
ideal, consequently C(34) was refined isotropically to prevent it becoming non-pesitive
definite. Like the Co structure, there was the presence of racemic twinning, but the twin
component refined to 0.73. Similarly, there was a residual electron peak of 1.05 ¢ A at

1.12 A from the nitrite nitrogen, indicating perhaps a small amount of nitrate doping.
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For PhsP[Co(dca)Br;] no numerical absorption corrections were applied. The
central amide nitrogen of the dicyanamide ligand was found to be disordered over two
positions, modelled as two atoms with site occupancies fixed at 0.5 each, and refined

isotropically. The absolute structure was assigned on the basis of the Flack parameter®™®

of 0.08(3).

5.6.6 Magnetic Measurements

The instrumentation (Quantum Design MPMS 5) DC magnetisation protocols

have been described previously.® Crystals of PhyP[Ni(dca)(NO,)]*MeCN were dispersed
in a Nujo! mull to prevent orientation effects. Dr. B. Moubaraki kindly carried out these

magnetic studies.

5.6.7 Powder X-Ray Diffraction

Powder X-ray diffraction data were collected by Mr. Rod Mackie (School of
Physics and Materials Engineering, Monash University, Clayton) on a Scintag Automated
Powder Difiractometer using a Cu-Ka monochromatic radiation source (A = 154.059 pm),
a solid state Ge detector, 2 mm divergence slit and a 3 mm receiving slit at room
temperature. The programs Crystal Diffract® and Unit Celt® were used by Dr. Stuart

Batten (School of Chemistry, Monash University, Clayton) to confirm that the single

crystals were representative of the bulk samples.
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CHAPTER 6: SYNTHESIS, STRUCTURE AND

MAGNETISM OF
{(Mn(u-OH)(i-OAC)2)-HOAC-H20}, AND THE
FACILITATION OF LONG-RANGE MAGNETIC

ORDER THROUGH HYDROGEN BONDING
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6.1 Introduction

Studies of covalent ligand bridging in extended network coordination polymers
and how this influences magnetic coupling and long-range order have increased
enormously in recent years. The bridging groups CN’, C>04%, RCO> ' and poly-cyano
ligands such as N{CN), 9 have received most attention. Less well studied, however, is
magnetic order occurring via hydrogen bonding pathways, but this is a growing field
within supramolecular magnetochemistry and a number of examples have been discovered
recently.'™'? Generally, the J values and T, (or Tw) values in such systems are very low
with the ordering temperatures less than 10 K. However, a T, value of 23 K was observed
members of the Murray group at Monash in a heterobimetallic NisFe; cluster system in
which well ordered hydrogen bonded (H20); arrays join the clusters.'

Described in this chapter is a new polymeric carboxylate-bridged complex,
{{Mn(p-OH)(u-OAc);} HOAc-H;0},, which displays long-range antiferromagnetic order
(Tn = 6.1 K) facilitated by hydrogen bonding, together with a field induced metamagnetic
transition. In contrast, the desolvated material, [Mn(u-OH)(u-OAc);],, does not order
magnetically. The solvated complex was discovered during attempts to link Mn; and Mny
carboxylate cluster complexes with pseudohalide and pseudochalcogenide ligands, in this
case dicyanonitrosomethanide (ONC(CN);’, dcnm), to form extended networks of clusters.
The denm group was not contained in the product. Similar work, described in Chapter 6,
with dicyanamide (dca, N(CN};") recently led to the simiultaneous discovery of a large
manganese(I1l/1V) carboxylate-alkoxo cluster, [Mn4016(OMe)s(QAcC) s(MeOH)3(H20)s]
-6H,0, which is a new example of a single molecule magnet (SMM), and a linear chain
Mn" complex [Mn(p-OMe)(u-OAc);),."* Again, the N(CN);" ligand was not present in

these products.
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During the writing of this thesis, and while a paper presenting these results was in
press, the preparation, structure and magnetism of {[Mn(u-OH)(u-OAc),]-HOAc-H,0},

1.16

was reported by Christou ef al.”” However, the reported magnetic studies were not as

detailed as those presented here.

6.2 Synthesis and Characterisation of
{{IMn(u-OH) (u-OAc):]-HOAC H20}n

Reaction of #-BuyNMnQ4 with a solution of Mn(OAc)»4H;0 (~1:5 molar ratio)
in acetonitrile/ethanol/glacial acetic acid gave a dark brown solution. After several months
of slow evaporation the solution had become colourless and red-orange needles of {[Mn(u-
OH)(n-OAc)-HOAc'H,0},, were formed. Interestingly, Christou and co-workers'®
synthesised  {{Mn(p-OH)(n-OAc),)-HOAc'H>0}, by reaction of KMnO, with
Mn(OAc);4H,0 in methanol/acetic acid, obtaining a product with no p-OMe’ groups,
which might be expected given the reaction conditions. In Chapter 8, [Mn(p-OMe){(u-
OAc);], is described, which is synthesised from a methanol/acetic acid mixture using
reagents similar to those used by Christou and co-workers to synthesise the complex
presented here.

The infrared spectrum of the red-orange crystals shows v(OH) at 3326 cm™., This
peak is relatively sharp due to the presence of hydrogen bonding of both the u-OH" and the
lattice water. An absorption at 1700 cm™ is probably due to the S(HOH) vibration of the
lattice water, while a strong absorption at 1538 cm™' is due to the v(C=0) vibrations of the
bridging acetates and lattice acetic acid. The first synthetic method, described in the
experimental section, employed denm as it was actually aimed at incorporating the
pseudochalcogenide bridging ligand. It gave crystals within one week. TGA studies

showed the acetic acid and water molecules can be removed to yield [Mn(p-OH)(p-
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OAc),]». The microanalyses of two samples were consistent with a formulation of {[Mn(u-

OH)(n-OAc);} HOAC-H;0} .

6.3 Crystal Structure of {[Mn(u-OH)(u-OAc)2}-HOAc-H20},

Crystallographic data for {{Mn(u-OH)(n-OAc),;]'HOAc-H,0}, are summarised in
Table 6.1. Table 6.2 contains selected interatomic distances and angles (see page 259). The
compound {[Mn(u-OH)(p-OAc);]- HOAc-H,0}, crystallizes in the monoclinic space group
P2\/m. The asymmetric unit contains half a manganese(Iil) ion, two half acetates, one half
hydroxide, acetic acid and water. The metal lies on an inversion centre whereas all other
groups lie on the same mirror plane (excluding the oxygens and two of the hydrogen atoms
of the acetates, and the water hydrogen). As seen in Figure 6.1, the crystal structure
consists of chains of manganese(lll) ions bridged by single u-OH" and double p-OAc
bridges. These chains run parallel to the b-axis direction. A network of hydrogen bonding
exists between each adjacent chain in the ab-plane that involves the p-OH’, the lattice
acetic acid and water molecules. This results in hydrogen bonded sheets (Figure 6.2) that

I ~tom is

stack parallel to the c-axis direction. The coordination environment of each Mn
Jahn-Teller elongated as expected for a near-octahedral d* jon. The equatorial plane
contains the shortest coordination bond, which is to the p-OH oxygen (Mn(1)-0O(8) =
1.8993(8) A), and also contains one of the u-OAc ligand oxygen atoms (Mn(1)-O(5) =
1.939(1) A). The remaining two equatorial sites are filled by the two symmetry equivalents
of these atoms. The other p-OAc’ ligand oxygen atom and its symmetry equivalent occupy
the elongated axial sites (Mn(1)-O(2) = 2.179(1) A). The intra-chain Mn*-Mn distance,
3.3824(2) A, is equal to half the unit cell length b. Similarly, the shortest inter-chain
Mn--Mn distance within the hydrogen bonded sheets, 7.9134(2) A, is equal to the unit cell

length a. The lattice acetic acid molecule was assigned as such rather than a free acetate
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M from coordination

ion for a number of reasons. The manganese ion was assigned as Mn
bond distance and Jahn-Teller distortion considerations and thus charge balance is obtained
by the pn-OH™ and the two p-OAc” bridging ligands. Also, the colour (red) of the product is
consistent with Mn'". One of the C—O bond distances (C(10)-0(9) = 1.191(4) A) of the

acetic acid molecule is consistent with a carbonyl bond and the other (C(10)-0(12) =

1.316(4) A) is likewise consistent with a single C—O bond. Finally, a proton was found on

0O(12) in the direction of the lattice water, O(13), further indicating it to be a molecule of

acetic acid.
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Figure 6.1 Crystal structure of {{Mn{pu-OH)(pu-OAc),]’ HOAc'H;0}, with atom labelling

scheme (thermal ellipsoids shown at 50 % probability).
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Table 6.1 Crystal data for {{Mn(p-OH)u-OAc),) HOAc'H,0},

Compound {{(Mn(p-OH)(p-OAc):F HOAc-H,0},

Formula CsH13MnOg

M 268.10

Crystal system Monoclinic

Space group Pi/m

alA 7.9134(2)

biA 6.7648(2)

c/A 10.8644(3)

Jik 106.90(1)

UIA® 556.48(3)

Z 2

Pealc | 8 em™ 1.600

/K 123(2)

#(Mo-Ko)/mm™ 1.207

Crystal dimensions/mm 0.22 x 0.03 x 0.03

Hrange / °© 2.69 - 28.28

Index ranges -10<h <9,
9<kgT,
-14</<14

Completeness to 26 =55°/%  99.8

T niny Timax 0.7730, 0.9705

Data collected 4528

Unique data (Rin) 1482 (0.0437)

Observed reflections [/ > 20(f)] 1224

Parameters 109

Final R, wR; [I>20()] ® 0.0329, 0.0835

(all data) 0.0433, 0.0883

Goodness of fit, S 1.081

APriny BPmax [ € A7 -0.472, 0.554

@ Ry =2 | |Fol - |Fel |/ Z \Fol, wR2 = {Z [W(F,2 - FE'} E [w(F.)* )2
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Figure 6.2 View of {{Mn(p-OH)(1-OAc);]-HOAc -H,0}, slightly off the ab-plane showing

a single hydrogen bonded sheet (acetate hydrogen atoms are omitted for clarity).

The hydrogen bonding network between chains occurs via the following pathway.
The u~OH" hydrogen bonds to the carbonyl oxygen atom of the lattice acetic acid molecule
(O(8)-0O(9) = 2.691(3) A). The acetic acid then hydrogen bonds to the lattice water
(0(12)-0(13) = 2.550(3) A) which is in turn hydrogen bonded to two acetate oxygen
atoms on two p-OAc” ligands on the adjacent chain (0(13)"-0(2“5 = 2.759(2) A). The
shortest inter-sheet Mn--Mn distance, 10.8644(3) A, is equal to the unit cell length c.

Figure 6.3 shows two such hydrogen bonded sheets.
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Figure 6.3 Packing diagram of {{Mn{n-OH)}(1-OAc),;}- HOAc-H,0}, viewed along the b-

axis, showing covalent chains hydrogen bonding to form sheets.

Table 6.2 Selected interatomic distances (A) and angles (°).

Mn(1)-0(2)
Mn(1)-0(5)

O(2)-Mn(1)-0(5)
O(2)-Mn(1)-0(8)
O(5)-Mn(1)-0(8)
Hydrogen bonding
O(8)-H(8)
H(8)-+0(9)
O(8)0(9)
O(13)-H(13)
H(13)--0(2'")

O(8)—H(8)--O(9)

O(13)-H(13)-0(2'"

2.179(1)
1.939(1)

91.54(6)
92.69(6)
92.16(6)

0.89(2)
1.82(2)
2.691(3)
0.92(2)
1.85(2)

166(4)
171(3)

Mn(1)-0(8)
Mn(1)~-Mn(1%)

O(2)-Mn(1)-O(5")
O(2)-Mn(1)-O(8")
O(5)-Mn(1)-O(8")

0(12)-H(12)
H(12)+-0(13)
0(12)~-0(13)
0(13)--0(2"")

0(12)-H(12)--0(13)

1.8993(8)
3.3824(2)

88.46(6)
87.31(6)
87.84(6)

0.90(2)
1.66(2)
2.550(3)
2.759(2)

170(8)

Symmetry transformations: (i): -x-+1, -y, -z; (ii): 1-x, 1/2+y, -z; (iii): —=x+2, -y, -z
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6.4 Magnelism of {{Mn(u-OH)(u-OAc)z]-HOAc H20},

Two samples were investigated and gave identical results. In a field of 1 T the
magnetic moment of {{Mn(u-OH)(p-OAc);]-HOAc-H,0}, decreases gradually from 4.7 ug
(T = 2.76 cm*mol'K) at 300 K to 2.9 5 (7= 1.05 cm’mol'K) at ~12 K, then increases
to yield a sharp maximum at ~8 K of 3.5 up (T = 1.53 em’mol'K) before decreasing to
reach 1.9 pp at 2 K (3T = 0.45 cm’mol'K) (Figure 6.4). The 12-300 K region shows a
corresponding Curie-Weiss behaviour with & = -27 K and C = 2.8 cm’mol'K. This is
indicative of intra-chain antiferromagnetic coupling. When the sample is desolvated by
heating at 80°C in vacuo, the sharp transition at 12 K disappears and the moments decrease
more quickly than in the parent solvate, from 4.6 us (T = 2.65 cm’mol'K) at 300 K to
1.25 g (T = 0.195 cm®mol'K) at 2 K. The corresponding yw. values show Curie-Weiss
behaviour, without a maximum, which indicates very weak coupling and/or monomer
impurity being present which shows a maximum in ym». These differences in behaviour
show that intra-chain antiferromagnetic coupling persists in the desolvated species and that
a magnetic phase transition to an ordered state below ~12 K occurs in {{Mn(p-OH)(p-
OAc);FHOAc-H;O},. 1t is likely that the hydrogen bonded pathways between the chains

are responsible for long-range order but this can not be proven unambiguously.
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Figure 6.4 Plots of effective magnetic moment, i, versus temperature in a field of 1 T
for {(Mn(u-OH)(p-OAc),]-HOAc-H;0}, (O) and the desolvated species, [Mn(u-OH)(u-
OAc):], () (in these and other magnetic plots in this chapter, the solid lines are not

calculated fits).

A range of magnetic measurements was employed to probe the nature of the long-
range order in {[Mn(p-OH)(p-OAc),’ HOAc-H20},. First, the use of lower fields in the

DC susceptibility measurements (20, 100, 400, 800 Oe) confirmed the sharp maximum in
Zva 8t 6.0 K in these fields, with ymx moving only a little to lower temperature and
increasing only a little in value when applied fields of 20 to 800 Oe were progressively
used (Figure 6.5). The Ty value of 6.1 K was confirmed from plots of d(yT)/dT versus T.
The shape of the sharp maxima in ymj, is indicative of long-range antiferromagnetic order
occurring although extrapolation of the ymn values to 0 K, below ymax, in a field of 20 Oe,
is close to 1/6 of the value at ymax (T) rather than the 2/3(ymi) expected for a two sub-

lattice collinear-antiferromagnet. Kurmoo has observed similar ratio values in Co"
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carboxylate materials.'” It is possible that orientation of crystallites is occurring giving i

like behaviour, a phenomenon not unknown in anisotropic Mn' species.'® Use of a 1500

Oe field showed no maximwn but a saturation in jyu, below ~4 K. The 3000 Oe field data
behaved likewise, but the saturation y value was lower than in the 1500 Oe field and lower
again in the 1 T field. This field dependent behaviour in the 20-1500 Oe region is
indicative of either spin-flop behaviour observed in weakly coupled antiferromagnets'>!'*%
or, more likely, of metamagnetic behaviour in which a ferromagnetic phase is induced by
increasing the applied field. In the present case the high temperature region (10-300 K)
displays antiferromagnetic coupling and thus, if metamagnetism occurs, a ferromagnetic
phase must be of the weak ferromagnet / canted-spin antiferromagnet type. The decrease
observed in the saturation value of y, at temperatures below 6 K, as H is increased from
1500 Qe to 3000 Oe and 10,000 Oe is a result of the canted-spin antiferromagnetism that
will align spins opposite to the field. Indeed, this can be seen in the magnetization
isotherms shown in Figure 6.6 which, at 2, 3 and 4 K, show sigmoidal M vs. H behaviour
typical of metamagnetism (critical field = 1000 Oe¢), while at higher fields e.g. 3000,
10,000 Oe the y (from M/H) values at 2-5 K are lower than at 1500 Oe because of the spin-
canting. The M values increase slowly, and almost linearly, between 1 and 5 T (below %),
reaching 0.79 Nf at H =5 T (not shown in Figure 6.6 for clarity), a value well below the §
=2 value of 4 NG. Presumably an enormous field would be required to reach saturation and
a ferromagnetic phase. This contrasts with the rapid change from antiferromagnetic to
canted-spin phase in small, increasing fields. Recent examples of somewhat similar but not
identical field induced antiferromagnetic to canted-spin antiferromagnetic or to
ferromagnetic transitions have been given by Kurmoo ez al.'” and by Mallah e al.® for a

2D Co"-pyromellitate and a 2D Cr'"Ni" cyano-bridged system, respectively.
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Figure 6.5 Temperature dependence of the DC magnetic susceptibilities for {[Mn{u-

OH)(-OAc), HOAc-H,0},, in applied fields of 20 (M), 100 (O), 400 (A), 800 (V), 1500
(<), 3000 (+) and 10,000 (X) Oe.
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Figure 6.6 Isothermal magnetization of {[Mn(u-OH)(p-OAc);]'HOAc'H,0}, at 2 (&), 3
(®),4 (M), 5.5(V), 10(#®),20(+) K. Note that at 2 K the M values have a close to linear

dependence on H up to 5 T and do not saturate (see text).
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The present compound shows essentially no hysteresis in M, at 2 K, in the * 2000
Oe DC sweep (Figure 6.7), the sigmoidal behaviour being clearly evident. The in-phase
AC susceptibility component, ¥’, measured using a field of 10 O¢ and frequency of 100
Hz, shows a sharp maximum at 6.2 K and a shoulder at 3.9 K, while the out-of-phase
component " shows zero at 6.2 K but, surprisingly, a sharp maximum at 2.3 K (Figure
6.8). These data also support antiferromagnetic order occurring below 6.2 K, the transition
at 2.3 K probably being due to the spin-canting. Further work is required to confirm the

latter.

0.30

0.20

-0.10

-0.20

-0.30 U ! I 1 ] 1. | | I
-2000-1500-1000-500 0O 500 1000 1500 2000
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Figure 6.7 Isothermal magnetization of {{Mn(p-OH)(n-OAc),}' HOAc'H;0}, at 2 K in the

field ranges of = 2000 Oe.
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Figure 6.8 (a) Temperature dependence of the AC in-phase magnetic susceptibility, 7/, in
a field of 10 Oe and frequency of 100 Hz, and (b) temperature dependence of the AC out-

of-phase component, 7”".
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Measurement of the field-cooled magnetization (FCM; H = 10 Oe) and the zero-
field cooled magnetization (ZFCM) show identiéal behaviour at temperatures 4-25 K with
a sharp maximum at 6.1 K and the cusp-like decrease in M, below Iy (Figure 6.9). The
lack of any bifurcation of the FCM and ZFCM plots is indicative of being in an
antiferromagnetic phase in this 10 Oe field. Canted-spin antiferromagnets or ferromagnets

would show bifurcation at 7, and would show hysteresis.

1.0
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. 06}
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~ 04l
=
021
00— 10 15 20 25
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Figure 6.9 Temperature dependence (4-25 K) of the FCM and ZFCM for {{Mn(p-OH)(u-

OAc);} HOAcH;0},.

6.5 Conclusions

A new solvated lincar chain manganese(Ill) complex, {[Mn(p-OH)(u-
0QAc);)' HOAc-H,0},,, has been isolated. The chains, similar to those observed in a

complex also reported by the candidate, [Mn(p-OMe)(u-OAc)z], (see Chapter 8) are
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composed of octahedral Mn" atoms linked by single methoxide bridges and double acetate
bridges. The chains are linked via hydrogén bonding pathways through the solvated acetic
acid and water molecules, to form 2D sheets.

Detailed magnetic measurements on this material have revealed fascinating
magnetic properties. The magnetic data for the layered structure in {[Mn(u-OH)(u-
OAc);HOAc-H,0}, are compatible with the occurrence of weak antiferromagnetic

coupling along the Mn™

chains mediated by the two p-OAc” and one p-OH" bridges, as
often is the case in similarly tri-bridged dinuclear Mn'' complexes.”® Long-range
antiferromagnetic order occurs below a Ty of 6.1 K probably involving hydrogen bonded
(Mn—-OH:-HO,CCHj--OH;-O,CCH3—Mn) pathways between the chains. An unusual
phase fransition from antiferromagnetic to canted-spin antiferromagnetic (weak
ferromagnetic) occurs as the field is raised from O to ca. 1000 Oe, the spin-canting

M centres. Removal of

originating from chain-chain interactions containing anisotropic Mn
the solvate molecules removes the 3D magnetic order. The similar Mn"' carboxylate chain,
[Mn(p-OMe)(QACc);}),, having bridging methoxide groups instead of hydroxide moieties
and no acetic acid or water solvent molecules, displays no long-range order. The fact that it
possesses no hydrogen bonding pathways and displays no magnetic long-range order
would seem to support the conclusion that the magnetic order observed here is indeed
facilitated by the hydrogen bonding network.

There are other recent examples of hydrogen bonded networks having ordering
temperatures of similar magnitude to that observed here.'®'® In one such example, a

{Ni"alcohol-nitroxyl radical} heterospin system, a field induced antiferromagnetic to

canted-spin antiferromagnetic phase was observed, similar to that observed here."!
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6.6 Experimental

6.6.1 Synthesis of {{Mr(n-OH)(n-OAc),;]-HOAc-H,0},

An ethanolic solution (10 mL) of MesN(dcnm) (0.195 g, 1.16 mmol) was added
with stirring to a solution of Mn(OAc),-4H,0 (0.284 g, 1.16 mmol) in 10 mL acetonitrile,
20 mL ethanol and 7 mL glacial acetic acid. Solid n-Buy,NMnQ, (0.076 g, 0.210 mmol)
was then added in small portions. At this time the solution was a dark red/brown colour.
The solution was stirred for about three hours, after which a small amount of the solution
was placed in a Petrie dish to evaporate, the remainder covered and left to stand. After one
day many red-orange crystals had formed. These were collected by filtration, washed with
ethanol and dried with ether and placed in a sealed vessel (under nitrogen) to prevent
desolvation that occurred in air over a period of days. (Yield ~90 mg, 21 % based on total
available Mn). IR (Nujol mull, cm"): 3336sbr, 2601vw, 2040vw, 1776vw, 1699s, 1505s,
1455s, 1277s, 1148m, 1039m, 963vw, 888w, 676w. Anal. (%) Found: C, 26.8; H, 4.7; N,
0.0. Calc. for CeH;3MnOg: C, 26.9; H, 4.9; N, 0.0.

After about one week many red-orange crystals rod-like crystals were present in
the remaining solution. A suitable crystal was chosen for a single-crystal X-ray diffraction
experiment.

It was subsequently found that Me N(dcnm} was not necessary for the successful
synthesis of {[Mn(p-OH)(n-OAc);'HOAc'H20},. Thus, solid n-BuyNMnO, (0.076 g,
0.210 mmol) was added in small portions with stirring to a solution of Mn(OAc)>'4H,0
(0.284 g, 1.16 mmol) in 10 mL acetonitrile, 20 mL ethanol and 7 mL glacial acetic acid.
The resultant dark black-brown soluticn was left to stand to slowly evaporate. Afier several
months the solution (now colourless) had almost evaporated to dryness and a solid was

present consisting of red-orange needles. About half of this solid was collected by
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filtration, washed quickly with ethanol, dried with ether, then placed in a sealed vessel
(under nitrogen). (Yield 0.076 g, 21 % based on total available Mn). The remainder of the
solid was left in the mother liquor. IR (Nujol mull, em™): 3326sbr, 1700s, 1538s, 1438s,
1278m, 1150m, 1038m, 888w. Anal. (%) Found: C, 27.0; H, 4.8; N, 0.0. Calc. for

CeH13MnOg: C, 26.9; H, 4.9: N, 0.0,

6.6.2 X-Ray Crystallography

Data were collected on a dichroic yellow-red rod-like crystal using a Nonius
KappaCCD diffractometer with graphite monochromated Mo-Ke radiation (A = 0.71073
A). Integration was carried out by the program DENZOQ-SMN,** and data were corrected
for Lorentz polarisation effects and for absorption using the program SCALEPACK.?
Further face-indexed numerical absorption corrections were applied using the program
XPREP. Solutions were obtained by direct methods (SHELXS 97)* foliowed by
successive Fourier difference methods, and refined by full matrix least squares on Fops’
(SHELXL 97)® with the aid of the graphical interface program X-SEED.?* Al non-
hydrogen atoms were refined anisotropically. The hydrogen atoms of the chain, the oxygen
bound acetic acid hydrogen atom and the water hydrogen atom were located and refined
isotropically and their bond lengths were restrained using the DFIX instruction to be
0.96(2) and 0.90(2) A for the carbon and oxygen bound hydrogens respectively. The
methyl hydrogen atoms of the acetic acid were not included due to the large thermal
motion of the methyl carbon (refinements of such hydrogen atoms presented extremely
large Ujq, values) and their relative unimportance with respect to the hydrogen bonding

interactions.
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6.6.3 Magnetic Measurements

The instrumentation (Quantum Design MPMS 5 and PPMS (AC)), DC
magnetisation and AC susceptibility protocols have been described previously.” Care was
taken to see that {[Mn{u-OH)(p-OAc);-HOAc-H,0}, did not partially desolvate in the
sample chamber and it was found that use of a gelatine capsule to contain the sample was

adequate. Dr. B. Moubaraki kindly carried out these magnetic studies.

6.6.4 Thermogravimetric Analyses

Thermal degradation studies were performed on a Simultaneous Thermal
Analyzer (Rheometric Scientific, STA 1500), which was calibrated using a four point melt
series (indium, tin, lead, and zinc). Experiments were performed in aluminium pans. Three
freshly prepared samples of {[Mn{u-OH}u-OAc);]-HOAc-H,0}, were used. Two
experiments were performed under a N; flow, between 25-400°C with heating rates of 2
and 10°C per minute. One experiment was performed under a flow of dried air, between
25-150°C with a heating rate of 0.5°C per minute. A mass loss of 27-28 % occurred up to

80°C, the calculated value of loss of HOAc-H>0 being 29.1 %.
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This chapter is the second of two introductions, the first of which, Chapter 1, is a
general introduction to molecule-based magnets. It introduces the closely related field of
single-molecule magnetism, with a review of manganese cluster complexes. It is noied tha:
much of the literature refers to large multinuclear (or oligonuclear) complexes as ‘cage
complexes, whereas other authors use the term ‘cluster’. Both terms are usedl

interchangeably in this thesis, although ‘cluster’ is used more often.

7.1 Background

A great deal of current research into Mn cluster chemistry focuses on two ma n
topics of interest. Firstly, in the bioinorganic arena many model complexes have be:n
made to replicate the properties and function of manganese containing proteins aid
enzymes, including, significantly, the water oxidation complex (WQOC) in the Photosystem
II .(PSII) of green plants and cyanobacteria, which is responsible for the catalysis of ihe
light driven oxidation of H,0 to O,.""® Despite the absence of definitive structural details,'
it has been established that the active site of the protein contains a Mny aggregate (possit ly
a tetranuclear cluster, or a trinuclear cluster located near a single Mn ion, or a pair of
dinuclear complexes) bridged by O or OH' and ligated by O- and/or N-donor atoms fron
amino acid side chains (aspartate and/or glutamate carboxylate, tyrosine phenoxid:,
histidine imidazole). Detailed spectroscopic, EXAFS, XANES and crystallographic studics
have been made to probe the Mny(Ca) p-oxo cluster in the redox states Sp to g, Biii-ie
Secondly, in the field of nanomagnetic materials, some large high-spin manganes:
carboxylate clusters display magnetic properties previously only associated with nano-
sized particles of magnetic metal oxides, that is, they can be magnetized and as such have

been termed single-molecule magnets (SMMs). They also display unusual gquantum

mechanical effects in their single-crystal magnetisation hysteresis plots.
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In 1980 the structure of a <odecanuclear manganese complex,
{Mn,,0,2(0Ac)6(H,0)4]-2HOAc4H,0 (*“Mny,-acetate’, Figure 7.1) was determined by
Lis.!* In 1993, Christou er al'® and Gatteschi et al'’ discovered that Mn;-acetate
functions as a single magnetic domain with slow relaxation of magnetisation (of several
months) at temperatures below its blocking temperatuse (T5) of 4 K.'® There has since been
considerable interest in the magnetic properties of Mn;;-actetate, which has an unusually
high S = 10 ground state brought about by the antiparallel coupling of 8 Mn'™" (total S =
32/2) and 4 Mn'Y {total S = 12/2).'8'3 ! In 1996, it was reported that Mny,-acetate displays

quantum tunnelling of magnetization hysteresis and this led to the possibility of use in

32-35

quantum compating.

Figure 7.1 The crystal structure of Mnjz-acetate (spheres represent Mn atoms, lattice

waters and acetic acid are omitted for clarity).
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Classical nanomagnets are prepared by fragmentation of macroscopic
ferromagnetic multi-domain particles, whereas SMMs are prepared by solution methods
from smaller precursors.*® This has been referred to as an ‘upscale’ approach, i.e. a ground
up approach rather than the ‘downscale’ or fragmentation synthetic procedure.’”*® As such
SMMs are single domains with a single particle size, not a distribution of sizes. SMMs,
like infinite network molecule-based magnets, are amenable to chemical modifications by
slight alteration or complete change of the molecular precursors. SMMs can be soluble in a
range of solvents, meaning thin films can be prepared.’® Additionaily, SMMs have the
potential to be high-density memory devices or components in quantum computers,>6~°
SMMs also present the opportunity for chemists and physicists to co-operate towards
bridging the gap between the classical and quantum theories of magnetism.*® The major
disadvantage SMMs possess is the extremely low temperatures at which they undergo slow
magnetisation relaxation.

Briefly, before discussing these species in more detail below, to date the family of
SMMs includes many manganese carboxylate clusters of nuclearities Mng,*' Mno,**
an,‘“"” Mn; 2,26'48'5 ! Mng>? and the largest to date, Mn30.53 Very recently a Mnmzﬁ cage
complex has been reported to show preliminary evidence of SMM behaviour.”® Other
nuclearities such as Mns, Mng>>*® Mn;,Y Mng*Mn;,,°® Mnys,® Mnw,®
BagNa,ClMn;6,52% Mn,s-oxo-alkoxide,® and Mny* do not display SMM behaviour, even
though some have high-spin ground states, one of the prerequisites for being an SMM. The
best and most well studied class of SMMs are the Mnjs-acetate variations,
[Mn;30,2(02CR);6(H,0), )" (n = 0, 1, 2; x = 3, 4) and their derivatives, which include

mixed carboxylates, and partial non-carboxylate substituted species.'™*"*%¢77°




.
S |

st

what

P RSN

A e

' -:'é
o }3
13 ".‘
I

4
5
2l

4 e

Chapter7 277

A comparatively small number of SMMs that do not contain manganese have also
been reported. These include Fe,,”' Fegy,’>7® Feyo, ' Fepo,”” and V508 complexes. Very
recently Nilz,gm4 Ni21,35 Cc:-‘;,36 and Ni487 clusters have been reported to display SMM
behaviour in the millikelvin temperature range. The SMM family is not limited to oxo-
based species, and now includes a few examples of cyano-bridged clusters (vide infra).*®

The chief research goals in the field of SMMs are to discover new species with
ever-higher ground state spin values, S, and larger negative values of axial zero-field
splitting parameter, D. The latter usually requires non-symmetrical cluster geometries. By
synthesising larger metal clusters of higher nuclearity and low symmetry, it is thought

these goals, and obtaining higher blocking temperatures, can be achieved.

7.2 The Origin of Single Molecule Magnetism, and the
Occurrence of Quantum Phenomena

What follows here is a superficial treatment of ;vhat is an enormously complex
subject that requires a level of understanding of quantum physics beyond the scope of this
thesis. The candidate endeavours here to introduce some basic concepts to give the reader,
who is not already familiar with this relatively new and multidisciplinary field, a
background for the results presented in the following two chapters. The interested reader is
directed to some excellent recent review articles on this field by Christou and Hendrickson
et al.,'"* ¥ and Gatteschi et al.,>™*'™ some more in-depth than others.

Single molecule magnets (SMMs) are so named because at temperatures below a
blocking temperature, 75, each molecule can be magnetized and behaves as a single
magnetic domain. Below this 7p the thermal energy is not sufficient to allow free rotation
of the spin (the value of T depends on the experimental technique).”* When a sample of

an SMM is exposed to a large external magnetic field all of the molecules have their spins
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aligned with the external field. When the field is cycled to zero, the rate of magnetization
relaxation is very slow. For example, if a molecule of Mn;,-acetate is magnetised at 2 K by
an applied field, after two months kept at that temperature, the magnetisation is still ca. 40
% of the saturation value.’®

The aforementioned archetypal SMM, [Mn,,0,,(0Ac)4(H;0),]-2HOACc-4H,0,
Mn,;-acetate, consists of a ceniral [Mn“'404]8+ cubane unit connected to an outer ring of
[Mnl"sog]s"'. AC magnetic susceptibility and high-frequency electron paramagnetic
resonance (HFEPR)***"*® measurements indicate that it has a ground state spin of § = 10.
The large ground state is a result of ferrimagnetism, the antiferromagnetic coupling of the
four central Mn'¥ ions (§ = 3/2) and the eight perimeter Mn" ions (S=2) (Figure 7.2).38 An
axial zero-field splitting is present, largely due to the single ion magnetic anisotropy of the
eight Mn" ions, leading to a splitting of the § = 10 ground state into 21 levels, each
characterised by a spin projection quantum number Mg, where -§ < My < §. Each level has
an energy given by E(Ms) = M*D, where D is the axial zero-field splitting parameter,
which for Mnjs-acetate is ca. -0.46 ¢cm™.% The negative sign of D leads to a potential
energy barrier between the “spin-up” (Ms = -10) and the “spin-down” (Ms = 10)
orientations of the individual Mn;; molecules. Thus, the inversion of the spin of an
individual molecule requires energy to overcome the barrier potential (Figure 7.3). If the
barrier height is appreciable the molecule can be “trapped” on one side of the double
potential energy well. Thus the SMM is magnetised in one direction. The barrier height

energy is given by AE = E(Ms = 0) - E(Ms = +10) = $2| D| 3*
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Figure 7.2 A schematic diagram showing ferrimagnetic interactions between central

M jons in the core of Mnjs-acetate (smaller spheres

cubane Mn'" ions and perimeter Mn
represent i3-O” ions). The ferromagnetic interactions in the Mn'"s perimeter (continuous

line) and Mn'", cubane (dotted line) and antiferromagnetic interactions between perimeter

and cubane (dot-dashed line) are shown. Reproduced from reference 99.

Energy

m=1G

Magnetization Direction —*

Figure 7.3 Plot of the potential energy vs. magnetisation direction for an SMM (Mni2-

acetate) with an S = 10 ground state, in zero external magnetic field. There is an axial zero

field splitting, D < O (reproduced from reference 36).
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In addition to high spin ground state values, ‘ecasy axis’ type (meaning the
magnetisation is preferentially oriented in a single direction) magnetic anisotropy is an
essential feature of SMMs.” In the case of Mn;;-acetate and other Mn based SMMs, it is
the Jahn-Teller distortions in the crystal field of the Mn' jons, together with spin-orbit
interactions that give rise to the single-ion anisotropies. It follows that structural anisotropy
is also required to give overall magnetoanisotropy. For example, a Mn"'s complex®® (vide
infra) with an S = 12 ground state has a highly symmetrical arrangement of the Mn""
centres resulting in magnetic isotropy with D = 0.%

The slow relaxation of magnetisation is a key indicator of SMM behaviour and is
usually detected as a frequency dependence of the out-of-phase, 3", signal in AC
susceptibility measurements (Figure 7.4). A species that possesses a magnetisation
relaxation mechanism that is slower than the oscillating applied field cannot stay in phase
with this field, and will exhibit a peak in the out-of-phase component of the AC
susceptibility.*”'% At the temperature at which 7" goes through a maximum, the relaxation
frequency of magnetisation is equal to the operating AC field frequency.” The
magnetisation relaxation rate is quantified by analysing the frequency dependencies of the
7" signals. The relaxation times at each temperature are determined and the data least
squares fit to the Arrhenius equation (Equation 7.1). From this plot, the height of the

barrier to reversal of magnetisation (4E = §%| D |) and the pre-exponential factor, , are

determined. Mn;,-acetate has a barrier height of AE = 43 cm™ (62 K).211%
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Figure 7.4 Plots of AC y” versus temperature at different frequencies for an SMM (taken

from Chapter 8).

T= Toe_AE/kT Equation 7.1

7 = relaxation time = 1/(2nv) (s),

To = pre-exponential factor,

v = AC frequency (Hz) of applied field,

AE = activation energy or barrier height of the double potential energy well (cm™),

k = Boltzmann constant.

SMMs show magnetic hysteresis due to the presence of the potential energy
barrier between the “spin-up” and “spin-down” states. When a sample of SMMs is exposed
to a large external field, the magnetisation of each molecule is saturated on one side of the
double well and is “frozen™ due to the barrier potential, and thus only slowly returns to
zero magnetisation. A negative field reduces the height of the barrier and “unfreezes” the
spins, thus allowing a rapid reversal of magnetisation. Therefore, hysteresis of a purely

molecular origin is observed. Therefore, it is in principle possible to store data on a single
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bistable molecule.” The magnetisation hysteresis loop of Mn-acetate is shown in Figure

7.5.
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Figure 7.5 Plot of magnetisation vs. applied field hysteresis loop for a single crystal of

Mn,;-acetate with the field paralle] to the tetragonal axis (c-axis) at 2.1 K, showing

‘stepped’ hysteresis (reproduced from reference 91).

It has been shown that the magnetic behaviour exhibited by an SMM is entirely
due to individual molecules and, unlike long-range ordered materials, is not the result of
cooperative effects throughout the bulk solid. This conclusion is supported by several

experiments, such as magnetisation measurements on frozen solutions®#**!

or polymer
doped films," which show the same properties as the solid crystalline sample. In addition
heat capacity measurements gave no indication of long-range magnetic order, thus ruling
out intercluster interactions.”'""

An exciting aspect of these systems is that due to their small size they are able to
display quantum effects such as quantum tunnelling of magnetisation. In Figure 7.5 *steps’

can be seen in the hysteresis loop. These steps correspond to an increased rate of change in
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the magnetisation occurring when there is an energy coincidence of the levels on the
opposite sides of the double-well potential. The molecules relax via resonant tunnelling
through the barrier potential.’® This may be understood by remembering that a quantum
object possesses a wave nature. The wavefunction of a quantum particle in a potential well
with a finite energy barrier has a non-zero value beyond the well. So in the case here, when
the energy levels coincide on opposite sides of the finite barrier potential the two
wavefunctions can mix or superimpose. Therefore there is a non-zero probability that the
quantumn particle is on both sides of the well, hence it has tunnelled through the barrier
Izvc)tf.ential.g'l

The observations of quantum phenomena such as quantum tunnelling and
quantum coherence in these SMM systems have excited many researchers worldwide. Not
only do they bridge the gap between classical and quantum physics, but are potential
hardware components in quantum computers, where information is carried in quantum bits
or ‘qubits’ in individual molecules. 091102104 The rapid growth of high-speed computing
and the need for still faster and smaller magnetic devices for computers has lead to much
interest in the field of nano-scale magnetic materials. One of the very difficult challenges is
to be able to address individual molecules and read the information stored. The goal of the
ultimate miniaturization of information storage to the molecular scale could conceivably

lead to massive increases in data storage and processing.

7.3 Examples of Manganese Carboxylate Cluster Complexes

and Single Molecule Magnets

What follows is not intended to be a totally exhaustive review of manganese
carboxylate cluster chemistry, but rather an exposure to the field with a number of

examples described to illustrate the considerable structural variation that has appeared in
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the literature to date. Winpenny has recently published a detailed review of high-nuclearity
3d-metal complexes with O- and N-donor ligands.'® 1t is clear from what is presented
below, the fascinating structural diversity and resultant magnetic properties possible, are
seemingly limited only by the inspiration (and perspiration) of the synthetic chemist.
Chance also plays a role — for many years the synthesis leading to Mn™",-acetate was
regarded as a method of making “Mn" acetate”. The rational design of clusters of
particular nuclearities from the given precursors is very difficult - many of those that

foliow were obtained serendipitously.

7.3.1 Tetranuclear Manganese Carboxylate Complexes

In terms of the field of SMMs, the trinuclear oxo-centred species,
[M30(02CR)6LsT*, x = 0, Mn", 2Mn"™; x = 1, 3Mn"!; R = Me, Et etc.; L = py, H,O etc.
(also other metals, e.g. Cr, V, Fe), are predominantly utilised as starting materials for
higher nuclearity complexes.'® For example, Christou and co-workers have reacted these
complexes with chelating ligands such as 2,2'-bipy to yield a number of Mny specie,s.7 The
chief models for the WOC are tetranuclear manganese complexes, consequently, a great
number of examples have appeared in the literature."*®!%1% Several structural types of
Mny carboxylate complexes have been reported to date. One of the most frequently
observed families is that containing a [Mny(us-0).", x = 6-8 (Mr'-Mn"™; Mn"'Mn"y;
Mn'"y), core with a planar or bent butterfly-like arrangernent of four manganese ions
bridged by two n3-O% ions, shown in Figure 7.6, where a line drawn between the two
central Mn centres represents the ‘body’ of the butierfly and the two end Mn centres

represent the two ‘wingtips’.
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Figure 7.6 Schematic representations of the [MnsO;] core with the (a) planar or (b) beut,

“butterfly” structure.

Two particular model examples were synthesized by Christou and co-workers,
[MO2(OAC);(bipy)l™* (x = 0 and 1) and [MnsOx(OAc)s(bipy);].” The former two
complexes possess the bent butterfly structure (Figure 7;6(b)) with Mn", 3Mn™ (8o model)
and 4Mn™ (S; model) respectively. The latter complex has a planar structure (Figure
7.6(a)), with 2Mn", 2Mn'" and is a model for the “superreduced” state, S., of the WOC
that is apparently not involved in the catalytic cycle.'”® Other [Mn4O;] type clusters have
been reported with peripheral ligation provided, for example, by the anions of picolinic
acid (pic),® 8-hydroxyquinoline (hqn’),''® 5-chloro-8-hydroxyquinoline (Cl-hgn),'"" 2-
{(hydroxymethyl)pyridine (hmp),''® or dibenzoylmethane (dbm"). 12 These types of
complexes generally do not display SMM behaviour. The examples given above have not
proven to be useful for the synthesis of higher nuclearity species, presumably due to the
chelating ligands blocking further aggregation.'® However, a related anionic complex (-
BusN)[Mn'",05(02CPh)s(H,0)],*'** shown in Figure 7.7, contains a [MnsO;]*" bent
butterfly core with onty H,O and PhCO-" peripheral ligands, and it has proven to be an

excellent starting material for larger clusters, for example a Mng species.”



Chapter?7 286

Figure 7.7 The crystal structure of [MnsO2(O,CPh)s(H,0O)]™ possessing the bent butterfly
core structure (only the ipso carbons of the benzoate groups are shown for clarity,

reproduced from reference 18).

A related class of Mny clusters has a similar core unit to those above, but two p3-
alkoxo. groups from nitrogen-oxygen donor chelates replace the two p3-02' ions, and four
additional p-alkoxo groups also make up the rhombohedral core (Figure 7.8). This type can
be derived from the planar butterfly model by changing the geometry of the planar p3-O
centres to trigonal pyramidal, with one either side of the planar Mns rhombus. By
inspection of the resulting core unit, including the four p-alkoxo groups, it can be seen that
it displays the Cdl; layered structure with Mn centres occupying octahedral sites

sandwiched between two layers of hexagonally packed O atoms.
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Figure 7.8 A schematic representation of the Cdl,-like core unit of the second type of Mny
cluster, where all bridging oxygen atoms shown are alkoxo groups from nitrogen-oxygen

chelates,

This phenomenon of large poly-oxo cluster complexes adopting layered mineral
type core structures is not uncommon and is discussed in detail in a review on polynuclear
cage complexes by Winpenny® and is mentioned in Chapter 8 in connection with the new
hexadecanuclear cluster complex [Mn);sO016(OMe)s(OAC)1s(MeOH)3(H20):36H,0
synthesised by the candidate. Several examples of this Mny class have been shown to
exhibit SMM behaviour."'*'** One example, [Mnsy(OAc)x(pdmH)s)(C104); 2Mn", 2Mn"),
{(where pdmH; = pyﬁdine-2,6~dimethanol),l16 is shown in Figure 7.9(a). Depending on the
type of solvation, the complex possesses either an § = 8 (desolvated) or S = 9 (hydrated)
ground state. The hydrated species has an axial zero-field splitting parameter of D/k = -
0.45 K and a barrier potential energy, AE = 36.5 K (25 em™). An example without any
carboxylate bridging groups is the cationic SMM [Mns(hmp)¢Br2(H20);]Br,-4H,0 (Figure
7.9(b)), where hmp” is the anion of 2-hydroxymethylpyridine and is the only bridging
ligand, It has an § = 9 ground state with D/k = -0.498 K (-0.34 em’) and AE=15.8K (11

cm']).' 15
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Figure 7.9 The crystal structures of the (a) [Mng(OAc)(pdmH)J** and (b)

[Mny(hmp)sBra(H20),]** cations (thermal ellipsoids shown at 50 % probability).

Reproduced from references 116 and 115 respectively.

Another major class of Mny SMMs has the distorted cubane core, [anMnm3(;.13-
0)a(3-X)]%, shown in Figure 7.10, where one vertex of the cubane is occupied by an X
group (halide, "OH, "OMe, "0,CR, N3y or NO;3') and the Mn'Y centre resides at the opposite
vertex of the cubane.'® [Mn,O3(OAc).(dbm);] (Figure 7.11(a)) has one n'.13-OAc, three
n-OAc ligands and three chelating dbm™ ligands.'™!'” The benzoate analogue,
[MnyO3(02CPh)s(dbm);] (Figure 7.11(b)) is less symmetrical, having an 12 13-02CPh
group, owing to the larger size and resultant steric hindrance of the benzoate ligand.

Interestingly, this distorted cubane core type can be identified at the centre of

Mn,-acetate and related complexes, where X = j13-O% and all Mn centres are Mn'.
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Figure 7.11 The crystal structures of [MnsO3(0,CR)4(dbm);] R = Me (a) and Ph (b), with
the central cubanes and surrounding Mn-Q bonds highlighted (black). Reproduced from

reference 18.

Some examples of Mny clusters with less common structural types are described

'"2 complex,

below. Using a ligand related to hmp’, Yoo ef al."? reported a Mn';Mn
[Mns(6-Me-hmp)sCls)-4H,0 (6-Me-hmpH = 6-methyl-2-hydroxymethylpyridine), which
has four manganese ions arranged in a ‘bent chain’ (Figure 7.12). A ladder-like [Mn4O;]
core is present in a Mn"Mn"; complex, [MnsO2(OMe)s(O2CPh);L(MeOH))(ClOs):
(Figure 7.13), where L = 1,2-bis(2,2'-bipyridine-6-yl)ethane. This complex is an SMM

with an § = 7/2 ground state and axial zero-field splitting parameter D = -0.77 cm™.'"




Chapier 7 290

Ladder-like cores with the same ligand, L, have been observed previously in the Fe™

complexes [FeﬁO4C14(02CPh)4L2]2+ and [F%Os(OzCPh)g(Hzo)szf","9“20

Figure 7.12 The crystal structure of [Mny(6-Me-hmp)sCli]'4H2O (reproduced from

reference 115).

Figure 7.13 The crystal structure of IMn,02(0OMe)3(02CPh),Lo(MeOH}(ClO4),, which

possesses the ladder-like [MnyO,] core (reproduced from reference 118).
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7.3.2 Mnj-acetate, its Derivatives and Related Dodecanuclear Manganese

Carboxylate Clusters

As stated above, the first complex characterised to be what was later called a
single-molecule magnet (SMM), was [Mn;;0,5,(0Ac)c(H20)4)2HOACc-4H,0O (Mn,>-
acetate) shown in Figure 7.1. The molecule ts roughly planar or disc-like in shape. Its
structure consists of a central [Mn'"4(13-0)4)*" cubane that is linked to an outer perimeter
of 8Mn" centres by 8 u;-0” ions and 4 p-OAc (above and below the disc plane).”

" centres consist of 8 u-OAc (in the plane of the

Peripheral ligation of these 8Mn
molecule), 8 p~OAc” (perpendicular to the plane of the molecule) and 4 terminal H,O
ligands. The H,0 ligands are situated on every second Mn'" centre, oriented in an ‘up-
down-up-down’ fashion. If we consider only the p;-O* bridges between the perimeter

Mn"™ and cubane Mn'" centres, the Mn"

centres fall equally into two classes. We can
define the ‘type I' Mn'" centres as the ones with double p3-O bridges to single Mn'Y
centres, whereas ‘type II' Mn'"" centres are defined as those with single y3-O% bridges to
two Mn'" centres. The arrangement of the four H,O ligands in Mn,,-acetate has been given

the notation 1:1:1:1, meaning that there is one H>O ligand per type Il Mn'" centre.

Mn,y-acetate is prepared by a reaction of Mn"(OAc);-4H20 with KMnO, in 60 %

(v/v) acetic acid/water, summarised in Equation 7.2, with typical yields of 80 %.'5"!

44Mn*" + 16Mn’" — 5[Mn"YsMn'"y}** Equation 7.2

Today, it remains the most comprehensively studied SMM.®' Many diverse
experimental techniques have been used to probe the physical properties of this
SpCCI 63.24'9 1,97,121-128

Very recently, a low temperature (83 K) crystal structure of Mnjz-acetate was

determined.'®'*® The original structural determination by Lis'> at ambient temperature
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was solved in the highly symmetric tetragonal space group /4, hence the molecule is
structurally isotropic. The Jow temperature study gave evidence for effective symmetry
reduction of the Mnz-acetate molecules by structural disorder in the peripheral ligands,
induced by hydrogen bonding interactions with the disordered lattice acetic acid molecules
{(Figure 7.14). Up to six Mn,;-acetate isomers are potentially present in the crystal lattice
(preserving the crystal tetragonal /4 symmetry), which differ in the number and
arrangement of the hvdrogen-bonded acetic acid molecules, four having symmetry lower

than tetragc:n'lal.'29’13 0

(a)

Figure 7.14 (a) The crystal structure of Mn);-acetate with the two positions occupied by
the acetic acid molecules shown and hydrogen bonds indicated by dashed lines. (b) The
disorder induced in the peripheral acetate ligands by hydrogen bonding interactions with

lattice acetic acid, where the two positions are shown (reproduced from reference 129).

In addition to Mn,;-acetate, several other carboxylate derivatives with the general

formula, [Mn;,0;5(02CR);6(H,0),)-Solvent, have been prepared.”! Those for which the
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structures have been reported are given in Table 7.1. The various carboxylate derivatives
are generally obtained by ligand substitution, involving reacting a siurry of Mn;-acetate in
a suitable solvent with a large excess of the desired carboxylic acid. The major structural
difference is the presence of either three or four H,0 ligands. Examples of the former case,
[Mn;20,2(0:CE)16(H20)31,*° and [Mn;2012(0,CED16(1120)3)-4H20" (Table 7.1) have

three terminal H,O ligands, resulting in one Ma™

centre being five-coordinate. It is
believed this is a solid-state effect and that in solution the complexes would have four
terminal H,O ligands.”® Additionally, differences in the arrangements of the peripheral
carboxylate and H,O ligands have been observed. These are described by the arrangement
of the water coordination using the notation given above for Mn,»-acetate. For example the
p-methybenzoate derivatives, [Mn;,0,5(0,;CPh-p-Me);((H,0),]'S where S = 3H,0 (Mn;;-
0,C-p-Me-Ph-3H,0) and p-Me-PhCO,H (Mn;2-O,C-p-Me-Ph-HO,C-p-Me-Ph),"*'® are
structural isomers with 1:2:1:0 and 1:1:2:0 arrangements of the four terminal H,O ligands.
These structural isomers also exhibit a phenomenon known as Jahn-Teller isomerism
(Figure 7.15).°1% While Mn;3-0>C-p-Me-Ph-3H,0 has all eight Jahn-Teller elongation

axes of the perimeter Mn"™

centres oriented roughly perpendicular to the plane of the
molecule, the other isomer (Mn;>-O,C-p-Me-Ph-HO,C-p-Me-Ph) has an unusual
disordered Jahn-Teller elongation axis directed towards a p;-O* ion and as such is
approximately parallel to the Mn;; plane. The AC out-of-phase, ¥, susceptibility
behaviours of these two isomers are shown in Figure 7.16. Mn;;-O,C-p-Me-Ph-3H,0
exhibits magnetisation relaxation at 4-6 K, whereas Mn,;-0,C-p-Me-Ph-HO,C-p-Me-Ph
does so at lower temperatures, 2-3 K, which suggests a lower barrier potential to reversal
of magnetisation for the latter isomer. As both molecules have identical ground state spin

values of § = 10, the difference is due to the lesser zero-field splitting parameter, D, in

Mn;,-0,C-p-Me-Ph-HO,C-p-Me-Ph because it has one of its Jahn-Teller elongation axes
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roughly parallel to the plane of the molecule. As the overall magnetic anisotropy is largely

due to the vector sum of the individual Mn'" single-ion anisotropies, the sum is clearly less

_ ,; for Mn2-0;C-p-Me-Ph-HO,C-p-Me-Ph.***" When the 4-6 K and 2-3 K AC 2" signals are

' seen simultaneously, both isomers are present in the sample.

|
_'_:’.' Table 7.1 Mn;; derivatives, of formula [Mn;;0,,(0,CR)4(H,0).]-Solvent, with reported
structures (modified from reference 91).

' R x Solvent Coo‘r‘:l};:le:tion g?:::; (;;;‘tl: .g- Ref
-'_'_ Me 4 2MeCO,H,4H,0 1:1:1:1 Iz 10 B
4 Et® 3 4H0 1:1:1 @ PT 9 1949

- Et @ 3 1511 @ P2jle 9 N
Me, Et 4 2H,0,4EtCOH 1 Hm 10 .
CH,Bu' 4 CH,Cly, MeNO, 1:2:1:0 P1 10 2
Ph 4 2:2:0:0 P1 10 16.29
E Ph 4 2PhCOM 2:2:0:0 Fdd2 10 12

1 p-MePh 4 p-MePhCOH 1:2:1:0 C2le 10 “9

E p-MePh 4 3H0 1:1:2:0 Ria 10 “9
; p-Cl-Ph 4 8 CH,Ch 2:2:0:0 C2e 10 "9

§ m-Cl-Ph® 3 m-Cl-PhCO.H 1:1:2® P1 9 133

i o-CLPh 4 CH,Cl, 5 H,0 1:1:2:0 Prn2 10 13
CH,Ph 4 1:2:1:0 P1 10 2
CHCl 4 2 CHyCl, 6 Hy0 1:1:1:1 C2e 10 139
3 CH,Br 4 4CH,CL, 1:1:1:1 Hy/a 10 13s
CHCHCH; 4 H0 1:1:1:1 Ibca 10 136
" @) Since there are only three terminal H,O ligands, one of the Mn™ centres is five-

coordinate.
®) Formula is actually [Mn;2012(m-C1-PhCO2)15(m-Cl-PhCO,H)(H,0);]-m-Cl-PhCO-H,
where the terminal m-Cl-PhCO,H and 3 H;O ligands are in a 1:1:2:0 arrangement.
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Figure 7.15 Side-on views of the core structures of (a) [Mn,;0,,(0O.CPh-p-

AR e C AR e B e O S Sl 22

4 Me)6(H20)4)'3H20 and (b) {Mn;50,5,(O2CPh-p-Me); 4(H,0)4)-(p-Me-PhCO,H). The
coordination geometries around each Mn atom are shown. Each of the eight Mn'" centres
=
; shows Jahn-Teller (JT) elongation. For (a) these are indicated by solid lines, and for (b) the
'.- JT elongation axis, dashed line, pointed at an O% is unusual. There are two dashed lines
because the molecule displays a crystallographic C; axis disorder (reproduced from_

reference 49).

N T K}

Figure 7.16 Plots of 7" versus temperature for [Mn,,0,;(0,CPh-p-Me),,(H;0),]"(p-Me-

PhCO;H) (upper) and [Mn,;,0,,(0,CPh-p-Me),,(H,0),]):3H,0 (lower) for three different

field frequencies (reproduced from reference 49).
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A small number of mixed-carboxylate derivatives have also been prepared,
including [Mn,;20,2(02CR)(O,CR')s(H,0)3]'S, where R = CHCl;, R’ = CH;Bu, S =
CH,C1,-H;0 and R = CHCl;, R’ = Et, § = CH,Cl;, by a 1:1 reaction of the corresponding
homocarboxylate species.®® In these Mn,; derivatives site-specific ligand substitution was
observed, i.e. the O,CR groups were found at the axial positions and the O,CR' groups
were atl the equatorial sites. This was rationalised on the basis of the relative basicities of
the different carboxylate groups. It was found the less basic carboxylates would
preferentially substitute at the axial Jahn-Teller elongated sites where Mn—O bonds were
weaker and consequently ligands more easily displaced.

Several Mn), derivatives have been reported with non-carboxylate ligands.
Christou et al.% prepared the complexes [Mn;202(NO3)4(O>CR);2(H20)4]-S, where R =
CH,BY, S = MeNO; and R = Ph, S = 3H,0, by reacting the corresponding carboxylate
dertvatives with pitric acid in MeCN. In those complexes the four NO;™ ligands take the
place of four axial u~-OAc” groups. The nitrate derivatives exhibit almost identical magnetic
behaviour to their corresponding homocarboxylate clusters. The diphenylphosphinate
derivative also reported by Christou et al., [Mn202(0,CMe)s(0,PPh,)s(H>0)41, was
prepared by reacting eight equivalents of Pho,PO;H with Mnjs-acetate in MeCN."” The
eight p-O,PPh;, groups replace the acetate groups at four of the axial Mn""'-Mn" and four
of the equatorial Mn"-Mn"" sites. In a similar situation to the p-methylbenzoate
derivatives  described above, three Jahn-Teller isomers of this mixed
acetate/diphenylphosphinate cluster were observed. Similarly, Kuroda-Sowa er al®’
recently reported a diphenylphosphate derivative, [Mn;0,,(0,P(OPh),)s(0>CPh)12(H20)],
by reacting the benzoate cluster with four equivalents of (Ph0),PO,H in CH,Cl,. The four

u-O,P(OPh); groups substitute at four axial Mn'"-Mn"" positions. The benzoate groups in
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the axial Mn'"—Mn'" sites were not substituted, hence site specific ligand replacement or
abstraction occurred.

A number of heterometallic analogues have been prepared with essentially the
same core structure as Mnq-acetate. These include [MngFesOi2(0AC€)16(H20)),*° and

[Mn;;CrO12(0Ac)16(H20)4]."*® The former complex is prepared by reacting Fe(OAc), with

i imn

KMnQ, in 60 % aqueous acetic acid. The structure has alternating Mn™ and Fe™ centres in
the perimeter metal sites. The ground state spin, S = 2, is much lower than Mn,-acetate,
but the axial zero-field splitting parameter is much larger, being D = -1.8 cm™. However,
the authors did not perform AC susceptibility measurements and did not discuss slow
relaxation of magnetisation. The Mn,;Cr analogue was obtained by reacting K,Cr,O7 with

Mn(OAc); in aqueous acetic acid, and was reported to have the cr!

centre occupying 1/4
of one of the two crystallographically independent Mn"' atoms. The third
crystallographically independent Mn site is Mn™. A ground state spin of S = 8 was found
for this analogue.

An interesting feature of Mny clusters is that they remain intact in solution as
shown by 'H NMR spectroscopic measurernents on the acetate, propionate and benzoate
derivatives.'*%91'13% The high stability of the Mn;; clusters in solution has ied to the study

of their redox properties. For instance, Mn,;-acetate exhibits four redox processes in

acetonitrile, which are summarised in Equation 7.3.'®

[Mn)204,]"

— [Mn;;04,}"

[Mn;20:2] [Mn;2012] — [Mn;2012]*  Equation 7.3

Consequently, several reduced Mn;, species have been rf.aporttf:d.'9‘23'50’5'"“0"41

The first reduction potential is low enough that mild reducing reagents such as iodide have

been used to prepare the singly reduced mono-anionic species, [Mny2]". For example, the
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complexes (PhyP)[Mn;»042(0>CR)16(H20)] (where R = Et, Ph),'™***® were obtained by
treating the neutral species with PhyPL”' The R = Et anion has been shown to be trapped
valence Mn' ,Mn";Mn"."? where one of the perimeter Mn"' centres is reduced to Mn",
These species have a half-integer ground state of § = 19/2, appreciable magnetoanisotropy
(D = -0.62 cm™') and like the neutral species display slow relaxation of magnetisation. A
small number of singly reduced species have been reported with paramagnetic cations,
including  [m-MPYNN][Mn;20:2(0.CPh)s(H20)4] (where m-MPYNN' = m-N-
methylpyridinium nitrony] nitroxide),'** and [Fe(L)2}[Mn;2012(02CCsFs)i1s(H20)4], (Where
L = CsHs, CsMes).”*"** The former cluster (S = 19/2) has enhanced magnetisation
relaxation due to presence of the organic radical cation (S = 1/2). Unlike the previously
mentioned [Mn;»]" species, the clusters with the metallocene cations have ground states of
S'=21/2. No significant change was observed in the magnetisation relaxation.’””" Like the
non-reduced species, the [Mn;;] clusters display magnetic hysteresis with steps, including
a step at zero field. The occurrence of zero-field quantum tunnelling was not predicted for
non-integer ground state spin species.

By using stronger electron withdrawing carboxylate groups, the electron density
on the Mn centres is decreased, and hence the first and second reduction potentials are
lowered.”" Consequently, several [Mn;;]*" species have been obtained using I' as the
reducing agent, as employed for the [Mn;;1 species (vide supra). The addition of two
equivalents of PhsPI to the corresponding [Mn;;] species led to the compounds
(PhP);[Mn;2012(05CR)16(H20),], where R = CHCl,, x = 3; R = C4Fs, x = 4 and R = C¢H3;-
2,4-(NOa),, x = 4! These species are trapped valence, Mn'Y Mn"Mn", where both Mn"
centres are located on the Mng perimeter. SMM behaviour is retained with § = 10 ground

states.
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Very recently Boskovic and Christou e al.*®'® reported a new class of Mn,
carboxylate clusters of formula [Mn;;05X4(O>CPh)zLs], where X = Cl and L = hmp” (2-
(hydroxymethyl)pyridinato) or hep” (2-(hydroxyethyl)pyridinato); X" = Br and L = hep’.
These clusters consist of an isomeric {Mn" oMn"2(14-0)4(113-0)a(p-O)s(n3-X)2] core but
with differing peripheral ligation. The eight ys- and p3-O atoms are O® ions and the p-O
atoms are provided by the hmp or hep” ligands. The crystal structure of
[Mn;205Cl4(0>CPh)s(hep)s] is shown in Figure 7.17. The Mn" atoms are the ‘end’ Mn

centres (Mn6 and Mn6’ in Figure 7.17). F. X = Cl unu . = hmp™ the complex is an SMM

with § = 6 or 7, and has out-of-phase, ¥”, signals at higher temperatures than those of the
previous Mn;2 species above. However, for X* = Cl or Br and L = hep’, the molecules are

low spin with S = 0 groungd states,

Figure 7.17 The crystal structure of [Mn,;03Cl(Q,CPh)s(hep)s] (thermal ellipsoids shown

at 50 % probability} reproduced from reference 48.
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7.3.3 Other Manganese Cluster Nuclearities

The most common metal nuclearitics for manganese oxo bridged clusters and
consequently SMMs are 4 and 12. However, there is a wide range of species with different
nuclearities and interesting structures, some of which are SMMs. Presented below are
some examples of the following nuclearities known to date, which are (besides Mn4 and
Mn2): Mng.1, Mnis, Mmms, Mnyg, Mg, Mgy, Mz and Mnso.

The first hexanuclear Mn cluster was reported by Thomton et al. in 1986.'
[MngO2(HO,CCMe;3)o(02CCMes)io] (4Mn" ,2Mn™) consists of two MrQ, tetrahedra
sharing an edge with the four other Mn atoms connected to the core unit via pivalate
bridges. In 1988 Caneschi and Gatteschi ef al.'® reported a hexanuclear Mn" wheel-like
complex with a ground state spin S = 12, [Mn(hfac);(NITPh)]s (where Hhfac =
hexafiuoroacetylacetone; NITPh = 2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazolyl-1-oxyl] 3-oxide), shown in Figure 7.18. The spin results from antiferromagnetic

exchange between the S = 5/2 (Mn") and S = 1/2 (NITPh radical) moieties.'®

R S

)

15 Sk

o

Figure 7.18 The crystal structure of [Mn(hfac),(NITPh)]s (large spheres represent Mn

centres). Reproduced from reference 145,
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Recently, Cafiada-Vilalta and Christou et al.'*® used the dicarboxylate ligand m-
phenylenedipropionate (mpdp®), to synthesise, in addition to dinuclear and trinuclear Mn

complexes, the hexanuclear cluster [MngO;(mpdp)s(2,2'-bipy); J(C1O4)-3.5MeCN, shown in

iy ioeibigtom winkoi b At St <

i e s
430 KR AN (7

Figure 7.19. The Mngs complex was obtained by oxidation of the Mn'", species with (-

BuyN)MnOy in acetonitrile. The core can be described as being composed of two triangular

i
sl i

ko units, [Mn" 3(12-0)3]®" and the oxo-centred {Mn"3(u3-O)4]"* superimposed with a pseudo-
C; axis perpendicular to both. This complex possesses an S = 3/2 ground state and D = -

0.79 cm™'."*® The authors did not report AC susceptibility data, and did not discuss whether

'é:‘.a?- % e CA e e

it is an SMM.
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Figure 7.19 Crystal structure (of one of the enantiomeric cations of) [MngO-(mpdp)s(2,2'-

SR

bipy)s)(C104)-3.5MeCN with the [Mn'V3(12-0):]%* (lower) and [Mn"'y(p3-0)s]" (upper)

units are highlighted (reproduced from reference 146).
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Examples of another structural family of Mns carboxylate clusters include
[MngOx(02CPh)10(py)2(MeCN),}-2MeCN, ¥ [MngO2O2CPh)o(py)a] EO,' Y
[MngO2(O2CPh)yo(EtOH)(H,0)}- EtOH, ' [MngO,(0,C-3,5-(NO2)2Ph) 10(py)2-
((Me)2C0)2)-2(Me),CO-2E0  and  [MngOx(0,CPh)1o(MeCN)1.'*®  Each of these
complexes contain a [Mn"sMn""(j-0),]'>* core (Figure 7.20), which consists of two

Mn';Mn"2(1-0) oxo-centred tetrahedra sharing the Ma"'-Mn'" edge.

Figure 7.20 The crystal structure of [MngO.(O;CPh)1os(MeCN),] (left) with only the Mn
centres shown with octant slices. A schematic of the structure (right), where R =Ph, L' =

L’ = MeCN. The [Mn";Mn"(us-0)}'"" core unit is highlighted. Reproduced from

reference 149,

The hexanuclear clusters, [MngO4X4(4,4'-Radbm)g] (where X = CI', Br and R =
Me, Et),*>* are obtained by the slow hydrolysis of the mononuclear species [Mn'(4,4'-

Radbm),X] ir CH,Cl/MeCN. The structures, shown in Figure 7.21, contain a [Mn"¢(ns-
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0)a{n3-X)]*" core, which consists of a Mn"' octahedron whose faces are capped by 0% or
CI" ions. These complexes have a particularly high § = 12 ground state due to being
completely ferromagnetic coupled, however as D = 0 cm’!, these molecules do not display
SMM behaviour. The lack of an appreciably negative I value is thought to be due to the
high symmetry (near 7;) of the complexes, which averages out to zero the individual

single-ion anisotropies of the six Jahn-Teller distorted Mn™,>®

Figure 7.21 Two different representations of the crystal structure of [MnsO4Cly(4,4'-

Me,dbm)s] (only the ipso carbons of the 4,4'-Me,dbm’ ligands are shown for clarity). On
the left, the near tetrahedron is emphasised by filled bonds. On the right, the Mn—Mn

vectors are shown to emphasise the Mng octahedron with O” and CI  ions capping the faces

(reproduced from reference 56).

The high ground state value of § = 12 has also been observed in the
[NacMn'"'s(OMe),»(dbm)s]* complex.”® The structure, which is shown in Figure 7.22 is

isostructural with the Fe' analogue,'*"'* and consists of a [Mng(OMe);;] ring with the 12-
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metallacrown-6 structure that hosts a Na' ion in a trigonally distorted octahedral

environment. Interestingly, though not unusually, the Mn/Na/O core adopts the Cdl» type

layered structure,

Figure 7.22 The crystal structure of [NaMn"'¢«(OMe)i2(dbm)s]* (left) and a schematic
representation of the Cdl; type Mn/Na/O core (right), where the Mn'"' Jahn-Teller

elongated bonds are highlighted (black). Reproduced from reference 150.

The Mn; compound (EtyN){Mny(OH):Cli(hmp)s]CI(MnCL) (4Mn", 3Mn'M),
contains a heptanuclear complex that has the same layered Cdl, core structure of the
previous NaMng complex, where the central Na* ion is replaced by a Mr" ion.’’ The
crystal structure of the cationic complex is shown in Figure 7.23. In addition to the central
Mn(1) being Mn", Mn(3), Mn(5) and Mn(7) are also Mn", with the remainder being Mn"".
The high ground state value of S 2 10 (10 or 11 from two equally good fits to
magnetisation vs. field data) possessed by this complex, which is less than the fully

ferromagnetically coupled value of 16, is reported to result from competing exchange
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1 ‘5 interactions of comparable magnitude. The interactions are assumed to be
fﬁ antiferromagnetic in nature, thus spin frustration causes an intermediate (albeit high) spin
ground state value. Despite negative D values (-0.15 or -0.18 cm') obtained from data fits,
this complex does not show out-of-phase AC susceptibility signals, a key indicator of
_. SMM behaviour. An interesting example of a Mn; carboxylate cluster is
[MR7O04(OAC)10(dbm)s],'** shown in Figure 7.24, which can be described as two wingtip
sharing, asymmetrically bent butterfly [Mn4O,] units, and has an § = 3 or 4 ground state.
! N(38) ci(11)
‘TS 0 2%
@ N
N(30) L mna) f 1
P o5) (& 3 ‘
. | ..‘ 0(53) _' 0(29) o
N46) . -
$ Mn(5) '
cy12) _

N{62)
¥ (o o LY,
4 § ~ @/ 0(69)
~& & Ni70) \
N(S4) cI(13)

Figure 7.23 The crystal structure of [Mny(OH);Clsthmp)o]** with the Mn coordination

environments emphasised (filled bonds). Reproduced from reference 57.
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Figure 7.24 The crystal structure of {Mn;04(OAc)g(dbm),s}. The spheres represent Mn

ions. Image rendered from CSD simulated SHELX res file from entry JOTTER.

Many octanuclear manganese clusters have been reported, most of which can be
described as having formed by the aggregation of smaller [MnyO,] units.
[Mn"'304(0ACc)12(pic)s] (where pic” = picolinate), shown in Figure 7.25, is obtained by
treatment of (n-BuyN)[Mn"4O(0Ac)s(pic),], which has the bent butterfly structure, with
Me;SiCl, leading to selective abstraction of the unique Jahn-Teller labilised ‘body’ p-OAc
and dimerization of the resulting fragment to form the octanuclear species.”®'™® This

octanuclear species can also be obtained by reaction of [Mn'';0:(pic)s] with

Mn(OAc);-2H,0.%®
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Figure 7.25 The crystal structure of [Mn"'504(OAc)2(pic)s] with the two [MnsOs]

butterfly units highlighted (black). Reproduced from reference 154.

Similarly, treatment of  (n-BugN){Mn"40:(0,CPh)s(H,0)] with 2,2
diethylmalonate (Et;mal) leads to the formation of the rixed-valent (n-
BusN)[MngO4(02CPh))2(Et;mal)2(H20)2], (2Mn",6Mn™).*® The structure, shown in Figure
7.26, contains a [MngOs]'** core that consists of two [MnsO2])"" (Mn",3Mn™) butterfly

units linked together via two ps-O” jons,

Figure 7.26 The crystal structure of [MngO4(O2CPh);2(Etymal),(H,0)2)% (left) and its

[MngO4]™" core (right); the Mn" ions are Mn4 and Mn4' (reproduced from reference 59).
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k.

Boskovic and Christou er al.*’ recently reported the octanuclear and nonanuclear
Mn complexes, [MngO1(py)+(O2CE)s(L)2)(C104)2 (6Mn",2Mn™") and
[Mng(O2CE)2(pdm)(pdmH)x(L),] (7Mn",2Mn""), which were formed from the reaction of

pyridine-2,6-dimethanol (pdmH;) with the trinuclear species [Mn;O(0O2CEt)s(py)s;(ClO,)

iR S e i e e B L

and [Mni;O(O,CEt)s{py)s] respectively. The pentadentate ligand LH: (6-

hydroxymethylpyridin-2-yl)-(6-hydroxymethylpyridin-2-ylmethoxy)-methanol), was
formed in situ from pdmH,. The Mng complex (Figure 7.27(a)) contains a [Mn"¢Mn"5(j14-
: 0)2(113-0)a(p-0)4]** core unit that can be described as two distorted cubane units linked

together. The Mng complex contains a [Mn'"Mn"5(u3-0)e(u-O)]* core unit, which can

k.

LA T

likewise be described in terms of two distorted cubanes, but in this case, linked by an
additional Mn" centre (Figure 7.27(b)). The Mng cluster has a ground state spin value of §
= 0, whereas the Mny cluster has an § = 11/2 value with D = -0.11 cm™ with magnetic
hysteresis shown below 0.3 K. Thus, the latter is an SMM.

The family of Mng  carboxylate  complexes also includes
[MngOeClg(0:CPh)-(H 00T, ' [MnyO5(0:CPh)s(dbm)a(bpe)]z  (dbmH =
dibenzoylmethane, bpe = frans-1,2-bis-(4-pyridyt)ethene),'*® [MngO«{O:CEt)14(L2)21" (L2
is a bis-2,2-bipyridine ligand),””’ [Mn"sL;(u-0);] (LH = 2-amino-3-bromo-5-
methylpyridine),'®® the triple helicate [MngOx(L™)6] (HoL™ = 1,1'-(2,6-Bispyridyl)bis-4-
methyl-1,3-pentanedione, a pentadentate tritopic ligand),"® and {MngLg(HOPr),] (HoL =

diethyl keptinate).'® These species are not known to display SMM behaviour.
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Figure 7.27 The crystal structures of (@) [MngOa(py)s(O2CEt)s(L):]{ClO4); and (b)

[Mny(O,CEt)12(pdm)(pdmH),(L)2] (right), with the respective core units highlighted

(black). Reproduced from reference 43.

Other members of the family of Mng carboxylate complexes include
[MngO4(0,CPh)s(salO)(salOH)(py)2] (salOH, = salicylic acid, py = pyridine),'®
[MngM>0#02CR)15(X)2] (M = Na', X =MeCN; M = K', X = RCO,H),!'*1%16
[MngO(02CPh);3(py)),'” and [MngOr(OAc) (thme)(py)s(Hz0);] (thmeH; = 1,1,1-
tristhydroxymethyl)ethane, 2Mn", 4Mn", 3Mn"").*? The last complex, shown in Figure
7.28, formed from the reaction of [Mn3;O(OAc)s(py)s] with thmeH;, has an § = 17/2
ground state and frequency dependency of the out-of-phase AC susceptibility signals, and
hence is an SMM. It consists of a [Mn''30]'""* ring unit held within a larger

[Mn",Mn",0]* ring.
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Figure 7.28 The crystal structure of [MnoO+(0OAc) (thme)(py);(H,0);] (reproduced from

reference 42).

Thompson et al.'*'®® have reported a number of novel nonanuclear Mn" 3 x 3
grid or portcullis-like clusters using tritopic 2poap related ligends (Scheme 7.1). For
instance, [Mno(Cl2poap-2H)s](ClO4)s-10H,0,'® shown in Figure 7.29, exhibits intra-
cluster antiferromagnetic coupling with an § = 5/2 ground state. Unlike the majcrity of the
complexes presented in this chapter, these are the products of rational design. This
particularly logical approach tc designing and making nanoscale cluster complexes, most
of which to date show intra-cluster exchange coupling and/or spin-crossover rather than
SMM behaviour, is the ‘self-assembly’ (supramolecular) method of Lehn ef al.'®'™ and
Thompson er al.'™'’* Polytopic ligands are empioyed which are rigid and able to
coordinate two or three (or more) metal ions, which then spontaneously self-assemble into

2 x 2 (M) grids or 3 X 3 (My) grids (vide supra).
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reference 168).

Several decanuclear Mn clusters have appeared in the literature. These include

Figure 7.29 The structure of the 3 x 3 grid cluster [Mny(Cl2poap-2H)s])** (reproduced from
[Mn;gOy(biphen)sX1,] (biphen = 2,2-biphenoxide, X = CI, Br)¥**7
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[Mn10s(O:CPh)s(chel)s] (chel = pic, dbm?),™ [MnigO4(OH)x(OAC)(hmp)s)(CIO4)s
(hmpH = 2-hydroxymethylpyridine),'® [Mn;oOsq(tren)s]®" (4Mn"",6Mn'; tren = tris(2-
aminoethyl)amine),’”  [Mno0:Cls((OCH2)sCMe)e]> @M 8Mn"™),'®  and a
{30]metallacrown-10 [Mn(bzshz)(MeOH)];; (Hsbzshz = a pentadentate ligand, N-
phenylsalicylhydrazidine).'” [Mn;O4(biphen)sBri2]* (4Mn"™,6Mn"), shown in Figure
7.30, contains terminal, p- and p3-Br” ions; p3- and p4-02' ions; bridging biphen ligands and
no carboxylate ligands. The cluster has been characterised as an SMM with an § = 12
ground state and negative axial zero-field splitting parameter, D = -0.037(1) cm™. It

displays slow relaxation of magnetisation below 1 K with a barrier potential to reversal of

magnetisation of 7.7 K (5.3 em™).46

Figure 7.30 The crystal structure of [Mn1004(biphen)4Br12]4' (thermal ellipsoids shown at

50 % probability, hydrogens are omitted for clarity). Reproduced from reference 173.

Further examples of Mny  clusters, [MnpOs(O2CPh)(pic)s]  and

[Mn;005(O,CPh)s(pic)s(dbm),], are prepared by reacting [MnsO2(0,CPh)s(MeCN)z(pic).]
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with picH or dbmH respectively, in MeCONMe, (DMA) and CH>Cl,.'” These two related
clusters possess the same [Mn"o(u3-O)s(is-0)2]'** core (Figure 7.31), which can be
described as a segment of the layered Cdl; type structure with additional links to six Mn™
ions, three above and three below the layered segment. Another example,
[Mn1604(OH)2(OAC)s(hmp)s)(C10s)s (10Mn"") shown in Figure 7.32, likewise consists of

a core related to the layered Cdl; type structure.

Figure 7.31 The crystal structure of [Mn;oOs(O.CPh)s(pic)s] (left) and the [Mn"o(u;-

0)s(14-0)2]"*" core (right). Reproduced from reference 176.
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Figure 7.32 The structure of the [Mn.004(0H)2(0Ac)g(hmp)s]4"" cation (reproduced from

D

2

reference 18).
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To date, the Mn cluster nuclearities 11, 13 and 14 have only single
representatives. In 1991, Christou et al.® reported the preparation and structure of
[Mn“OmCI;g(OAc},1(bipy)2(MeCN)2(H20)2]2+, shown in Figure 7.33, obtained by
treatment of [MnyO2(0OACc);(bipy)21(C104)-3H,0 with Me;SiCl in MeCN. It contains a core
that consists of two [Mn“"Mn'"3(;13-0)3(;13,~Cl)]‘5+ distorted cubane units, as seen in the
[MryO:X]** SMMs (Figure 7.11), bridged by a nearly linear [Mn""3(3-0)4]" moiety. The
communication did not include magnetic characterisation. To the best of the candidate’s
knowledge, the authors have not since published magnetic data for this cluster.

Hendrickson et al.®! reported [Mn303(OEt)(O2CPh);2], shown in Figure 7.34. It
contains a novel ‘supercubane’ [anMn'"(,Mn"6(p5-0)6(]13-0)2(;13-0Et)6]m core, which
strongly resembles a segment of an extended cubic metal oxide lattice.’! Magnetic
measurements indicate an § = 15/2 ground state for this complex with overall
antiferromagnetic coupling.

Recently Winpenny ef al.®? reported the preparation, structure and preliminary
magnetic  properties of a new  tetradecanuclear Mn(II/IIl)  complex,
[Mn1402(OH)4(ppo)is(Hppo)s(NO3)4(MeCN);] (12Mn'", 2Mn""; where ppoH = 3-phenyl-3-
pyrazolin-5-one), shown in Figure 7.35. As the molecules are centrosymmetric, the core
can be described as two connected Mn; fragments. The N/O donor ligands ppo™ and ppoH
display three and one distinct coordination modes respectively. This complex exhibits

strong antiferromagnetic coupling leading to an S = 0 ground state.
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Figure 7.33 The crystal structure of [Mn;1010C1{OAC) 1(bipy)2(MeCN)2(H20)2)°". The

I
Fa
#
S

;
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E
4

spheres represent Mn ions. Image rendered from CSD simulated SHELX res file from

entry JOFVIJ.

Figure 7.34 The crystal structure of [Mn;303(OEt)s(O,CPh);2] (left) and the ‘supercubane’

[Mn'YMn"sMn"¢(us-0)s(pt3-0)a(113-OEt)s]'** core (right). Reproduced from reference 61.
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Figure 7.35 The crystal structure of [Mn;40:(OH)4(ppo)1s(Hppo)s(NO;)4(MeCN)4] (left)
with intramolecular hydrogen bonds shown. Only the ipso carbons of the phenyl rings are

shown. Mn ions are green, O atoms are red, N atoms are blue and C atoms are grey. On the

lower right, the Mn,4 core with Mn"™ 1ons shown in purple and Mn" ions in green. On the

upper right, Hppo and ppo shown in its ‘431" coordination mode. Reproduced from

reference 62.

The subject of the following chapter is 2 new hexadecanuclear manganese(I1/IV)
carboxylate cluster. There have been only two (II/III) Mn;¢ complex previously reported in
the literature, [BasNa;C1Mn604(OH)4(CO3)4(H20)2:Lg]) xH,0% and
[BagNa,CIMn(OH)g(CO3)4Ls)-53H,0  (where L = 1,3-diamino-2-hydroxypropane-
N,N,N’, N -tetraacetic acid).** The former complex, which appeared in a US patent and is
shown in Figure 7.36, contains a core of 4 Ba** and 2 Na® ions surrounding a central CI

ion. The core is surrounded by 16 Mn ions.
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Figure 7.36 The crystal structure of [BagNaC1Mn;03(OH)4(COs)4(H20);,L5] where Mn
ceordination bonds are represented by double lines; Ba coordination bonds are represented
by dashed dcuble lines; and Na coordination bonds are represented by dashed solid lines.

Reproduced from reference 63.

The next largest known Mn cluster nuclearity is 18. A few octadecanuclear
manganese carboxylate clusters have been reported, including
[Mn5014(OMe);4(02CCMes)s(MeOH)s], Ka{Mn""'15016(02CPh)2(phth),(H;0))-
10MeCN  (where  phth® =  phthalate),’®' and recently, the SMM
[Mn15014(02,CMeé)1s(hep)athepH)z(H20)J(C104),  (@Mn",16Mn"; where hepH = 2-
(hydroxyethyl)pyridine)*? The first example has an interesting core that closely resembles
the MnO ‘rock salt’ mineral structure, which can be thought of as an extension of the core
structure in the Mn; cluster described above (Figure 7.34). The latter two examples are
distinctly different structures (the former lies on a crystallographic 2-fold axis whereas the
latter lies on an inversion centre), despite the cores possessing some similarities, such as

the MnyO4 fragment (Figure 7.37). The Mn'"g cluster has an S = 0 ground state, whereas’
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the Mn">2Mn"" ¢ cluster has an S = 13 ground state, which 1s one of the largest spin ground
states for molecules of this type. The cation has an axial zero-field splitting parameter D =
-0.13 cm™ and a barrier potential to reversal of magpnetisation of AE = 14.8 cm’™.

Magnetisation hysteresis is observed below 1 K.>?
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Figure 7.37 The crystal structures of (a) K4[Mn"'|3016(02CPh)32(phth)2(H20)4] (only ipso
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carbon atoms of the phenyl groups shown), and (b)
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[Mn18014(02CMe)1g(hep)4(hepH)2(H20)2]2* (colours: Mn" green; Mn'" purple; O red; N

T .— .-""
S S

blue; C black. Reproduced from references 18 and 52 respectively.

‘|’-\‘\_"":'::

One step up is a novel ‘disc-like’ Mn")y oxo-alkoxide cluster,

EERNEA 5
s S

[Mn;90:2(moe)s(moeH) o) moeH (where moeH = methoxyethanol), reported by Westin et
al® as part of their work on metal alkoxide precursors for sol-gel synthesis of ceramics.

The Mn/O core of the complex quite clearly resembles a fragment of a layered Mn(OH);
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mineral (Figure 7.38(a)) and is remarkably similar to the Fejy oxo-hydroxide cluster
reported by Powell ef al. (Figure 7.44).”'® This Mn,o complex exhibits antiferromagnetic
coupling.

Likewise, Christou et al.% reported a ‘disk-like’ manganese(fIVIV) cluster,
[Mn2,054(OMe)s(0,CCHBU)16(Ha0)0] (12Mn™9Mn"™)  that  contains  a
[Mn21024(0Me)3]‘6+ core. This core consists of a planar [Mnlvgozgf' sub-unit with the
Cdl, type structure, held within a non-planar [Mn"™,02]"" ring (Figure 7.38(b)).%
Fittings to magnetic measurements reveal this complex displays antiferromagnetic

coupling with an .S = 13/2 ground state, however no yu” signals were observed, indicating

it is not an SMM.

Figure 7.38 The crystal structures of (a) [Mn;90;2(moe)is(moeH)io] viewed down the
crystallographic 3-fold axis, and (b) [Mnz,0:4(OMe)s(0;CCH,Bu")1(H20)10] (colours:
Mn'¥ red; Mn"" green; O yellow; other types of O atoms off white; C black). Reproduced

from references 65 and 66 respectively.
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The last two high nuclearity Mn complexes that will be discussed here are
[Mn24016(OH)10(OMe)sF; o(bta)zo(btaH )2(MeOH);3(H,0)] (26Mn'", btaH = benzotriazole)
recently reported by Brechin and Collison et al.>® and the largest Mn carboxylate cluster
known to date, [Mn3O2(OH)s(0.,CCH,Bu")(H,0),(MeNO,)s] (3Mn" 26Mn" Mn"™)
reported by Hendrickson and Christou ef al.>

The |Mngys] complex (Figure 7.39), prepared by reaction of anhydrous MnF; with
benzotriazole (btaH) in hot MeOH, contains a complex [Mn"60,6(OH)10(OMe)e]*®* core
unit. Preliminary magnetic analysis indicates that it exhibits magnetic hysteresis and

temperature independent magnetisation relaxation below 1.2 K. Further work by this group

is being done to confirm it as a new SMM.>

o

Saf’
e
Mn(S) . \) _

Figure 7.39 The crystal stucture of [Mnz6O16(OH)10(OMe)sFio(bta)z(rtaH),-
(MeOH)3(H,0)] with the [Mn''26016(OH)10(OMe)s]*™ core unit highlighted (black).

Reproduced from reference 54.
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The [Mnj3g] cluster also possesses a complex structure, Two different
representations are shown in Figure 7.40. Briefly, it contains a
[Mn";Mn"56Mn!V0,,(OH)s’** core, where Mn2, Mnli0 and Mnl0’ are Mn', Mnl
(approximately at the centre of the molecule) is Mn'" and the rest are Mn'". The complex
has an S = 7 ground state with D = -0.79 cm’, and shows frequency dependent AC yy"

signals, indicating it to be an SMM, therefore the largest known to date.

Figure 7.40 Lefi: the complete crystal structure of [Mnjo024(OH)s(0,CCH,Bu)3,-

(H,0)>,(MeNO,)4]}. Right: the structure with only Mn and O atoms shown. Reproduced

from reference 53.

7.4 Other Metal Based SMMs

As stated earlier, the SMMs ‘club’ is not exclusively the domain of manganese

carboxylate complexes, although they contain the majority of its members. A number of

81,183

iron”® and vanadium clusters and cyano-based clusters® have been reported to display

SMM behaviour and are discussed here briefly.
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The tetranuclear methoxy bridged iron(lIIl) cluster [Fe, (OMe)s(dpm)s] (dpmH =

71,96

dipivaloylmethane),” " is the smallest Fe cluster to be classed as a SMM. The structure of

this complex (Figure 7.41) consists of a central Fe ion linked to three terminal Fe ions by
three double p-OMe bridges. Antiferromagnetic coupling between the Fe'' (S = 5/2) ions
in the manner shown in Figure 7.41 leads to non-compensation of the spins and an S= 5
ground state.”® It is interesting to note, historically, that Martin and Winter ez al.'*% and
Blake et al.'®"'® studied first row transition metal alkoxide clusters many years ago,

although few crystal structures were obtained.

Figure 7.41 The crystal structure of [Fes(OMe)s(dpm)s], where the Fe ions are red, oxygen
atoms are yellow and carbon atoms are grey. The arrows indicate the spin structure in the

ground § = 5 state (reproduced from reference 96).

In 1984 Wieghardt e al reported the crystal structure of
[FesO,(OH),(tacn)s]Brs-9H,0 (FesBr),”? (where tacn = 1,4,7-triazacyclononane), which is

shown in Figure 7.42. The complex was prepared by the hydrolysis of [FeCls(tacn)] at pH

L
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9 in the presence of Br™ ions. Subsequent magnetic susceptibility measurements showed
this complex has an S = 10 ground state,'” and single crystal polarised neutron diffraction
experiments have been performed to determine the magnetic spin structure.'” High-
frequency/high-field EPR (HFEPR) experiments have been used to analyse the magnetic
anisotropy of the complex, yielding a zero-field splitting parameter of D = -0.205 cm”
measured on a polycrystailine powder.”*” After Mn,-acetate, FegBr is perhaps the most
actively studied SMM to date.”®' Faster magnetisation relaxation and larger transverse
anisotropy than Mn;-acetate lead to more pronounced quantum tunnelling. Therefore,

FegBr has proved extremely interesting for the experimental observation of quantum size

] effects.’®

Figure 7.42 The crystal structure of [FezsO2(OH), 2(tacn)5]6+, where nitrogen atoms are in
blue and the remainder of colour codes are as in Figure 7.41. The arrows indicate the spin
191

structure determined by single crystal polarised neutron diffraction experiments.

Reproduced from reference 96.
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The Fe";, cage complex [FeioNa;Og(OH)4(O2CPh)o(chp)e(H20):(Me,CO),]
(where chp = 6-chloropyridonato), reported recently by Benelli and Winpenny ef al.,’™™®
has an S = 11 ground state with an activation barrier to reorientation of the magnetisation
of 5.3 K. 1t is the third Fe SMM known and one of the most rapidly relaxing SMMs.** The
core can be described as close packed array of oxygen atoms with iron ions occupying the

octahedral holes in the lattice (Figure 7.43).

Figure 7.43 The crystal structure of [FejoNa;O4(OH)s(O2CPh)io(chp)s(H20)2(Me2CO)s],
where iron atoms are shown in dark red, oxygen atoms in red, nitrogens in blue, chlorines

in purple and sodium ions in yellow (reproduced from reference 84).

The fourth class of iron based SMM consists of the Fejy oxy-hydroxide clusters
reported by Powell ef al.” Following their work on the co-crystallized Fe +/Fe;s system
with  the ftripodal ligand Hsheidi  (N-l1-(hydroxyethyl)iminodiacetic  acid,
N(CH,CO,H);(CH;CH,OH)),'¥1%2 they found that by altering the alcohol side arms of the

ligand, i.e. by making methy! and ethyl derivatives, they were able to isolate the Fejo
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clusters. The complexes [Feo(L.);0(OH);1406(H,0); Z]X,” where LH3; = Himetheidi (N-(1-
Hydroxymethylethyl)iminodiacetic acid), Hjetheidi (N-(1-
Hydroxymethylpropyl)iminodiacetic acid); X = NOj, CI,, like many polynuclear oxo-
bridged clusters, possess a core with the Cdl» type structure and can be described as
captured portions of the layered Fe(OH);" lattice (“captured rusts” or “crusts”).
[Feio(metheidi)io(OH)1406(H20)12]" is shown in Figure 7.44. Initial magnetic studies
indicated very high ground state spin values, but the presence of both Fe,7 and Fe,g clusters
restricted  discussion.”  The more recent studies have  indicated
[Feio(metheidi) o(OH),406(H20}12]NO324H,0 has an § = 33/2 ground state, zero-field
splitting parameter of D = -0.035 cm™ and a spin reversal energy barrier of AE = 15.7 K
(10.7 cm™), which is small considering the large value of S. The value of S for the etheidi

analogue was estimated to lie between S = 31/2 and 33/2.”

Figure 7.44 The crystal structure of [Fe,s(metheidi)io(OH)1404(H20)12]", where Fe' ions
are cross-hatched circles, oxygen atoms are open circles, carbon atoms are shaded top right

to bottom left and nitrogen atoms are shaded circles (reproduced from reference 79).
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A small number of vanadium based SMMs have been discovered.**®"13% They
belong to the familiar [M4O,] butterfly like core structural family, which also includes
many Mn, Cr and Fe examples.''? The complexes [V'"402(0:CR)(bipy)2](ClO4) (R = Et,
Ph and bipy = 2,2"-bipyridine) and (Et,N)[V"40,(0.CEt):(pic):] (pic” = picolinate) have S
= 3 ground states (D ~ -1.5 cm™) with a barrier potential energy of 4E = 13.5 cm™ (¢f.
Mn;s-carboxylates AE ~ 42 em™"). The structure of a representative complex is shown in

Figure 7.45.

Figure 7.45 The crystal structure of [V""40(0,CEt);(bipy).]* (thermal ellipsoids shown at

50 % probability). Reproduced from reference 81.

In addition to Mn, Fe and V based SMMSs, a small but growing number of other
first row transition metal (Ni and Co) based SMMs have appeared in the literature in the
last few years. Recently, Winpenny ef al. reported the first Ni cluster complex to display
SMM behaviour,**® the cyclic dodecanuclear complex [Nii2(chp)12(0AC)12(H20)s(THF)s)
(where chp = 6-chloro-2-pyridonate) shown in Figure 7.46. It has an § = 12 ground state,

due to ferromagnetic coupling between the twelve S = 1 Ni" centres, an energy barrier to
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reversal of magnetisation of 10 K and exhibits out-of-phase AC susceptibility signals in the
region of 04 K.* The second and larger Ni based SMM is the complex
[Nii(cith2(OH)1o(H20)10]' (cit® = citrate, C(O)CO, XCH2CO5),), reported by Giidel et
al® The complex exists as different stereoisomers. Of the two compounds structurally
characterised, one contains an achiral cluster (Figure 7.47) and the second contains a pair
of enantiomers. As is the common trend, the core of these clusters, a [Niz(j3~OH)s)*" unit
is a fragment of the extended layered network Ni(OH),. Magnetic measurements of the
achiral compound in the millikelvin range indicate the cluster possesses an S = 3 ground
state and a negative magnetic anisotropy (D = -0.32 K) with an energy barrier, AE=29 K,

to magnetisation reversal at low temperatures.

Figure 7.46 The structure of [Nij2(chp)12(0AC) 2(H20)s( THF)s], where Ni centres are light
blue spheres, oxygen atoms are red, nitrogen atoms are blue and chlorine atoms are purple

(reproduced from reference 82).
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Figure 7.47 Different views of the structure of the achiral cluster of
[Ni21(cit)12(OH)m(H20)w]'5' (Ni are black at the centre of green polyhedra, oxygens are

red and carbons are grey) and, lower left, a diagram indicating the A-A configuration of

the cluster (reproduced from reference 85).

Recently, Christou and Hendrickson et al. reported the Co" and Ni'' based SMMs,
[Cos(hmp)s(MeOHMCL®®  and  [NigOMe)s(sal)f(MeOH);]  (where Hsal =
salicylaldehyde).®” Both complexes consist of M4O,4 cubane units. Many such cubanes are
known in the literature.'”? The Co" complex, shown in Figure 7.48, possesses an § = 6
ground state with an axial zero field splitting parameter of D = -4 K, and shows hysteresis
below 1.2 K. The Ni' complex has an S = 4 ground state and exhibits slow magnetisation
relaxation below 0.3 K, with a very low energy barrier of ~5 K (c.f. 62 K for Mns-acetate).
As in the case of a Mny hydrogen bonded dimer,*' this compound shows inter-dimer

antiferromagnetic exchange bias such that there is no step in the hysteresis loop at H = 0.
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Cie} Ci2
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Figure 748 The crystal structure of [Cos(hmp)(MeOH},Cl4] (reproduced from reference
86).

Finaily, much recent research has focused on producing large high-spin metal
cyanide clusters that display SMM behaviour, as the S and D values can potentially be
readily adjusted by substitution of the metal ions involved.®81923 However, the chief
obstacle that needs to be overcome to obtain high negative magnetic anisotropies is the
high symmetry often observed in the structures of cyano-based clusters.”” Recently, Long
et al reported the first well documented cyano-bridged SMM,
K[(Mestacn)eMnMog(CN)15)(C1O4);, (where Mestacn = NN N'-trimethyl-1,4,7-
triazacyclononane), shown in Figure 7.49.% The cluster has an § = 13/2 ground state with

D=-0.33 cm™ and a fitted spin reversal barrier potential of AE = 10 cm™.
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Figure 749 The crystal structure of the trigonal prismatic anion
[(Mestacn)sMnMog(CN)1s)>, where Mn ions are cross-hatched, Mo ions are black, C atoms

are shaded and N atoms are white (reproduced from reference 88).

As detailed in Chapter 1, Decurtins et al."”"?*** and Hashimoto et al.'®® have
recently reported very large cyanide bridged clusters. For instance,
[Mn" {Mn''{(MeOH)3} s(n-CN)so{Mo (CN)s }6}-5MeOH-2H,0  (Mn'yMoYs), shown in
Figure 7.50, has a very high § = 51/2 ground state spin and displays long-range
ferromagnetic ordering below 44 K due to inter-cluster ferromagnetic coupling. The
structurally analogous Mn"eW"s,'%® Ni"yMo",2* and Ni''yW"s,2* clusters also have high
spin ground states of § = 39/2, 12 and 12 respectively. No evidence for SMM behaviour

was detected for these clusters.
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Figure 7.50 A representation of the [Mn"o(u-CN)3oMo"s] (Mn"sMo"¢) cluster core with
idealised O, symmetry to accentuate the cluster topology. Red spheres represent Mn
centres, green spheres represent Mo centres and the bonds between them are the cyanide

ligands (reproduced from reference 197).

Recently, Long et al.'”

reported two ‘giant’ nickel-chromium-cyanide clusters,
the smaller being [(Mestacn);2CriaNi2(CN)as)'?t (24 metal-species; where Mestacn =
N,N’,N”-trimethyl-1,4,7-triazacyclononane), shown in Figure 7.51(a). It consists of a cube
of eight Cr'"' centres linked along the edges by twelve trans coordinated [Ni(CN)4)*" units.
The larger of the two, and the largest to date, is [(Mestacn);4CrisNi ;3(CN)4sJ®" (27 metal-
species), shown in Figure 7.51(b). It consists of a double face-centred cubic unit sharing a
Ni vertex. Magnetic data were not reported, but as the larger complex is geometrically
highly anisotropic, it is thought these types of clusters will be likely to show appreciable

magnetic anisotropy and hence SMM behaviour.'*?
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Figure 7.51 The crystal structure of (a) [(Mestacn);:Cri2Nii2(CN)ss]'? and ()
[(Mestacn)4Cri4Ni; 3(CN)as)™*. Black, crosshatched, shaded and white spheres correspond
to Cr, Ni, C and N atoms respectively (hydrogen atoms are omitted for clarity).

Reproduced from reference 193.
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8.1 Infroduction

The synthetic and physicochemical studies made by Christou and Hendrickson er
al.,! Gatteschi and Sessoli er al.,> and Powell ef al.® on high nuclearity manganese and iron
oxo/carboxylato cluster complexes have led to significant advances being made in the
understanding of nanoscale magnets known as ‘single molecule magnets’ (SMMs). The
archetypal cluster, [Mn;;0;5{0Ac),,(H;0)4)-2HOAc-4H,0 (‘Mnjs-acetate’), was first
structurally characterised in 1980 by Lis* and in 1993 it was shown to behave as a single
magnetic domain with slow relaxation of magnetisation on the order of several months
below a temperature of 4 K.

In the case of manganese, the nuclearities known to date to display SMM
behaviour include particular examples of Mns,® Mng,® an,g Mny,,'° Mn,s,“ and Mnsp
(the largest Mn carboxylate cluster isolated to date).'” Very recently a Mn's cage
complex has shown preliminary evidence of SMM behaviour.'? Other nuclearities such as
Mnz, Mng,*'"® Mn7,'® Mng, ™' Mny,,'® (BagNa)Mnig(IV/111),* Mns®' do not, even
though some have high-spin ground states, one of the prerequisites for being an SMM.
Another key prerequisite for SMM behaviour is a negative anisotropy in the axial zero-
field splitting term D, which in the Mn clusters is introduced into the cluster ground state
by Mn™" single-ion centres. The subject of SMMs is dealt with in more detail in Chapter 7.

A limited number of examples of SMM clusters containing metals other than
manganese also exist. These include Feq,? Feg,> 2" Fejo,2%® Feyq,” and V4" complexes,
and very recently particular Nij»,>' Niz;,>* Cos,” and Nig™* clusters have been reported to
display SMM behaviour in the millikelvin temperature range. The SMM family is not
limited to oxo-based species, and now includes a few examples of cyano-bridged

clusters.*373¢
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While attempting to link Mn; or Mny carboxylate clusters together using the
dicyanamide ligand, in work aimed at making molecule-based magnetic materials, a new
manganese(1l1l/IV) carboxylate cluster [Mn;06(OMe)s(OAc)H{MeOH):(H,0);}-6H,0
(Mnyg¢-acetate) and a new linear chain Mn" complex [Mn(p-OMe)(p-OAc)], were

obtained. The synthesis and properties are now described and compared to related species.

8.2 Synthesis and Characterisation of
[Mn16016(OMe)s(OACc)1s(MeOH)3(H20)3]-6H20 (Mnis-acetate)
and [Mn(u-OMe)(u-OAc);]n

Addition of solid #-BusNMnO4 to a stirred solution of Mn(NQO;);4H;0 in a
mixture of methano! and acetic acid yielded a dark brown solution which was allowed to
stand for several weeks. Black, block-like crystals of Mnj¢-acetate were reproducibly
formed, albeit in low yield. If Na(dca) and MesNBr are included in the reaction, Mn¢-
acetate 1s formed first, followed by small red crystals of [Mn(u-OMe)(u-OAc)]..
Successive filtrations of the reaction to remove the product mixture formed, and
subsequent standing yields a pure sample of [Mn{p-OMe)(p-OAc).],. Infrared spectra
show an absorption due to v(C=0) at 1558 and 1568 cm’ for Mng-acetate and [Mn(p-
OMe)(p-0OAc),], respectively. The crystals of the two products are readily differentiated
by visual inspection.

Attempts were also made to synthesise the benzoate analogue of the Mn,¢-acetate
complex. One method involved using similar reaction conditions to those for Mnj¢-acetate,
but replacing benzoic acid for acetic acid. Another route explored was to attempt to replace
the acetate groups of Mn,¢-acetate with benzoate, in a similar method utilised by Christou
et al. and other groups to synthesise a series of [Mn)20,2(02CR)16(H20)4] derivatives of

Mns-acetate, where R groups include Ph, CH,Ph, CH.Bu', Et, p-Tol, and m-Cl-Ph, by
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substituting acetate groups on Mnj-acetate.’’#° However, these attempts were
unsuccessful and were not extensively pursued. The latter method presents difficulties as
the Mn,¢-acetate complex decomposes when removed from its mother liquor, and it did not

dissolve in a range of common solvents tried.
8.3 Crystal Structures

8.3.1 [Mn;0,6(0OMe)s(OAc);(MeOH),;(H,0);]-6H,O

Crystal data are summarized for [Mn,60,6(OMe)s(OAc))(MeOH)3(H20)3;]-:6H,0
(Mn;¢-acetate) in Table 8.1. Selected interatomic distances and angles are given in Table
8.2 and Table 8.3 (see pages 360-362). Mnj¢-acetate crystallizes in the triclinic space group
PT. The cluster lies on an inversion centre relating one half of the cluster to the other. The
asymmetric unit contains half of the molecule and three lattice water molecules. The
complex consists of six Mn" and ten Mn™ ions held together by fourteen p3-O”, two u-
0%, four u-OMe and two p-OAc groups to give an approximately elliptical planar
[Mn;6016(OMe)4(OAc),]'* core (Figure 8.1). Peripheral ligation consists of the remaining
fourteen p-OAc’, two u-OMe’ groups and three axial water and methanol molecules.

The Mnye core can be divided into two sub-units, a central [Mn'' ¢0s(OMe),]**

unit connected to an outer perimeter of ten Mn"" ions by ten u3-O7 ions in the plane of the

molecule and two p-OAc” groups perpendicular (above and below) to the plane of the
molecule. The central unit contains six Ma'"’ ions in two rows of three (Mn(1), Mn(2),
Mn(3) and the symmetry related Mn(l'), Mn(2'), Mn(3)) lying in a plane that is
sandwiched between two planes of oxygen atoms. Each oxygen plane contains two p3-0%,
one p-O% and two p-OMe' ions. One oxygen plane contains O(1) and O(3) (p3-0%), O(2))

(1-0%) and O(4") and O(6") (u-OMe"). The other oxygen plane contains O(1%) and O3}
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(R3-0%), O(2) (1-O0%) and O(4) and O(6) (1-OMe). The Mn'Y ions occupy distorted
octahedral sites between these two hexagonal close-packed O layers, in the manner seen in

many layered manganese oxide minerals,*™

metal dihalides, dihydroxides and
disulphides.* A recent review by Winpenny®' describes this phenomenon, whereby the
cores of many large polynuclear complexes adopt a layered mineral or general Cdl, type
structure. For example, two Fe,; and Fe,y oxyhydroxide clusters are related to fragments of
goethite or lepidocrocite.>* The Cdl, structure is also present in several examples of
manganese clusters, Mn"¢Na,*® Mn, (4Mn", ?:Mnm),“5 Mnyo,' and Mnyo (albeit all Mn")”
clusters and in a recently reported Mny (12Mn", 9Mn'v) cluster.?! Winpenny et al.
reported a large Coy4 cluster, in which the core bears a very obvious relationship to
Co(OH),.*® Therefore, just as the Fe;; and Fejo complexes have been termed “captured
rusts” or “crusts”,>*® Mns-acetate could be thought of as a captured portion of a
manganese oxide mineral. The Mn,;-acetate cluster,
[Mn,,0,2(0AC)16(H20)s]- 2HOAC4H,0,* can be described as consisting of two subunits, a
central [Mn'Y,04]*" cubane unit connected to an outer ring of [Mn'"305)*".

Peripheral ligation around the Mn'

10 perimeter in the Mnj¢-acetate cluster
consists of eight equatorial p-OAC™ groups, six axial u-OAc” groups (three either side of
the cluster in an alternating up-down-up fashion) and two p-OMe’ ligands (bridging Mn(6)
and Mn(7)). In addition there are three axially coordinated monodentate water and
methanol molecules. Eight of the ten perimeter Mn"' ions experience Jahn-Teller (JT) axial
elongation in the direction perpendicular to the plane of the cluster (Figure 8.2). The
remaining two (Mn(4) and Mn(4%) experience JT axial compression roughly parallel to the
plane of the cluster in the direction of a p-OA¢” and a core p3-O%. The orientation of the JT

axes of SMMs has been shown to be important to the overall cluster magnetic anisotropy

and consequently the AC %" behaviour,*® described later (see section 8.4.1).
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'l 0Q7) &
R0(23)0(48) P

Figure 8.1 The crystal structure of {Mn;6016(OMe)s(OAc)6(MeOH)3(H;0)3)-6H,0 (Mny6-
acetate)} with atom labelling scheme of manganese and oxygen atoms only (hydrogen
atoms are omitted for clarity and thermal ellipsoids shown at 50 % probability). The

central [Mn'V¢04(OMe)4]*" sub-unit is highlighted in green.
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Table 8.1 Crystal data for [Mn,s0,6(OMe)s(OAC);s{MeOH);(H,0)3]-6H,0 (Mn,s-acetate)

and [Mn(p-OMe)(p-OAc),]n.

Compound Mns-acetate [Mn(u-OMe)(u-OAc),],

Formula C41HogMn406s CsHoMnOs

M 2524.22 204.06

Crystal system Trichnic Orthorhombic

Space group P1 Pbcn

a/A 12.8547(2) 14.2547(5)

b/A 14.4366(2) 7.1796(2)

c/A 14.4590(2) 6.8865(2)

af/® 108.276(1)

Bre 116.273(1)

7° 96.900(1)

UIA3 2176.49(5) 704.79(4)

VA 1 4

Peatc / g cm” 1.926 1.923

T/K 123(2) 123(2)

w(Mo-Ka)/mm™! 2.343 1.842

Crystal dimensions/mm 0.2x0.15x0.15 0.09 x 0.05 x 6.03

@ ranges / © 2.76 - 28.30 434 -28.33

Index ranges 17<h 217, -18<h <18,

-18<k< 18, 9<k<8,
-19<7/<19 9<I<9

Completeness to 26=55°/% 99.6 09.8

Data collected 37016 9731

Unique data (Rix) 10573 (0.0609) 873 (0.0703)

Observed reflections {7 > 20(])] 3648 632

Parameters 669 66

Final R1, wR2 [I>20()] @ 0.0424, 0.1032 0.0337. 0.0613
(all data) 0.0580, 0.1101 0.0601, 0.0679

Goodness of fit, S 1.051 1.082

APeiny Bpmax | € A7 -0.687, 1.794 -0.449, 0.410

@ Ry =Z| |Fo| - [Fel | / Z \Fol, wR2 = {E [W(Fy? - F)*) 1 2 [w(FH)) 2
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Figure 8.2 The crystal structure of Mn,g-acetate showing Jahn-Teller elongation (yellow)
and compression (green) distortions, of the perimeter Mn" atoms of Mnys-acetate. Spheres

represent Mn atoms.

Several regions of disorder were observed in Mnj¢-acetate and in the Ilattice
waters. Full details of this disorder are given in Experimental Section 8.6.3. There is
positional disorder of the peripheral ligands. In particular, three terminal water ligands and
one methanol ligand are disordered over four axial coordination sites (0(4.5), 0O(47) and
symmetry related partners). Also, another terminal methanol and adjacent acetate group are
disordered over two positions (Figure 8.2 and also Figure 8.4). A similar type of disorder
has also been seen in mixed carboxylate derivatives of Mnj>-acetate, observed by 'H NMR
solution studies by Christou et al. Axial H,O and RCO;" ligands exchange rapidly at room

te:rnperatun&:.50
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9 ?J\? ?J\T 7

Mn(4)  Mn) Mn(6) Mn(4) Mn(5) Mn(6)

70 % 30 %

Figure 8.3 A schematic representation of the positional disorder of adjacent axial u-OAc¢
and terminal methanol ligands, with approximate percentage occupancies of each

configuration of the ligands.
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Figure 8.4 The crystal structure of a portion of the Mn
showing intra-cluster hydrogen bonding (dashed green), and disordered methanol/acetate

and water/methanol (see text).
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Several hydrogen bonding interactions were located in this structure (Table 8.4,
see page 362). They can be divided into two types: intra-cluster and inter-cluster. Intra-

cluster hydrogen bonding exists on the Mn'"

10 perimeter (Figure 8.4). The axially
coordinated terminal disordered water/methanol (O(45)) on Mn(6) hydrogen bonds to the
adjacent p-OAc’ oxygen (O(48)) coordinated to Mn(7). In addition, the coordinated
water/methanol (O(47)) on Mn(7) (¢rans to the aforementioned acetate) hydrogen bonds to
the adjacent disordered methanol/acetate oxygen (O(44)) on Mn(6). Each Mn;¢ cluster is
hydrogen bonded to two adjacent Mn;¢ clusters through two lattice water molecules
(O(52)) located between each cluster. The lattice waters hydrogen bond to adjacent clusters
via the axial water/methanol, O(47), on Mn(7) and an axial p-OAc™ oxygen, O(31) on
Mn(6). The lattice water molecules also hydrogen bond to their symmetry related
neighbour. These hydrogen bonded chains of clusters propagate parallel to the c-axis
direction (Figure 8.5).

The role that hydrogen bonding may play in the properties of these high-spin
polynuclear manganese clusters is now being studied more closely. Recently Cornia and
Gatteschi ef al. reported the crystal structure of [Mn;>0,5(0Ac)4(H20)4]- 2HOAC-4H,0 at
83 K**? in an effort to explain the significant magnetic anisotropy displayed by this
complex despite it being highly structurally symmetrical (S, crystallographic symmetry).
They found the two disordered acetic acid molecules of solvation transfer this disorder to
the cluster by hydrogen bonding interactions thus lowering the effective symmetry of the
cluster. Hence increasing magnetic anisotropy. They also reported that the water of
solvation hydrogen bonds to a water ligand coordinated to one of the peripheral Mn'"
atoms. The water ligand also hydrogen bonds to an adjacent bridging acetate. This pattern

of hydrogen bonding is very similar to that seen in Mnj¢-acetate. However, no mention is

made of inter-cluster hydrogen bonding interactions.
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Figure 8.5 A single hydrogen bonded chain of Mn,g-acetate running parallel to the c-axis

direction (hydrogen bonds shown in dashed green).

Wernsdorfer and Christou et @/ have also recently reported a supramolecular
dimer of Mny SMMs.® They find that due to antiferromagnetic coupling, between the two
components, the dimer displays quantum behaviour different from that of the individual
tetranuciear components, possibly vie six C-H--Cl hydrogen bonds and a Cl--Cl
interaction. The dimer displays an exchange-bias of the guantum tunnelling transition wi.a
no tunnelling (i.e. no hysteresis step) at /f = 0. Hendrickson et al.’** have also made

similar observations on My cubane clusters of Co'l and Ni".
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Table 8.2 Seclected interatomic distances (A) and angles (°) for the central

[MnY60:(0OMe),]®* unit and surrounds of Mn¢-acetate.

Mn(1)-O(1) 1.898(2)  Mn(2)-0O(1) 1.893(2)  Mn(3)-0(1") 1.917(2)
Mn(1)-0(2) 1.827(2)  Mn(2)-0(2) 1.8352)  Mn(3)-0(3) 1.920(2)
Mn(1)-0(6) 1.937Q2)  Mn(2)-0(3) 1.941(2)  Mn(3)-0(4) 1.942(2)
Mn(1)-O(8) 1.9202)  Mn(2)-0(3") 1.916(2)  Mn(3)-O(6) 1.926(2)
Mn(1)~O(9) 1.857(2)  Mn(2)-0(4) 1.945(2) Mn(3)-O(11)  1.860(2)
Mn(1)}-O(38)  1.924(2)  Mn(2)-O(10) 1.896(2) Mn(3)-0(12)  1.861(2)
Mn(1)-Mn(2) 2.7593(6) Mn(2)-Mn(3") 2.8906(6) Mn(3)Mn(1)) 2.8644(6)
Mn(1)-Mn(3") 2.8644(6) Mn(2)~Mn(2') 2.9082(9) Mn(3)Mn(2) 2.8906(G)
Mn(2)Mn(3)  2.9149(6)

0(2)-Mn(1)-0(9) 93.9(1)  O(1)-Mn(2)-0(3) 96.80(9)
0(2)-Mn(1)-0(1) 84.33(9)  O(10)-Mn(2)-0(3) 90.40(9)
O(9)-Mn(1)-0(1) 91.90(9)  O(3")-Mn(2)-O(3) 82.13(9)
O(2)-Mn(1)~O(8) 172.9(1)  O(2)~Mn(2)-0(4) 96.87(9)
0(9)-Mn(1)-0(8) 82.44(1)  O(1)~Mn(2)-O(4) 174.33(9)
O(1)-Mn(1)-O(8) 89.77(9)  O(10)-Mn(2)-O(4) 91.87(9)
O(2)-Mn(1)-O(38) 92.4(1)  O@3)-Mn(2)-0(4) 92.28(9)
0(9)-Mn(1)-0(38) 942(1)  O(3)-Mn(2)~-0(4) 81.79(9)
O(1)-Mn(1)-0(38) 173.2(1)  O(1D-Mn(3)-0(12) 85.19(9)
O(8)-Mn(1)-0(38) 93.7(1)  O(11)~Mn(3)-O(1) 176.90(9)
0(2)-Mn(1)-0(6) 91.56(9)  O(12)~-Mn(3)-0(1) 96.73(9)
0(9)-Mn(1)-O(6) 172.4(1)  O(11)-Mn(3)-0(3) 96.73(9)
O(1)-Mn(1)-0(6) 83.47(9)  O(12)-Mn(3)-0(3) 178.02(9)
O(8)-Min(1)~0(6) 91.52(9)  O(1)-Mn(3)-0(3) 81.37(9)
0% )-Mn(1)~0(6) 90.7(1)  O(11)-Mn(3)-0(6") 94.36(9)
O(2)-Mn(2)-0(1) 84.22(9)  0O(12)-Mn(3)-0(6") 88.84(9)
0(2)-Mn(2)-0(10) 92.86(9)  O(1)-Mn(3)}-0(6)) 83.26(9)
O(1)-Mn(2)-O(10) 93.63(9)  O(3)-Mn(3)-0(6") 91.44(9)
0(2)-Mn(2)-0(3") C94.73(9)  0(11)-Mn(3)-O(4) 91.09(9)
0(1)-Mn(2)-0(3") 82.08(9)  0O(12)~-Mn(3)-O(4) 97.12(9)
0(10)-Mn(2)~0(3") 170.85(9)  O(1')-Mn(3)-0(4) 91.08(9)
0(2)-Mn(2)-0(3) 176.519)  O(3)-Mn(3)-0(4) 82.43(9)

O(69)-Mn(3)-0(4) 172.24(9)

Symmetry transformation: (i) 1-x, I-y, 1-z.
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Table 8.3 Selected interatomic distances (A) and angles (°) for the outer Mn""}p perimeter
of Mn,¢-acetate.

Mn(4)-0O(8) 1.863(2) Mn(5)-C{41)  2.203(3) Mn(7)-0(11) 1.900(2)
Mn(4)-0(16) 1.948(3) Mn(5)-0(35)  2.244(3) Mn(7)-0(25) 1.934(2)
Mn(4)-0(34) 2.029(3) Mn(6)—-0(9) 1.869(2) Mn(7)-0(27) 1.941(2)
Mn(4)-0(12")  2.049(2) Mn(6)-0(25) 1.908(2) Mn(7)-0O(48) 2.216(2)
Mn(4)-Q{17) 2.093(3) Mn(6)-0(10) 1.917¢2) Mn(7)-0(47) 2.237(3)
Mn(4)-0(39) 2.125(3) Mn(6)-0(24) 1.964(2) Mn(8)-0(12) 1.883(2)
Mn{5)-0(9) 1.879(2) Mn(6)-0(44)  2.217(3) Mn(8)-O(11) 1.905(2)
Mn{5)-0(8) 1.833(2) Mn(6)-0O(45)  2.269(3) Mn(8)-0(13%) 1.959(2)
Mn{5)-0O(20} 1.914(2) Mn(6)-Mn(7) 2.9321(6) Mn(8)-0O(30) 1.974(2)
Mn(5)-0(21} 1.956(2) Mn(7)-0(10) 1.897(2) Mn(8)-0(51) 2.169(2)
Mn(4)-Mn(5) 3.3818(7) Mn(4)--Mn(1) 3.4746(7) Mn(8)—0(3li) 2.191(2)
Mn(5)-Mn(6) 3.3509(7) Mn(5)--Mn(1) 2.8066(7) Mn(7)--Mn(3) 3.3965(6)
Mn(6)--Mn(7) 2.9321(6) Mn(6)--Mn(1) 3.3761(7) Mn(8)--Mn(3) 2.7845(6)
Mn(7)-Mn(8) 3.3330(6) Mn{(6)-Mn(2) 3.4126(6) Mn(4))-~Mn(3) 3.5317(6)
Mn(8)-Mn(4) 3.3828(7) Mn(7)-Mn(2) 3.4521(6)

O(8)-Mn(4)-0O(16) 172.2(1) 0O(25)~-Mn(6)—-0(44) 87.7(1)
O(8)-Mn(4)-0(34) 91.4(1) 0O(10)~-Mn(6)-0(44) 90.3(1)
0(16)-Mn(4)-0(34) 91.1(1) 0(24)-Mn(6)-0(44) 90.6(1)
0O(8)-Mn(4)-0O(1 2 94.71(9) 0(9)-Mn(6)-0(45) 87.4(1)
0(16)~-Mn(4)-0(12) 92.4(1) O(25)~-Mn(6)-0(45) 90.1(1)
O(34)-Mn(4)-0(12)) 95.39(9)  O(10)-Mn(6)~0O(45) 87.4(1)
O(8)-Mn(4)-0(17) 90.1(1) 0(24)-Mn(6)-0(45) 91.4(1)
O(16)-Mn(4)-0(17) 82.6(1) 0(44)-Mn(6)-0(45) 177.0(1)
O(34)-Mn(4)-0O(17) 88.1(1) 0O(10)-Mn(7)-0(11) 99.45(9)
ol Zi)-Mn(4)—O(1 7 174.0(1) 0(10)-Mn(7)-0(25) 79.94(9)
O(8)-Mn(4)-0O(39) 93.4(1) O(11)-Mn(7)-0(25) 178.8(1)
O(16)-Mn(4)-0(39) 83.4(1) O(10)-Mn(7)-0(27) 167.4(1)
0(34)-Mn(4)-0(39) 172.8(1) O(11)-Mn(7)-0(27) 92.7(1)
o1 Zi)—Mn(4)—-O(39) 89.6(1) O(25)-Mn(7)-0(27) 88.0(1)
O(17)-Mn(4)-0(39) 86.5(1) 0O(10)-Mn(7)~0(48) 89.96(9)
0O(9)-Mn(5)-0(8) 82.86(9) O(11)-Mn(7)-0(48) 93.25(9)
0O(9)-Mn(5)-0(20) 176.9(1) O(25)-Mn(7)-0(48) 85.66(9)
O(8)-Mn(5)-0(20) 97.6(1) 0O(10)-Mn(7)-0(47) 88.9(1)
O(9)-Mn(5)~0(21) 93.41(1) 0O(11)-Mn(7)-0(47) 92.4(1)
O(8)-Mn(5)-0(21) 175.2(1) 0(25)-Mn(7)-0O(47) 88.7(1)
0(20)~-Mn(5)-0(21) 86.0(1) O(27)-Mn(7)-—0(47) 87.1(1)
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0(9)-Mn(5)-0(41) 92.9(1)  O(48)-Mn(7)-0O(47) 174.4(1)
O(8)-Mn(5)-0(41) 92.0(1)  O(12)-Mn(8)-O(11) 83.32(9)
O(20)-Mn(5)-O(41) 90.1(1)  O(12)-Mn(8)-0(13') 96.8(1)
O(21)-Mn(5)-0(41) 91.3(1)  O(11)-Mn(8)-0(13}) 178.6(1)
0(9)-Mn(5)-0(35) 85.6(1)  O(12)-Mn(8)-0O(30) 178.6(1)
O(8)-Mn(5)-0(35) 86.4(1)  O(11)-Mn(8)-O(30) 95.42(9)
0(20)-Mn(5)-0(35) 91.5(1)  O(13)-Mn(8)-O(30) 84.4(1)
0(21)-Mn(5)-0O(35) 90.2(1)  O(12)-Mn(8)-O(51) 90.79(9)
0(41)-Mn(5)}-0(35) 177.91(9)  O(11)-Mn(8)-O(51) 94.74(9)
0(9)-Mn(6)-0(25) 177.2(1)  O(13)-Mn(8)-0(51) 83.85(9)
0(9)-Mn(6)-0(10) 98.60(9)  O(30)-Mn(8)-O(51) 89.9(1)
O(25)-Mn(6)-O(10) 80.09(9)  O(12)-Mn(8)-0(31) 94.46(9)
O(9)-Mn(6)--0(24) 91.1(1)  O(11)-Mn(8)-O(31% 93.26(9)
O(10)-Mn(6)-0(24) 170.2(1)  O(13)-Mn(8)-0O(31) 88.1(1)
O(9)-Mn(6)-0(44) 94.8(1)  O(30)-Mn(8)-0(31% 84.97(9)
O(51)-Mn(8)-0O(31%) 170.89(9)
Symmetry transformation: (i) 1-x, 1-y, 1-z.
Table 8.4 Hydrogen bonding distances (A) angles (°) for Mnj¢-acetate.
0(45)-H(45) 0.87(2) O(47)-H(47A) 0.95(7)
H(45)-0(48) 1.90(3)  H(47A)0O(52) 1.81(7)
0(45)-0(48) 2.7343)  O(47)~0(52) 2.732(4)
0(52)-H(52A) 0.89(2)  O(52)-H(52B) 0.90(2)
H(52A)0(52") 1.96(4)  H(52B)0O(31') 1.89(2)
0(52)-0(52" 2.768(8)  O(52)--0(31") 2.781(4)
O(47)-H(47B) 0.87(2)
H(47B)~0(44) 2.01(3)
O(47)0(44) 2.851(4)
O(45)-H(45)-0(48) 159(5)  O(47)-H(47A)-0(52) 163(6)
0(52)-H(52A)...0(52") 150(6)  O(52)-H(52B)~0(31% 168(5)
O(47)-H(47B)~-0(44) 160(6)

Symmetry transformations: (1) 1-x, I-y, -z; (iii) x, y, z-1.
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8.3.2 [Mn(u-OMe)(u-OAc);],

Crystal data are summarised for [Mn(u-OMe)(u-OAc):], in Table 8.1 (see page
355). Selected interatomic distances and angles are given in Table 8.5 (see page 365).
[Mn(p-OMe)(u-OAc),]. crystallises in the orthorhombic space group Pbcn. The
asymmetric unit contains one bridging acetate ligand, half a manganese(IlI) atom and half
a bridging methoxide ligand. The structure (Figure 8.6) consists of infinite linear 1D chains
of manganese(Ill} atoms bridged by two u-OAc ligands and one p-OMe. Each
manganese(Ill) is coordinated in a distorted octahedral environment. As expected for a
high-spin d* ion, the metal centres are Jahn-Teller distorted with elongation of the axial
bonds to one oxygen atom each of the two u-OAc ligands (Mn(l)—O(ﬁii) =2.171(2) A).
The equatorial coordination plane consists of two oxygen atoms from two pu-OMe’ ligands
(Mn(1)-0(1) = 1.946(1) A) and the other two oxygens of the two p-OAc ligands
(Mn(1)-0(3) = 1.932(2) A). The hydrogen atoms of the bridging methoxide group are
disordered over two positions due to the methoxide lying on a rotational 2-fold axis. The
chains run parallel to the c-axis direction. The intra-chain Mn--Mn distance is equal to half
the unit cell length ¢ (3.4433(1) A). The inter-chain Mn-~Mn distance to adjacent chains in
the b-axis direction is equal to the unit cell length b (7.1796(2) A). The next shortest inter-
chain Ma-Mn distance is equal to half the diagonal of the ab-unit cell face (7.9803(2) A).
Figure 8.7 shows five chains viewed parallel to the c-axis.

The structure of [Mn(u-OMe)}(u-OAc),), is rather similar to a related complex,
{Mn(u-OH){u-OAc),;}FHOAc - H,0} ,, described in Chapter 6. The latter also consists of a
triply bridged linear chain of manganese(Ill) atoms and these chains hydrogen bond to
adjacent chains via the p-OH and lattice acetic acid and water molecules to form pseudo
2D sheets. It displays long-range antiferromagnetic order (Tn = 6.1 K) that is probably

facilitated by the hydrogen bonding pathways. The lack of magnetic order in the complex
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described here (see¢ Section 8.4.2) would seem to support this conclusion, as it is

superficially identical but without the hydrogen bonding network.

Figure 8.6 The crystal structure of [Mn(pu-OMe)(p-OAc);], with atom labelling scheme
shown (thermal ellipsoids shown at 50% probability). Disorder of methoxide hydrogen

atoms is due to site symmetry (see text).
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Figure 8.7 Packing diagram of [Mn(jl-OMe)(u-OAc);]), viewed parallel to the c-axis

(spheres represent Mn ions).

Table 8.5 Selected interatomic distances (A) and angles (°) for [Mn(u-OMe)(L-OAc)]..

f_ Mn(1)-O(1) 1.946(1)  Mn(1)-0(6") 2.171(2)
Mn(1)-0(3) 1.932(2)

5 O(1)-Mn(1)-0(3) 93.15(6)  O(1)-Mn(1)-0(3" 86.85(6)
__ O(1)-Mn(1)-0(6™) 90.54(6)  O(3)-Mn(1)-0(6" 91.54(8)
: O(1)-Mn(1)-O(6™) 90.54(6)  O(3)-Mn(1)-0(6™) 88.46(8)

Symmetry transformations: (i) 1-x, 1-y,-z; (it) 1-x, y, 1/2-z; (iii) x, 1-y, z-1/2.
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8.4 Magnetism

8.4.1 [Mn;0,5(OMe);(OAc);s(MeOH);(H,0);)-6H,0

Magnetic susceptibilities were measured as a function of temperature on freshly
isolated samples of Mn¢-acetate in a field of 1 T over the range 2-300 K (Figure 8.8). The
same results were obtained on neat powders and on Vaseline mulls. The effective magnetic
moment, per Mn,¢, decreases gradually from 14.0 up at 300 K to ca. 10.5 ug, then more
rapidly, reaching 5.7 up at 2 K and still decreasing. The value of .y at 300 K compares to
the value of 18.16 ug calculated for six uncoupled Mn'"' (S = 3/2) and ten Mn" (§ = 4/2)

and is thus indicative of overall antiferromagnetic coupling.

4 ! i | ] ] 1
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Figure 8.8 Plot of ucr vs. temperature in /= 1 T for Mnjs-acetate.

To try to identify the ground spin state of Mn¢-acetate, magnetization (M)
measurements were made in the ranges of A = 0-5 T and temperature = 2-20 K (Figure

8.9). It can be seen that, at 2 K, the M values increase in a smooth, curved fashion between
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0 and 5T toreach ca. 7 Nfinthe 5 T field. The M values are still increasing and saturation
is not achieved. This is most likely due to thermal population of the ground-state and of
other low lying spin-states occurring even at 2 K. Zero-field splitting and Zeeman effects
will also influence the shape and size of the M vs. H plots. Weak cluster-cluster
interactions, via hydrogen bcnding pathways, may also play a part, It is therefore not
possible, without fitting of the M/H data, to unambiguously assign the ground state spin.
When the M/H data are plotted as M vs. H/temperature in the way commonly employed by
Hendrickson and Christou, Figure 8.10 is obtained. The separation of the lines indicates

zero-field splitting is occurring.

8
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S
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Figure 8.9 Plots of magnetization, M vs. applied field (Tesla) for Mn)¢-acetate, at various
temperatures 2 K (), 3 K (O), 4K (4), 5.5 K (0), 10 K (x), and 20 K (+). The solid lines

simply join the isothermal points and are not fitted curves.
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Figure 8.10 Plots of Magnetisation, M vs. H/T for the field values (from top): =3, 4.6, 4,

3.5,3,2.5,2,1.5,1,0.75 and 0.5 Tesla.

A hysteresis loop measured in low fields (0.2 T) on a neat powder at 2 K shows
a rapid increase in M in the £250 Oe region (Figure 8.11). To observe the characteristic
‘stepped’ hysteresis loops of SMMs, due to quantum tunnelling, requires the use of single
crystals or collections of oriented crystals and so this rapid increase through zero field is

unlikely to be such a step.
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Figure 8.11 Hysteresis plot of a powder sample of Mny¢-acetate dispersed in Vaseline, at 2

K.
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Detailed AC susceptibility studies were made as a function of frequency (50 -
1500 Hz) in the temperature range 2-10 K, and these are plotied as y’'mT vs. Tand y'm vs. T
in Figure 8.12. The ¥’mT values between 8-10 K (~8.5 cm’mol'K) are independent of
frequency and are of similar magnitude to the DC values of yT in this temperature range.
If all the Mn;¢ molecules were populating an isolated S = 3 ground state, and assuming g =
2.0, the ¥'mT value would be 6.01 cm’mol 'K, while population of only an § = 4 ground
state would yield 7’m7T = 10.01 cm®mol'K. The observed y’wT value is of an intermediate
value, as is the DC magnetisation value, M, at a temperature of 2 K and a field of 5 T (M ~
7 Nf). Thus, as indicated earlier, the data suggest that there is not an isolated ground S
level, but that Ievels are close together and zero-field splitting and Zeeman effects play a
part. Below 8 K the y'm7T values for Mng-acetate decrease rapidly, indicative of the onset
of slow magnetic relaxation. At higher frequencies, the decrease in ;'mT occurs at higher
temperatures. The Mn;,-carboxylates behave similarly.”® There is a hint of another such
decrease in y'uT occurring below ~ 3 K. In Figure 8.12(b), the out-of-phase y"v values
show maxima in the region 5-7 K, which vary in position, width and magnitude as the
frequency is varied, typical of SMM behaviour and similar to that in Mn;;-acetate type
clusters. In contrast to the Mn,; species, the values of the maxima in y"m, of 0.25 to 0.20
cm’mol”, are much smaller than in the Mny2 clusters but of similar size to those observed
for a Mnsg cluster.’? It is possible that a second series of maxima occur below 2 K, but
further measurements on a separate instrument would be required to confirm this and to

obtain the relative intensity compared to the 5-7 K maxima. Two such series of maxima, at

3 and

4-7 K and 2-3 K, have been observed in some of the Mn,>-carboxylate clusters®™
these originated from the presence of two Jahn-Teller isomers in the samples. In that study

each isomer could be isolated separately and assigned to the relevant series of maxima in
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¥'m. 1t is possible that such isomers can exist in Mnyg-a :etate, as can be seen in he

structural discussion (see section 8.3.1).
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The magnetisation relaxation data were analysed using the Arrhenius law for the

relaxation time, 7 (Equation 8.1):

= z'oe"AE /KT Equation 8.1

7= relaxation time = 1/(22v) (s),
7n = pre-exponential factor,
v = AC frequency (Hz) of applied field,

AE = activation energy or barrier height of the double potential energy well (cm™),

k = Boltzmann constant.

The values of T are the temperatures of the maxima in Figure 8.12(b). The
relaxation times, 7, are obtained from the frequencies (v in Hz) of each z"v measurement
using the relation 7= 1/(2rv), since at each maximum the relaxation frequency of an SMM
is equal to the operating AC frequency, v. Figure 8.13 shows the plot of In(1/7) vs. 1/T,
where the solid line is the least-squares best fit to the Arrhenius equation. From this fit, the
energy barrier, AE, was found to be 52 cm™ (c.f Mnjz-acetate AE = 43 cm™, 62 K)'* with

a pre-expunential factor of 3.00 x10” s. Table 8.6 compares these values with those of

other SMMis of Mn.

9.5 i
9.0 7
85 |
80t
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70
6.5
6.0
55 ¢
5.0 . L -

0.140 0.150 0.160 0.170 0.180 0.190

In(1/4)

urix!

Figure 8.13 Plot of In(1/7) versus 1/T from magnetisation data of Figure 8.12. Solid line

represents least squares line of best fit to Arrhenius equation (see text, Equation 8.1).
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Table 8.6 Effective energy barrier energies, AF, and pre-exponential factors, 7,, for some

Mn SMM clusters.

Cluster AE (em™) 7 (S) ref
[MngOy(OAC) (thme)(py)s(H20)2] ® 18.9 ’
[Mny20;2(0-p-Me-Bz)6(H20)4}:3H,0 ® 45.0 7.9x10° 3
[Mn;205CL(OBz)s(hmp)s] © 21.1 25%x10° 10
[Mn6016(OMe)s(OAC)16(MeOH)3(H20)3])-6H,0 52.2 3.0 x10°

(a) Hsthme = 1,1, 1-tris(hydroxymethyl)ethane; (b) O-p-Me-Bz = p-methylbenzoate; (c)
hmpH = 2-(hydroxymethyl)pyridine

In the absence of fitting of the Af/H data to an appropriate Spin Hamiltonian it is
possible to estimate the size of |D| , the axial zero-field splitting parameter for the coupled
ground state, by use of the relationship: | D|S;2 = AE, where AE is the btarrier height >
Since the precise value of S is not known, it was assumed to be 4. Thus a |D| value of
52/16 = 3.2 em™ is predicted, which is much larger than those determined for Mn,;-acetate
systems having a ground S=10 and D = -0.5 em™. 1t is much more akin to values obtained
for Mn" monomeric complexes.”

Use of the above relationship assumes that only the ground § state, and its Mg
components 0, 1, £2,..., £S, are thermally populated. In the present Mny¢-acetate cluster
there are other low-lying § states as indicated by the nature of the M vs. H isotherms in
Figure 8.9.

Attempts are currently being made by Mr. K. J. Berry (Westemnport Secondary
College, Hastings, Victoria) to try to simulate the M/H data and thus obtain the ground

state levels and the D values in a more direct manner. At this point it is clear that
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calculations of M, at 2 K and 5 T, for an S = 4 level yield, as expected, 8 NB for D = 0; 6.3

N for D=-1 cm™ and 4 Ng for D = -3.5 cm™. Thus, the D value obtained from the AC
relaxation data, assuming it is negative (-3.2 c¢m’'), is not compatible with the Brillouin
calculation of M which limits D to being less than ~ -1 cm™. The §'= 3 calculations gave an
even bigger discrepancy. There ts, therefore, a dilemma.

Giidel er al.*? have recently discussed somewhat related anomalies in a Niy-
citrate SMM cluster in which an § = 3 state was lowest, but with many other excited states
(up to § = 9) close in energy and thermally populated in high-fields (up to 8 T) at
temperatures below 1 K. The AE value obtained from the 3"y vs. frequency Arrhenius plot
was ~ 3 K in this Niy-cluster and D was estimated to be -0.22 cm™ (along the
crystallographic c-axis). Rhombic ligand-field terms, E, were thought to be partly
responsible for differences in the D value compared to that of Mn);-acetate, and transverse
anisotropy terms were also thought to be important, thus rendering the relationship 4£€ =
ID 1 $° invalid because of admixture of Ms levels. It is also interesting to note that excited
S states are now thought to be important in the Mnjz-actetate system e.g. S =9 close to S=
10 and S > 10 under very high fields.*

A possible, though unlikely explanation for the AC data and the consequent
estimated | D1, is that traces of Mn;;-acetate are present in the samples and responsible for
the frequency dependent AC behaviour. Certainly, there is no evidence for Mn,; in the
ue’T plot of Figure 8.8, since it would show a ferromagnetic like increase in g as the
temperature is decreased towards 2 K. A powder XRD measured on one sample showed,
by comparison to calculated line positions that Mn,¢-acetate was the major species present,
with traces of the chain [Mn(p-OMe){(p-OAc):]. and only a hint of Mn;-acetate, Two of
the weakest peaks in the diffractogram could be assigned to Mnjz-acetate, being two of the

strongest peaks in the calculated pattern for Mnj>-acetate.
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8.4.2 [Mn(p-OMe)(u-OAc);],

The variation of susceptibility and effective magnetic moment, per Mn" with
temperature is given in Figure 8.14. A broad maximum in yy occurs at ~70 K typical of
the behaviour of a Heisenberg antiferromagnetically coupled S = 2 chain.®® The rapid
increase in xy at low temperature could be due to monomer impurity or to ferromagnetic
chain-chain interactions. The corresponding u.qr values decrease gradually from 4.16 ug at
300 K (less than the uncoupled 4.87 up value) to 0.98 up at 2 K. The inflection below 10 K
is due to monomer impurity or chaiti-chain effects.

The data were fitted to an S = 2 Fisher chain (-2.J5;-Sj) model, modified by a (7 -
6) term to give an approximate way of expressing inter-chain interactions. The fit is good
and is shown in Figure 8.14. The parameters are g = 1.91, J=-7.0 ¢cm™’ and 6= +1.95 K.
The J value is of similar magnitude to those of some [Mn"(Schiff-base)X], chains (X =
OAC¢, N3),%° but much bigger than those obtained in the dca bridged Mn"(Schiff-base)
systems, described in Chapter 3, because of the large Mn-Mn distance and the poor
superexchange properties of dea vs. the OMe/OAc” combination.

The value of J obtained here is approximately half the value of -13.7 cm™
obtained for the dinuclear Mn"Mn'! complex [Mn';(3-MeO-salpentO)(u-OAc)(p-
OMe)(MeOH),]Br (where 3-MeO-salpentOH> = 1,5-bis(3-
methoxysalicylidenamino)pentan-3-ol).”’ This complex contains one acetate bridge and
two alkoxide bridges, one of which is a p-OMe™ group while the other is provided by the
Schiff-base ligand, with a Mn--Mn distance of 2.9278(6) A. The slightly stronger
antiferromagnetic coupling for the dinuclear complex can be attributed to the shorter

Mn--Mn distance compared to 3.4433(1) A for [Mn(u-OMe)(u-OAc):]x.
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Figure 8.14 Plots of . () and yv (®), per Mn, versus temperature for [Mn(u-OMe)(u-

OAc),],.. The solid lines are those calculated best-fits using the Heisenberg model, -2JS;-S;

(see text).

8.5 Conclusions

A  fascinating new  manganese(II/IV)  alkoxo-carboxylate  cluster,
[Mn;40;6(OMe)s(0AC);6(MeOH)3(H20)3]:6H20 (Mn¢-acetate), has been synthesised and
structurally characterised. Extensive magnetic measurements, most notably the frequency
dependency observed in the AC z" (out-of-phase) signal, have demonstrated that Mnye-
acetate is a new member of the family of single-molecule magnets (SMMs). It also
represents the first known hexadecanuclear manganese(IIVIV) cluster complex. The
previously reported Mn,¢ complex, [BagNa;CIMn;(OH)s(CO;)sLs]-53H,0 where L = 1,3-
diamino-2-hydroxypropane-N,N, N N “tetraacetic acid, was determined to be Mn'"s sMn"'; 5

by X-ray absorption s.pecl:roscopy.20
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Further physical measurements that are desirable on this Mnj¢-acetate cluster
would require external laboratories to be involved. They include (i) high-field/high-
frequency EPR (HFEPR) studies in order to determine the D value,”*® and (ji) the use of
strong transverse (H,) magnetic fields and magnetic specific heat measurements to obtain
detailed information on quantum relaxation and quantum coherence in these “mesoscopic-
size” clusters.’"52

Future synthetic work in this area could include more rigorous attempis to
synthesise different carboxylate derivatives, and mixed ligand Mn,¢ clusters with, for
example, nitrate, diphenylphosphinate or diphenylphosphate as reported by Christou et

al.®** and Kuroda-Sowa et al.®® for Minjz-acetate. Partial substitution previously achieved

with the Mns-acetate, of some of the perimeter Mn'"' centres with Fe'! or Cr' ions

6857 1f these modifications are realised,

yielding mixed metal clusters, may also be possible.
then the effect these modifications have on the magnetic properties of the resulting cluster
can be explored.

In addition, the reaction that formed Mnj¢-acetate yielded a new linear
manganese(Ill) methoxide-carboxylate chain complex, [Mn(p-OMe)(p-OAc);],, also
unexpectedly. This complex, whose structure consists of octahedral manganese(11l) centres
linked by two acetates and one methoxide ligand to form a 1D chain, resembles another
complex isolated by the candidate, {[Mn(u-OH)(p-OAc),}HOAc-H,0}, described in
Chapter 6. However, the structure of the latter complex contains a number of important
differences. It contains a p-OH™ group in place of the p-OMe’, which hydrogen bonds via
lattice acetic acid and water molecules to p-OAc” ligands on adjacent chains to form a 2D

sheet structure. Probably as a result of these hydrogen bonding pathways the complex

displays long-range antiferromagnetic order, whereas the complex described in this
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chapter, [Mn{u-OMe)(u-OAc).],, displays antiferromagnetic coupling with no subsequent

magnetic order.
8.6 Experimental

8.6.1 Synthesis of lMlh6016(0Me)6(0AC)16(M00H)3(H20)3]'6H20

To a stirred methanolic solution (120 mL) of Mn(INOs),-4H,0 (290 g, 11.57
mmol), and glacial acetic acid (10 mL), n-BusNMnO, (1.14 g, 3.15 mmol) was added in
small portions over a period of 30 minutes. The solution was then left to stand. After
several weeks a small amount of block-like black crystals of Mng¢-acetate formed. The
solution was decanted, the crystals collected by filtration and washed quickly with
methanol (0.20 g, 8 % based on total available Mn). IR (Nujol, cm™): 3600m, 3387mbr,
1558s, 1335m, 1027w, 960vw.

Many repeats of the reaction show that crystals of Mn,¢-acetate decompose with
time to yield species containing low content of carbon and poor diffraction quality despite
a good external morphology. Presumably slow hydrolysis of OMe™ and OA¢™ groups occurs
in the solid state. Analysis of a fresh sample, found (%): C, 18.8; H, 3.8; N, 0.0. Calc. for

C4]H95Mn|6056: C, 196, H, 3.5; N, 0.0.

8.6.2 Synthesis of [Mn(u-OMe)(u-OAc);],

When the above reaction also had Na(dca) (2.23 g, 25.0 mmol) and Me;NBr (3.85
g, 25.0 mmol) added, black crystals of Mns-acetate formed first, followed by smaller red
rectangular block-like crystals of []VIn(p—Oi\er)(p-OAc)z],,. They were obtained free of the
larger black Mn;¢-acetate crystals by successive filtration of the reaction to remove
mixtures of Mn;¢-acetate and [Mn(OMe)(OAc),), that formed, and leaving the filtrate to

stand until the product appeared homogenous with respect to the smaller red crystals by
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inspection under microscope. The crystals were collected by filtration and washed quickly
with methanol (Typical yield 0.25 g, 8 % based on total available Mn). IR (Nujol, cm™):
3603vw, 1568s, 1401s, 1355m, 1340s, 1018w, 992m, 945w. Anal. (%) Found: C, 29.2; H,

4.6; N, 0.0. Calc. for CsHoOsMn: C, 29.4; H, 4.4; N, 0.0.

8.6.3 X-Ray Crystallography

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A). Integration was carried out by the
program DENZO-SMN,® and data were corrected for Lorentz polarisation effects and for
absorption using the program SCALEPACK.®® No further numerical absorption corrections
were applied. Solutions were obtained by direct methods (SHELXS 97)* followed by
successive Fourier difference methods, and refined by full matrix least squares on Fobsz
(SHELXL 97)* with the aid of the graphical interface program X-SEED.” All non-
hydrogen atoms were refined anisotropicaily uniess otherwise stated. All hydrogen atoms
attached to carbons for Mn,g-acetate and [Mn(pu-OMe)(p-OAc):), were included at
calculated positions with isotropic thermal parameters fixed at 1.5 times the Uy of the
adjoining carbon atom. For Mnj¢-acetate, the hydrogens (where assigned) attached to
oxygen atoms were located in the difference maps and refined isotropically. The O-H
bond distances were restrained with the SHELX® (anti-bumping restraint) DFIX
instruction to be 0.90(2) A.

The asymmetric unit of Mns-actetate was found to contain half a Mn;s complex
as well as three water molecules. Two of the water molecules were disordered. The first
disordered water was modelled over two positions, O(540) and O(541), with site
occupancies refined to be 0.702 and 0.298 respectively. O(540) and O(541) were refined

with isotropic and anisotropic thermal parameters respectively. The second disordered
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water was modelled over three positions: O(530), O(531) and 0O(532), with site
occupancies of 0.33(1), 0.36(1) and 0.38(1) respectively. The sum of the occupancies was
restrained to be 1.00(1) (calculated 1.07) using the SHELX® SUMP instruction. O(530—
532) were refined with anisotropic thermal parameters. The third water, O(52), was
ordered and refined with anisotropic thermal parameters. Its hydrogen atoms, H(52A) and
H(52B), were located in successive iterations of least squares refinements and difference
Fourier maps and refined isotropically with the aforementioned anti-bumping restraints on
the O-H bond distances. No hydrogen atom positions were assigned for the two disordered

lattice water molecules.

Three areas of disorder were located within the cluster. Firstly, an axial p-OAc

[H |

and an adjacent methanol ligand, both on the outer Mn™ | perimeter, were disordered over

two positions. The three oxygen donor atoms 0O(39), O(41) and O(44) were refined at full

occupancy. The positions of the two carbon atoms of the acetate group, C(420) and
C(421), C(430) and C(431), and the two positions for the methyl carbon of the methanol,
C(400) and C(401), were refined to site occupancies in the ratio of 0.684/0.316 (Figure
8.4).

Secondly, two coordinated oxygens (O(45) and O(47)) were initially assigned as
two water ligands, however peaks near each oxygen were located at positions consistent
with partially occupied methanol carbon atoms. They were consequently assigned as such
an1 site occupancies of these carbon atoms and the attached hydrogen atoms were fixed at
0.25. Thus over the entire cluster four axial positions are occupied by three waters and one
methanol. One hydrogen atom for O(45) and two hydrogen atoms for O(47) were located
and refined isotropically with the aforementioned anti-bumping restraints applied. Finally,

the carbon atom of the p-OMe™ bridging between Mn(6) and Mn(7) was disordered over
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two positions. The site occupancies of these carbon atoms (C{(260) and C(261)), and the
attached hydrogen atoms, were refined to the ratio of 0.496/0.504 respectively.

As O(1) and C(2) of the bridging methoxide of [Mn{(p-OMe)(-OAc),], lie along
a 2-fold rotational axis the methyl hydrogens are disordered over two positions with equal

site occupancies.
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CHAPTER 9: SYNTHESIS, STRUCTURE AND
MAGNETISM OF TRINUCLEAR AND
TETRANUCLEAR MIXED VALENT MANGANESE
CLUSTERS, AND COPPER(Il) AND NICKEL(II)
MONONUCLEAR COMPLEXES FORMED
FROM DICYANONITROSOMETHANIDE

DERIVED LIGANDS
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9.1 Introduction

A great deal of recent research in polynuclear mixed-valent manganese complexes
has focussed on two main lines of enquiry. Firstly, in the bioinorganic area, many model
complexes have been made to replicate the structure and function of manganese containing
proteins and enzymes including, significantly, the water oxidation complex (WOC) in the
Photosystem II (PSI!) of green plants and cyanobacteria, which is responsible for the
catalysis of the light driven oxidation of H,O to 0" Detailed spectroscopic, EXAFS,
XANES and crystallographic studies have been made to probe the Mny(Ca) p-oxo cluster
in the redox states Sy to S4.>° The second area of recent Mn cluster research is that of
single molecule magnets (SMMs). The archetypal dodecanuciear cluster,
M"Y ,0,,(0AC)6(H,0),]2HOACc4H,0O (‘Mn,z-acetate’) and its derivatives are the
best and most comprehensively studied SMMs to date.” "’

Examples of tetranuclear manganese clusters are now known that behave as
SMMs and these include the family of complexes with the [Mn'YMn"50;X]* core,'#'®
where X is, for example, a halide, and other Mns complexes such as [Mn">Mn',]
rhomboidal cores.'™'® The subject of SMMs is dealt with in more detail in Chapters 7 and
8.

The results discussed in this chapter arose from a combination of interests in Mn
cluster chemistry and in 3D molecule-based magnets containing the pseudohalide ligand
dicyanamide (dca, N(CN);)." From such work the candidate isolated the hexadecanuclear
manganese(111/1V) cluster, Mn,¢-acetate, which displays SMM behaviour (see Chapter 8).%

While attempting to synthesise transition metal extended coordination complexes
containing the pseudochalcogenide ligand dicyanonitrosomethanide (denm, ONC(CN),),

two new mixed-valent manganese complexes were isolated. They are

[Mng(mcoe)(,]NO 3°2H50 ( { Mn; } ) and (M esN )2 [MII.40 2(0&0 )4(M BCN)z (HzO)(,] (NO 3)4 -2H,0
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({Mny}), where mcoe is methyl(2-cyano-2-hydroxyimino)ethanimidate

&
P
.%

(ONC(CN)C(NH)OCHj;) and cao is cyanoacetamidoximate (ON=C(CN)(CONH,))

{Scheme 9.1). Separately, two mononuclear complexes were also 1isolated,

[Ni(ca0)(H,0),} and [Cu{mcoe)(MeOH),]. The chelating-bridging ligands cao and mcoe

were formed in situ by nucleophilic addition of solvent to demin.

( | HN OMe o NH,

denm mcoe cao

Scheme 9.1 Dicyanonitrosomethanide (decnm, ONC(CN);), methyl(2-cyano-2-

hydroxyimino)ethanimidate (mcoe, ONC(CN)C(NH)OCH3") and cyanoacetamidoximate

(cao, ON=C{CN){(CONHy)).

LiaTE,

The structures of the complexes {Mn3}, {Mns}, [Cu(mcoe),(MeOH),] and

[Ni(cao),(H20),] have been elucidated by single crystal X-ray crystallography. The

REY

magnetic properties of {Mn3} and {Mny} were investigated in some detail. The magnetic

properties of the mononuclear copper(ll) and nickel(Il) complexes are also discussed.

i
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9.2 Synthesis and Characterisation

9.2.1 [Mn;(mcoe)s)]NO;2H,0 and
(MegN):(Mn, 0;(ca0)s(MeCN),(H,0)¢|(NO3)+2H,0

{Mn;(mcoe)s]NO32H,0 ({Mn;}) crystallizes out of a solution of Mn(NQO3),-4H,0
and MesN(denm) (1:2 molar ratio) in methanol. (MesN)[MnsO2(cao)s(MeCN)z(H,0)s]
(NO3)-2H:O  ({Mng}) crystallizes out of a solution of equimolar amounts of
Mn(NO;);4H,O and MeN(denm) in acetonitrile. A brown solid, which from IR
spectroscopy is likely to be MnQ,, is formed in both reactions in small and relatively large
quantities for {Mns} and {Mny}, respectively, at the same time as some of the Mn" is
oxidized to Mn", which is then included in the cluster. This brown solid can be filtered off
progressively during the course of the reaction. In latter stages, the majority of the product
1s {Mn3} or {Mny} and can be successfully separated from the remaining MnO, powder.
The yield of {Mny} was very low but quite reproducible. The infrared spectrum of {Mn;}
shows absorbances at 2221 and 1645 cm™ corresponding to the V(C=N) and w(C=N)
vibrations, respectively, of the mcoe ligand. Likewise for {Mny} absorbances at 2224 and
1682 ¢cm’' correspond to the v(C=N) and v(C=0) vibrations of the cao ligand. Elemental
analyses are consistent with the formulations given above. The powder X-ray
diffractograms of the bulk samples match those calculated from the crystal structures.

The pseudochalcogenide ligand dicyanonitrosomethanide (ONC(CN);,, dcnm)
undergoes nucleophilic addition of solvent (methanol and water for {Mn;} and {Mn4}
respectively) in the coordination sphere of the metal to form the chelating ligands
methyl(2-cyano-2-hydroxyimino)ethanimidate (ONC(CN)C(NH)OCH3", mcoe) for {Mns}
and cyanoacetamidoximate (ON=C(CN)(CONH.), cao) for {Mns}. The nucleophilic

addition of solvent to dcnm has been reported by Hvastijova et al. for Co', Ni', Cu" and
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Pd" complexes (see also sections 9.2.2, 9.3.3 and 9.3.4).>"* The protonated caoH ligand,
has been synthesized recently by refluxing the filtrate formed from the reaction of
Ag(denm) and NH4Cl in water.® Compounds {Mn3} and {Mns} are the first examples of
compounds in which the mcoe and cao ligands occupy bridging as well as chelating
coordination modes. The oxidation of Mn" to Mn"™ and Mn'Y (MnO,) in these aerobic

n

reactions is not unexpected and the formation of Mn"OMn" bridges in {Mns} under these

conditions is common.?$

9.2.2 [Cu(mcoe);(MeOH),] and |Ni(cao0),(H,0),]

The reaction of a solution of MesN(dcnm) in methanol with a solution of
Cu(NOs3)2:3H,0 in methanol in 2:1 molar ratio yields large well formed dark green needles
of [Cu(rflcoc)z(MeOH)gj. A similar reaction in water with Ni{(ClQ,),-6H>O instead of
Cu(NOs)23H,0 yields dark red-purple crystals of [Ni(cao)(H,0),). Infrared spectra of
[Cu(mcoe),(MeOH),] and [Ni(cao),(H,0),] show absorbances at 2219 and 2228 cm™ due
to v(C=N) of mcoe and cao respectively, As for [Mni(mcoe)s]NO;2H,O and
(Me4N)2[MnsOx(cao)s(MeCN)2(H20)6J(NO3)42H0, denm has undergone nucleophilic

addition of solvent on coordination to form the chelating ligands mcoe and cao.

9.3 Crystal Structures

9.3.1 [Mny(mcoe)s]NO;2H,O
Crystallographic data for [Mnj(mcoe)s)NO;2H,O ({Mn3}) are summarised in
Table 9.1. Table 9.2 contains selected distances and angles (see page 395). The compound

{Mns} crystallizes in the trigonal space group P31c. The cation is a linear trinuclear

complex (Figure 9.1) with the three manganese ions lying along a common three-fold axis

and the central manganese atom situated on an inversion centre (3 ). Thus the asymmetric
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unit contatns 1/6 of the formula unit. The cation contains two symmetry related terminal
six-coordinate manganese(I) ions chelated by the N-donor atoms of the imine and oxime
groups of three mcoe ligands in a trigonal prismatic Ng environment (Mn(2)-N(9) =
2.189(4), Mn(2)-N(2) = 2.324(3) A and N(2)-Mn(2)-N(9) = 72.2(1)°). The two terminal
manganese(ll) ions are bridged to the central manganese(Ill) by the oxime groups of the

six mcoe ligands, providing an Og coordination environment in a distorted octahedral

fashion (Mn(1)-O(1) = 2.169(3) A).

NG

A o) ..
@ " g=c®

C6) 4

M

Figure 9.1 The crystal structure of [Mnsi{mcoe)s]NO;2H,O ({Mni}), with the atom
labelling scheme shown (thermal ellipsoids shown at 50% probability). Nitrate counter-

ions and lattice water molecules are omitted. .
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Table 9.1 Crystal data for [Mniy(mcoe)s]NO3-2HO  ({Mn;})  and

(MesN)2[MnsOx(cao)s(MeCN)2(H20)s](NO3)4:2H20 ({Mny}).

P T s R v i

Compound {Mn3} {Mng}
: »j Formuia CaaHasMn3N9Oy7  CaaHissMnuN2gOs0
1 M 1019.47 1322.62
" Crystal system Trigonal Monoclinic
Space group P31c C2/c
a/A 12.4720(2) 19.2163(3)
bIA 12.4720(2) 11.4283(2)
i c/A 15.8114(4) 24.0215(2)
B 90.916(1)
UIA® 2129.97(7) 5274.7(2)
: TIK 123(2) 123(2)
1 Peate/ g cm’ 1.590 1.666
I #(Mo-Koy/mm’! 0.965 1.041
Crystal habit, colour thomboidal, red  rhomboidal, orange-red
| é Crystal dimensions / mm 0.15 % 0.125 x 0.1 0.2x 0.2 x 0.1
Oranges / ° 2.58 - 28.32 2.12 -28.29
i Index ranges 16<h< 16, 25<h <25,
-__ -15<k<16, -15<k<15,
21<1<21 32<1<32
Completeness to 280=55°/%  99.9 99.2
i Data collected 29281 35448
11 Unique data (Rin) 1775 (0.0908) 6442 (0.0619)
Observed reflections [ > 2o(D] 1390 4578
Parameters 106 292
it Final R;, wR; [/ > 20(1)] © 0.0759,0.2172  0.1134,0.3314
E (all data) 0.0968, 02321 0.1502, 0.3563
Goodness of fit, § 1.141 1.097
APininy DPrax / € A -1.613, 1.366 -1.483, 1.819
] @ Ry =S| [Fol - IF 1/ 2 Fely wRy = {2 Do(FS - FAYY 1 X [w(FYT
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The oxidation states are assigned on the basis of charge balance and on
consideration of bond lengths. The two terminal manganese ions are assigned Mn" due to
the longer average bond length (2.257(7) A) compared to the bond length for the central
manganese ion (2.169(3) A), which was assigned as Mn'". It would be expected that the

11

central Mn"" ion would show Jahn-Teller distortion, having d* configuration in a near

octahedral environment. However, due to the 3 symmetry of this metal site, there is only
one unique Mn-O bond length.

This compound strongly resembles the linear trinuclear mixed oxidation state
manganese compounds [(Mes-tacn)Mn™ {(u-niox);M"}Mn™(Mes-tacn))(C104),, (M" =
Mn, Cn and Zn; Mejs-tacn = 1,4,7-trimethyl-14,7-triazacyclononane; Hsniox =
cyclohexane-1,2-dione) published by Birkelbach er al.?*® In contrast to {Mn;}, these
complexes consist of a central M" ion chelated by three niox> ligands in a trigonal
prismatic environment with an N coordination sphere, and are then bridged to the two
terminal Mn" ions by the oxime groups of the niox> ligands. The terminal Mn™ ions are
in turn capped by Me;s-tacn and thus possess a distorted octahedral N3O coordination
environment. Other linear Mn'"Mn""Mn"" examples are also known.?

Each cation in {Mn;} is linked to its neighbour along the c-axis via hydrogen
bonding between the cation imine hydrogen atoms and the nitrate counter-ion
(N(9)-0O(111) = 2.90(1) A) (Figure 9.2), which is disordered over two positions related by
a 48.8(1)° rotation about the nitrogen atom. This disorder in the nitrate oxygen may be

caused by hydrogen bonding between the three imine hydrogens each on adjacent

complexes that are staggered 60° with respect to each other.
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Figure 9.2 Hydrogen bonding of {[Mn3(mcoe)s]* cations alternating with disordered nitrate

anions {H-bonds dashed green, methyl hydrogens omitted for clarity).

Table 9.2 Selected interatomic distances (A) and angles (°) for [Mn3(mcoe)s]NO;2H,0

({Mns}).
Mn(1)-0(1) 2.169(3)  Mn(1)"Mn(2) 3.9177(9)
Mn(2)-N(2) 2.324(3)  Mn(2)-N(9) 2.189(4)
O(1)-N(2) 1301(4)  CQ)-C(6) 1.490(5)
N(2)-C(3) 1.303(5)  C(6)-N(9) 1.250(6)
C(3)-C(4) 1.410(6)  C(6)-O(7) 1.338(5)
C(4)-N(5) 1L141)  O(7)-C(8) 1.462(6)
O(1)-Mn(1)-0(1) 90.7(1)  N(2)-Mn(2)-N(9) 72.2(1)
O(1)-Mn(1)-0(1") 82.6(1)  N(9)-Mn(2)-N(9" 92.7(1)
O(1)-Mn(1)-0(1%) 93.5(9)  N(2)-Mn(2)-N(2% 85.3(1)
O(1)y-Mn(1)-0(1% 174.5(1)  N(2)-Mn(2)-N(5%) 138.2(1)
N(2H-Mn(2)-N(9) 125.9(1)
Hydrogen bonding
N(9)-H(9) 1.00(7)
H(9)O(110) 2.00(7)  H@O)-0(111) 2.02(7)
N(9)+O(110) 2.943)  N(9)-O(111) 2.90(2)
N(9)~H(9)--O(110) 156(5)  N(9)-H(9)~0(111) 147(5)

Symmetry transformations: (1) y-X, y, 3/2-z; (ii} -1-y, x-y+1, z; (iii) 1-y, 1-x, 3/2-z.
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9.3.2 (MesN)2[Mn O, (cao)s(MeCN),(H,0)s](NO;),-2H,0

Crystallographic data for (MesN)2[MnsOx(cao)s(MeCN)(H20)61(NO;3)42H,0
({Mn4}) are summarised in Table 9.1 (see page 393). Selected interatomic distances and
angles for {Mn4} are contained in Table 9.3 (see page 402). Compound {Mn,} crystallizes
in the monoclinic space group C2/¢, with the tetranuclear manganese cluster lying on an
inversion centre. Figure 9.3 shows the cluster with the atom labelling scheme. The
asymmetric unit contains half of the cluster, one tetramethylammonium and two nitrate
counter ions and one lattice water. The cluster contains a rhombic [Mmny(us-0);]%" core
(2Mn", 2Mn"") in which the four Mn atoms lie in a plane with Mn(1)-~Mn(2) = 3.546(2) A
being considerably longer than Mn(2)mMn(2i) = 2.773(2) A. This is due to the iatter pair
being bridged by two u3-0% atoms (Mn(2)-0O(1) = 1.844(3) A and Mn(2)-O(1) = 1.837(5)
A), whereas the former pair are bridged by the two atom N-O oxime moiety of the cao
ligand (Mn(1)-N(3) = 2.436(6) A and O(2)-Mn(2) = 2.003(5) A) and a single p3-O% atom
(Mn(1)-0(1) = 2.077(5) A}. The p3-O> atom lies 0.190(6) A out of the plane defined by
the four manganese atoms. On the periphery of the [Mnu(13-O)]%" core are four chelating
cao ligands (twc; of which are unique) that lie roughly coplanar with the core. In the axial
positions of the metal coordination spheres are six terminal water molecules, two each on
Mn(1) and Mn(1’) and one each on Mn(2) and Mn(2"), and two terminal acetonitrile

ligands, one each on Mn(2) and Mn(2').
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Figure 9.3 Crystal structure of (MegN);[MnyO2(cao)s(MeCN)z(H20)6](NO3)42H,0
({Mn4}) with atom labelling scheme (thermal ellipsoids shown at 50% probability).

Counter 1ons and lattice waters omitted.

The two Mn" atoms (Mn(1) and Mn(1)) are thus seven coordinate in an
approximate pentagonal bipyramidal arrangement. The carbonyl oxygens (O(9) and O(17))
and oxime nitrogens (N(3) and N(11)) of two cao ligands and one ;-0 ion (O(1)) make
up the pentagonal plane of the bipyramid, whereas the apices are filled by the two axial
waters (O(18) and O(19)). The sum of the five angles around the plane is 36(°, attesting to
the planarity of the coordination environment. The non-coordinating nitrile groups of the
two cao ligands chelating each Ma" ion are bent slightly away from the plane of the

[Mm(u;-O);_]é* core. Mn{2) (and Mn(2i)) was assigned as Mn" on the basis of the
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significant Jahn-Teller elongation in the direction of the axial water and acetonitrile ligands
(Mn(2)-0(20) = 2.296(8) A and Mn(2)-N(21) = 2.372(9) A, where the average equatorial
bond distance = 1.92 A).

A complex network of hydrogen bonding exists between the clusters and the
intercalated water and nitrate anions. Inspection of the cluster shows that there are several
sites capable of hydrogen bonding, and the cluster packing mode is primarily determined
by the hydrogen bonding interactions. Broadly speaking there are two intersecting
hydrogen bonding networks. Firstly, a sheet in the ab-plane is formed by hydrogen
bonding interactions between adjacent clusters (perpendicular to the plane of the clusters)
via the terminal waters, the nitrate anions and the intercalated water molecule. Secondly,
another sheet network is formed in the ac-plane by hydrogen bonding between the terminal
amine and the nitrile groups of the cao ligand on adjacent clusters. The
tetramethylammonium cations pack between the sheets 1n the ab-plane.

The network in the ab-plane involves multiple hydrogen bonding interactions and
can be broken down into two types of intersecting chains. Firstly, the terminal water
oxygen atom O(19) on Mn(2) hydrogen bonds to two symmetry related nitrate anions
(0(19)-0(52") = 3.07(2), O(19)0(53) = 2.63(2) A and O(52")-0(19)+0(53) =
124.9(7)°). Both nitrate anions in turn hydrogen bond to a symmetry related O(19) on an
adjacent cluster. The pattern thus formed is a stej:ped chain of clusters (Figure 9.4). The
second chain in this plane involves hydrogen bonding from the water O(18) coordinated to
Mn(2) to both a nitrate anion (O(1 8)°--O(43i) =2.86(2) A) and a disordered water (average
OO distance = 2.9(1) A), which in turn hydrogen bond to their symmetry related partners
(nitrate-water average O-+O distance = 2.37(9) A), which then also hydrogen bond to

O(18) on the adjacent cluster (Figure 9.5). The water coordinated to the central Mn(1) also
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hydrogen bonds to the nearby nitraic anion that is also hydrogen bonded to O(18)

(0(20)--0(43) = 2.82(2) A).

Figure 9.4 The stepped chain section of the hydrogen bond network (dashed green) of

{Mny} in the ab-plane.
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Figure 9.5 Second part of the hydrogen bonded network (dashed green) of {Mny} in the

ab-plane.
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The sheet in the ac-plane (Figure 9.6) is set up by the terminal amines and nitriles
of the two unique cao ligands, so that the amine on one cluster hydrogen bonds to the
nitrile on the adjacent cluster (N(8)-N(6"™) = 3.00(1) A, N(8)-H(8B)-"N(6'") = 149.4° and
N(16)-"N(14") = 3.03(1) A, N(16)~H(16B)"N(14") = 152.9°). All hydrogen bonds in the
plane are directed parallel to the c-axis direction. The topology of this sheet is (4,4).
Viewed parallel to the c-axis direction the sheets undulate due to the planes of adjacent
clusters in the a-axis direction being on an angle of 31.48(3)° to each other (mean planes of
Mn atoms). The terminal amine on one of the cao ligands also hydrogen bonds to a nearby
nitrate anion (N(8)-0(43%) = 2.90(2) A, N(8)-H(8A)-0@43") = 175.9°) and
correspondingly the other amine hydrogen bonds to the disordered lattice water molecule
with an average distance of 2.79(7) A. Thus the amine groups also participate in the

hydrogen bonded network in the ab-plane.

Figure 9.6 Hydrogen bonded network (dashed green) of {Mns} in the ac-plane.
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Table 9.3 Selected

interatomic

distances (A) and

(MesN)2[MnyOi(cao)s(MeCN)2(H20)sI(INO3)4-2H20 ({Mm4}).

angles (°) for

Mn(1)-0(1)
Mn(1)-N(3)
Mn(1)-0(9)
Mn(1)-N(11)
Mn(1)-0(17)
Mn(1)-0O(18)
Mn(1)-0(19)
Mn(1)-Mn(2)

0(1)-Mn(1)-0(19)
0(1)-Mn(1)-O(18)
0(19)-Mn(1)-0(18)
O(1)-Mn(1)-O(17)
0(19)~Mn(1)-0(17)
O(18)-Mn(1)-0(17)
O(1)~Mn(1)-0(9)
0(19)-Mn(1)~O(5)
0(18)-Mn(1)-O(9)
O(17)-Mn(1)-0O(9)
O(1)-Mn(1)-N(11)
0(19)-Mn(1)~N(1 1)
0(18)-Mn(1)-N(11)
0(17)-Mn(1)-N(11)
0(9)-Mn(1)-N(11)
0(1)-Mn(2)-N(3)
0(19)-Mn(1)-N(3)
O(18)-Mn(1)-N(3)

Hydrogen bonding
0(19)-0(52™)
0(19)+-0(53)
0(18)--0(43%)
O(18)--0(600™)
0(600)--0(41)
0(601)-+O(41)

O(52%)~0(19)-0(53)

N(8)-H(8A)-O(43")

2.077(5)
1.924(2)
2.241(6)
2.425(6)
2.226(6)
2.192(7)
2.180(9)
3.546(2)

93.7(3)
87.3(2)
176.3(3)
142.3(2)
90.0(4)
91.4(3)
143.1(2)
86.7(3)
90.3(3)
74.6(2)
73.9(2)
90.3(3)
93.4(2)
68.5(2)
143.0(2)
74.6(2)
90.8(3)
86.0(2)

3.07Q2)
2.63(2)
2.86(2)
2.49(5)
2.40(5)
2.34(4)

124.9(7)
175.9

Mn(2)-0(1)
Mn(2)-0(1%)
Mn(2)-0(2)
Mn(2)-0(10)
Mn(2)-0(20)
Mn(2)-N(21)
Mn(2)--Mn(2)

O(17)-Mn(1)-N(3)
O(9)-Mn(1)-N(3)
O(1)-Mn(2)-0O(1%
O(1)-Mn(2)-0(10%)
O(1)-Mn(2)-O(10°)
O(1)-Mn(2)~0(2)
O(1)-Mn(2)-0(2)
O(2)-Mn(2)-0(10")
O(1)-Mn(2)~0O(20)
O(1)-Mn(2)-0(20)
O(10)-Mn(2)--0(20)
O(2)-Mn(2)-0(20)
O(1)-Mn(2)-N(21)
O(1)-Mn(2)-N(21)
O(10)-Mn(2)-N(21)
0O(2)-Mn(2)-N(21)
0(20)-Mn(2)-N(21)

0(20)+0(43)
N(8)-N(6")
N6)--N(14%)
N(8)--0(43")
N(16)0(600™)
N(16)-0(601™)

N(8)-H(8B)--N(6™)
N(16)-H(16B)N(14")

1.844(5)
1.837(5)
2.003(5)
1.993(5)
2.296(8)
2.372(9)
2.773(2)

142.9(2)
68.4(2)
82.3(2)
93.7(2)

175.9(2)

176.5(2)
94.6(2)
89.4(2)
95.9(3)
93.8(3)
87.03)
82.5(3)
94.9(3)
93.4(3)
86.4(3)
87.03)

167.7(3)

2.82(2)
3.00(1)
3.03(1)
2.90(2)
2.90(4)
2.67(3)

149.4
152.9

Symmetry transformations: (i) 1/2-x, 3/2-y, 1-x; (if) x-1/2, y-1/2, z; (iii) -x, ¥, 3/2-Z; (iv) -x, 2-y, 1-

z; (V) ~x, Y, 3/2-z.




SR S

-

e e et S
s }%r,..._-..,.,_a RN R

L8 4w i

fatr m-‘;_r;.:':'._ ,31.,\' AR e

ke

i

AR

e

Chapter 9 403

9.3.3 [Ni(cao),(H,0),]

X-Ray structural analysis was performed by Dr. P. Jensen on a single crystal
prepared by the candidate. Crystallographic data for [Ni(cao),(H,0);] are summarised in
Table 9.4. Selected interatomic distances and angles are given in Table 9.6 (see page 410).
[Ni{cao),(H;0);] (Figure 9.7) crystallises in the monoclinic space group C2/m. The
structure of this mononuclear species consists of a Ni" atom lying on an inversion centre
(thus the asymmetric unit contains half of the complex), which is coordinated in a near
octahedral environment by the carbonyl oxygen (Ni(1)-O(8) = 2.053(2) A) and oxime
nitrogen (Ni(1)-N(2) = 2.068(2) A) of two cao ligands in the equatorial plane and by two
water molecules (Ni(1)~0(9) = 2.016(2) A) in the axial positions. The cao ligand lies on a
mirror plane and the axial Ni-O bond lies on a perpendicular two-fold rotational axis,
therefore the only non-ideal octahedral coordination angles are those within the plane of
the cao ligands (N(2)-Ni(1)-O(8) = 78.87(7)° and its complement O(8")-Ni(1)-N(2) =

101.13(7)°).

Figure 9.7 Crystal structure of [Ni(cao)(H20);] with atom labelling scheme (thermal

ellipsoids shown at 50 % probability).
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Table 9.4 Crystal data for [Ni(cao),(H20).] and [Cu(mcoe),(MeOH),).

Complex [Ni(cao):(H;0);] [Cu(mcoc):(MeOH)]

Formula CeHgNNiOg Ci0H16CuNgOs

M 318.89 379.83

Crystal system Monoclinic Monoclinic

Space group C2/m P2/e

alA 6.8712(2) 5.3442(1)

b/A 7.4908(3) 15.8348(6)

c/A 11.7493(4) 9.4068(3)

pre 93.330(2) 97.344(2)

U/A3 603.72(4) 789.51(4)

Z 2 2

/K 123(2) 153(2)

Peate / g cm™ 1.754 1.598

#(Mo-Kay/mm' 1.642 1.423

Crystal dimensions / mm 02x01x007 03x0.15x0.13

@ranges / © 3.47 -30.01 3.37 -32.56

Index ranges 9<hL9, -1<h <5,

-105k<10, 232k <20,
-16<1<16 125714

Compieteness to 28=55°/% 99.7 99.1

Data collected 4291 8243

Unique data (Rin) 937 (0.0271). 2635 (0.0391)

Observed data [/ > 20(])] 913 2023

Parameters 68 138

Final Ry, wRy [[>20(D]®  0.0287,0.0634  0.0340, 0.0626
(all data) 0.0296, 0.0640  0.0613, 0.0898

Goodness of fit, S 1.059 1.111

Aoy DPrax / € A -0.957,0.985 -1.057, 0.904

@ R\ = S| |Fol - |Fe| |/ E [Foly wR2 = {Z [W(Fo> - F 1 S [WFSY 17
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Because of the types of peripheral groups on the cao ligands and the axial H,0O
ligands, a series of hydrogen bonds links the mononuclear species to form a 3D hydrogen
bonded network. For ease of description, this network can be divided into two orthogonal
2D sheets, one in the ab-plane and a second in the ac-plane. The sheet in the ab-plane
(Figure 9.8) is formed by hydrogen bonds from the axial water ligands to the oxime
oxygen atoms of adjacent complexes (H(9)~-0(1") = 2.08(3) A and O(9)-H(9)-~O(1") =
159(5)°). If each complex is viewed as a node, and the two hydrogen bonds between each
adjacent complex are viewed as a single connection, the resulting topology of this sheet is
(4,4).

The sheet in the ac-plane (Figure 9.9) is formed by hydrogen bonds occurring
between one of the amine hydrogens of the cao ligand to the nitrile group of an adjacent
complex in the c-axis direction (H(7A)--N(5") = 2.14(4) A and N(7)-H(7A)-~N(5") =
170(4)°), and between the other cao amine and the oxime oxygen on an adjacent complex
in the a-axis direction (H(7B)O(1'%) = 2.04(4) A and N(7)-H(7B)--O(1'") = 158(3)°).
This sheet \also has (4,4) topology and resembles closely the hydrogen bonded sheet of
{Mny} in the ac-plane described in section 9.3.2 (see Figure 9.6). The shortest Ni--Ni
distance is equal to half the diagonal of the ab face of the unit cell (5.0825(1) A). The next

shortest Ni~Ni distances are equal to the a (6.8712(2) A) and ¢ (11.7493(4) A) unit cell

lengths.
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Figure 9.8 2D hydrogen bonded (4,4) sheet network of [Ni(cao)(H;Q);] in the ab-plane
(hydrogen bonds shown in dashed green, (4,4) network shown in red and amine hydrogens

omtitted for clarity).

——
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Figure 9.9 View of [Ni(cao),(H,0),] showing a hydrogen bonded 2D grid (4,4) sheet in

the ac-plane.

In 1983 Skopenko et al reported the structure of this complex at room
temperature (295 K).*® Their solution is in the orthorhombic space group Cmca. A later
unit cell measurement, again at 123 K, on a crystal from another sample of
[Ni(cao),(H,0)2] prepared by the candidate, gave the same parameters as those obtained by
Skopenko et al. Thus, these are two different phases or polymorphs, as they have the same
chemical composition but different packing in the solid state. The unit cell dimensions of
the previously reported phase are given in Table 9.5 alongside those of the phase reported
here for comparison (the former and latter phases are arbitrarily designated o and [

respectively).
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Table 9.5 Unit cell parameters for the polymorphs a- and B-[Ni{cac).(H20).] (at 295 K,
and 123 K).3

Complex a-[Ni(cao),(H,0);] at 295 K*® B-[Ni(cao)(H.0);] at 123 K
Crystal system Orthorhombic Monoclinic

Space group Cmca C2/m

alA 7.546(1) 6.8712(2)

bIA 6.880(1) 7.4908(3)

c/A 23.382(5) 11.7493(4)

pre 93.330(2)

Conversion of the - to the $-phase can conceptually be brought about by taking
every second molecule along the c-axis direction and translating them in the b-axis
direction (c-phase} a distance of 1/24 and then rotating these molecules 180° about the c-
axis. Consequently, the overall hydrogen bonding networks of the two phases are different.
The 2D H-bond network in the axial direction of the molecules (ab-plane) is identical,
although every second ab-plane network is rotated 180° about the c-axis with respect to the
other phase. The H-bond network in the equatorial plane of the molecules in the a-phase,
however, has (3,6) topology as opposed o the (4,4) net of the B-phase reported here.
Figure 9.10 shows the hydrogen bonding networks in the equatorial plane of the a- and B-

phases for comparison.
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(b)

Figure 9.10 The hydrogen bonding notworks in the equatorial plane of the

[Ni(cao),(H,0);] mclecules for (a) the o-phase (3,6) and (b) the B-phase (4,4). The
topologies of the nets are indicated by the blue lines. The structure of a-[Ni{cao)2(H,0),]

reported by Skopenko er al.,’® was rendered from a simulated SHELX res file of CSD

entry CABTUU.
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Table 9.6 Selected interatomic distances (A) and angles (°) for [Ni(cao),(H,0).].

Ni(1)-N(2) 2.068(2) Ni(1)-O(8) 2.053(2)
Ni(1)-0(9) 2.016(2)

N(2)-Ni(1)-O(8) 78.87(7) O(8)-Ni(1)-N(2) 101.13(7)
Hydrogen bonding

In the ab-plane

O(9)-H(9) 0.86(2)  OQO)-O(1™) 2.898(2)
H(®)--0(1™) 2.08(3) O(9)-H(%)--0(1™) 159(5)
In the ac-plane

N(7)-H(7A) 0.88(4)  N(7)-H(B) 0.88(4)
H(7A)~N(5") 2.14(4) H(7B)+-0(1%) 2.04(4)
N(7)+N(5%) 3.0103)  N(7)»-0(1™ 2.878(3)
N(7)-H(7A)N(5") 170(4) N(7)-H(7B)--O(1" 158(3)

Symmetry transformations: (i) -x, -y, -z; (ii) -x, -y, 1-x; (iii) x-1, y, z; (iv) 1/2-x, 1/2-y, -z.

9.3.4 [Cu(mcoe),(MeOH),]

X-Ray structural analysis was performed by Dr. S. R. Batten on a single crystal
prepared by the candidate. Crystallographic data for [Cu(mcoe),(MeOH),] are summarised
in Table 9.4 (see page 404). Selected interatomic distances and angles are given in Table
9.7 (see page 413). The mononuclear complex [Cu(mcoe),(MeOH),] crystallises in the
monoclinic space group P2i/c. It consists of a copper(l) atom, which lies on an inversion
centre, coordinated in a Jahn-Teller distorted octahedral environment by the imine nitrogen
(Cu(1)-N(9) = 1.963(2) A) and oxime nitrogen (Cu(13-N(2) = 2.034(2) A) of two mcoe
ligands in the equatorial plane and by two methanol ligands (Cu(1)-O(10) = 2.494(2) A) in

the elongated axial positions (Figure 9.11).




Chapter 9 M1

S

' (11) "

N(S) K % 0(10)
8 o) @8

_ C(4)
g NE)

b S

'} c(6) \{

NOW.

CORkL,

AR 2

LAt

oot

Figure 9.11 The crystal structure of [Cu(mcoe),(MeOH),] with the atom labelling scheme
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shown (thermal ellipsoids shown at 50 % probability).

Once again, because of the types of peripheral groups on the mcoe ligands, these
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Frieie

mononuclear species are linked by intermolecular hydrogen bonds formed between the

e

gt o

axial methanol and the mcoe oxime oxygen (H(IO)-"O(li“) = 1.94(4) A and
0{10)-H(10)-0(1") = 178(4)°), and the imine of the mcoe ligand and the methanol
oxygen (H(9)-0(10%) = 2.27(3} A and N(9)-H(9)-0(10") = 153(3)°). Linear 1D chains

are formed that run parallel to the g-axis direction (Figure 9.12). The intra-chain Cu--Cu

sips iy T i et

distance is equal to the unit cell length a (5.3442(1) A). The shortest inter-chain Cu--Cu

AT

distance is equal to half the diagonal of the bc-plane (9.2091(3) A).
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The hydrogen bonding interactions link ligands which lie along Cu(d ) and

Cu(d,»_ i ) directions and thus any magnetic exchange will be expected to be very weak.

Figure 9.12 A Linear 1D hydrogen bonded chain of {Cu(incoe),(MeOH),] running parallel

to the g-axis direction.
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Table 9.7 Selected interatomic distances (A) and angles (°) for [Cu(mcoe),(MeOH),].

Cu(1)-N(2) 2.034(2)  Cu(1)-N(9) 1.963(2)
Cu(1)-0(10) 24942)  C(3)-NQ@) 1.321(3)
N(2)-Cu(1)-N(9) 81.39(7)  N(2)-Cu(1)-N(9) 98.61(7)
N(2)—Cu(1)-0(10) 90.74(6)  N(9)-Cu(1)-0(10) 88.64(7)
Hydrogen bonding

N(9)-H(9) 0.78(3)  O(10)-H(10) 0.79(4)
H(9)--0(10") 2.27(3)  H(10y»-0(1') 1.94(4)
N(9)--0(10") 2.989(2)  O(10)-0(1™ 2.726(2)
N(9)-H(9)--0O(10") 153(3)  O(10)-H(10)--0(1'h 178(4)

Symmetry transformations: () 1-x, 1-y, 1-z; (1i) -x, 1-y, 1-z; (i1i)) x-1, v, z.

9.4 Magnetism

The help of Mr. Kevin Berry (Westernport Secondary College, Hastings, Victoria)

with calculations is gratefully acknowledged.

9.4.1 an3(mCOC)6]NO3'2H20

In Figure 9.13 it can be seen that the magnetic moment, per Mnj, decreases a little
from 9.5 up at 300 K to ~9 ug at ~100 K, then more rapidly to reach a shoulder value of 5.5
up at 5 K, before reaching 4.7 ug at 2 K. The uncoupled (g = 2.0) value for §; = 5/2, S, =
4/2, §3 = 5/2 is 9.70 pp and very weak antiferromagnetic coupling is therefore occurring.
The 2 K value is suggestive of a St = 2 coupled ground-state but, since the J values are
small, there will be many Ms energy levels populated because of their close spacing of a

few cm™.
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Figure 9.13 Plot of observed p. data for {Mn;} (2-300 K, H = 1 T). Calculated lines are

obtained using the parameter sets (a) to (c) (see text) are given. (a) —*-+-+-+, (b) =+ , (&) —.

The crossover of relevant Sy levels occur at the following o values where o =
J13/J12 and Jy2 is negative;

Sr=3 a<04
Sr=2 04<a<0.5
St=1 a>05

The spin Hamiltonian employed is that commonly used for a linear trimer:
H=-2J15(5,"857 + 8283) - 2138183 Equation 9.1

The field-dependent thermodynamic form of susceptibility was employed.'"'®*! Wide

ranges of parameter values were explored in trying to fit the whole susceptibility data
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between 2-300 K. The region 12-120 K was the hardest to reproduce. Using yrp of

300x10°® cr’mol™, the following three sets gave quite good fits.

(@) g=1.99,J;2=-1.02 cm™, Jj3=-0.53 cm™, o = 0.52, Sy = 1 ground;
(b) g=2.00,J;,=-1.16 em’, Ji3=-0.58 cm™!, o = 0.50, St =1 or 2 ground;

(©) g=2.02,J12=-1.59 cm’\, J;3 = -0.67 cm’}, @ = 0.42, Sy = 2 ground.

Fit (c) was better than (a) and (b) between 10-120 K but worse below 6 K (Figure
9.14). 1t is possible that the small discrepancy below 6 K arises through trimer-trimer
interactions. Variable field magnetisation isotherms (T = 2-20 K, H = 0-5 T) were
measured to help to identify the St ground state. Saturation in M is not complete even at 2

Kand5T.

10.00

9.00 }-

8.00

7.00

l'l'eff [“B

6.00

5.00

4.00 ! ! 1 '
0 10 20 30 40 50

T/K

Figure 9.14 Plot of observed .y data for {Mn;} in region 2-50 K with calculated lines for

parameter sets (a) ===, (b) -+, (¢) —— (see text).
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Calculation of the M vs. H plots at 2 K and 0-5 T using the parameter sets (a) to
(c) gave the worst agreement for set (c) with calculated M values being bigger than
observed at all temperature and field combinations. Sets (a) and (b) gave similar calculated
values and showed good agreement for the three temperatures with fields between 0-1.5 T
but with calculated M values greater than those observed above 1.5 T (Figure 9.15). It is
interesting to note that the 2 K/5 T calculated values of M are significantly greater than
4N anticipated for St = 2 lowest in energy because of thermal population of the St =3
and St =1 Zeeman levels close by. In summary, the o value appears to be close to 0.5, the
crossover point of St = 1 and 2. The discrepancies between observed and calculated A
values above fields of 1.5 T are most likely because of zero-field splitting effects combined
with Zeeman effects from ciosely spaced Sr levels. There is not an isolated Sy ground-state
for {Mn;} and so further attempts to calculate D values have not been made. Plots of
observed M vs. H / T (K), either isothermal (2-20 K) or isofield,'”'® show non-
superposition of the lines and are thus indicative of zero-field splitting effects. Weak

trimer-trimer effects may also play a minor part in the higher field regimes.
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Figure 9.15 Plots of isothermal (2, 3, 4 K) magnetisation data versus field, H, for {Mn3}.

Calculated lines

2K, 3K, e 4 K) use parameter set (a) given in the text and

the spin Hamiltonian given, which does not include zero-field splitting terms.

The Ji; value for {Mn;} of ~ -1 ecm”, which results from Mn™-O-N(R)-Mn"
superexchange pathways, can be compared to the related nioximato- and
dimethylglyoximato-bridging in the work of Birkelbach et al.*”*® in which J;, was +4.7
cm”’ (with Ji3 = -3.0 em™). The difference in sign of Jj; results from the net effects of the
ferromagnetic and antiferromagnetic contributions to Jj2, which in turn will be influenced
by subtle coordination differences on the Mn'" and Mn" centres and, to a lesser degree, by
the terminal binding groups. These structural differences have been described above in

section 9.3.1.

9.4.2 (MegN);[Mn,0;(ca0)(MeCN);(H,0)6/(NO3)s2H,0

Two freshly prepared samples were measured and very similar uey (per Mny) data

were obtained when measured in a field of I T and dispersed in Vaseline to prevent
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torquing.”> The moment decreases, gradually, from 8.65 ug at 300 K to reach a plateau
value of ~7.8 ug between 50-10 K, then more rapidly, reaching 6.85 up at 2 K and still
decreasing (Figure 9.16). The spin-only value for two Mn™ (S = 2) plus two Mn" (§ = 5/2)
of u = 10.86 up is bigger than the observed value at 300 K and thus antiferromagnetic
coupling is occurring. The ‘butterfly’ tetranuclear arrangement of spins, with two Mn™ (2,
2') in the body positions and two Mn" (1, 1') at the wingtips, was employed in the (-25..5;)

17,1831

spin Hamiltonian below with the spin centres numbered as in Scheme 9.2 and the

approximation Jiz2 = Ji4 = Ja3s = Ja.

S=2
Mn1(2})

/i\le

Mad(1') —— 0 Jis O~ Mn2(1)
S=5/2 \ / S=512
Mn3(2)
§=2
Scheme 9.2
H=-J1(S7* - 8i3° = $24%) — hy(S13* = $1* - S5%) Equation 9.2

Where Sy3 = 8) + S5, Sy = §; + 84, and St = 8§35 + Sa. The Kambe vector coupling
approach has been described for this spin combination.'”'®*! There are 110 possible spin
states with St, the total spin of the cluster, varying from O to 9. The field dependent
thermodynamic form of susceptibility was employed, in combination with matrix

diagonalisation methods,’' to fit the susceptibility data.
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Figure 9.16 Plot of observed p .y data for {Mns} (2-300 K, # = 1 T). Best-fit calculated

line obtained using the parameter set given in the text.

The best-fit to the data is obtained for the parameter set g = 1.88, J;2 = -2.5 cm™,
Ji3 =-46.0 cm", o = J13 / Ji12 = 18.4, Jo4 = 0. These parameters also give good agreement
with the 2, 3 and 4 T magnetisation isotherms (Figure 9.17). Interestingly, the ground state
under these conditions, viz a > 6, J); and J)3 negative and with J;3 large, is made up of the
six degenerate levels St =0, 1, 2, 3, 4, 5 an¢ +hey correspond to S;; = 0. Introduction of a
tiny Ja4 value of -0.02 cm™ has only a minimal effect on the quality of fit. Larger J»4 values
such as £0.1 cm™, which correspond to splitting up of the six St levels, lead to much
poorer fits. Thus, an solated Sy ground level is not present in {Mna} and plots of M versus

18 to show zero-field splitting

H / temperature, much used by Hendrickson and Christou
of isolated ground states, yield isofield lines all superimposed on each other indicating a

lack of zero-field spiitting.
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Figure 9.17 Plots of isothermal (2, 3, 4 K) magnetisation data versus field, H, for {Mny}.
Calculated lines (----- 2K,—— 3K, e 4 K) use the parameter set given in the text and
in Table 9.8. The kinks in the calculated curves reflect the number of calculated points

used in the plotting routine.

The J and g values and ground St states for other recently reported Mn',Mn",
planar-rhomboidal compounds are compared to those of {Mns} in Table 5.8. Lower than
expected g values are a common feature, the second and third examples being particularly
low. The first three compounds have p3-oxo bridges and Jj3 (body-body Mn™--Mn" is
much more negative for {Mny} than for the others. The ps-phenoxo bridged compounds
containing pdmH™ and hmp™ ligands show ferromagnetic J)2 and Ji; values possibly
because of the nature of the orbital overlap involving the phenoxo oxygen. These J values
lead to large St ground state values with negative zero-field splitting. Such features are
prerequisites for single-molecule magnetic (SMM) behaviour and this was confirmed for

these molecules by observing frequency dependent out-of-phase components y"m. {Mny}
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would be predicted not to exhibit SMM behaviour because of a lack of zero-field splitting.
Measurements of the AC "y values versus temperature (2-10 K; oscillation frequencies
10, 50, 100, 250, 500, 1500 Hz; AC field amplitude 3.5 Oe) were therefore made and
showed no maximum in this temperature range and thus {Mns} does not display SMM

behaviour.

Table 9.8 Comparison of J values (cm™) and ground spin states for Mn">Mn"", planar

thomboidal species where Mn; = Mn; = Mn'" at body sites.

Cluster Ji2 Jua Jg/;u £ Gr;:nd ref
{Mny} 2.5 -46.0 184 188 059 ©
Mn,0,(0,CMe)s(bipy), @ -1.97 -3.12 1.5  1.70 2 1
Mn0:(0:CCPhy)g(OEt,), -1.50 280 189 147 2 M
[Mny(O;CMe)(pdmH)g)(ClO,); ® +0.40"  +8.1°® 204 184 8=zl 1

[Mny(O.,CMe),(pdmH)J(Cl0s)y2.5H;0  +1.1"  +87® 794 189 9 1
[Mny(hmp)sBra(H;0)2]Bry4H,0 © +0.920  +8.66" 943 194 9 18

@ bipy = 2,2-bipyridine, ® pdmH" = monoanion of pyridine-2,6-dimethanol,  hmp =
anion of 2-hydroxymethylpyridine, @ six degenerate levels, © this work, © these values
were incorrectly divided by a factor of two in Price ef al.® (see Appendix 2, page 450).

9.4.3 [Ni(cao),(H;0),] and [Cu(mcoe)(MeOH),]

The magnetic data (Figure 9.18 (Ni) and Figure 9.19 (Cu)) show Curie-Weiss
dependence of susceptibility (C = 1.272 cm’mol'K; 6=-4.3 K (Ni) and C = 0.38 cm®mol’
'K; 8 = 032 K (Cu)). For [Ni(cao),(H,0);] the corresponding uey values decrease
marginally between 300 - 15 K, then more rapidly reaching 1.95 ug at 2 K. This behaviour
is anticipated for a combination of zero-field splitting of the Aoy state and weak

antiferromagnetic coupling, occurring via the hydrogen bonding pathways. For
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[Cu(mcoe)(MeOH),] pqr remains at 1.77 ug between 300-10 K, with a small decrease to
1.58 ug at 2 K. Likewise, the latter behaviour may be indicative of extremely weak

coupling occurring via the hydrogen bonding pathways (vide supra).

Her/ Up

0 50 100 150 200 250 300
T/K

Figure 9.18 Plots of magnetic moment, u.c (@), and inverse susceptibility, 1/y (M), for

[Ni({cao)2(H20).] (the solid line in the 1/y plot is the fit to the Curie-Weiss law).

20 1000
g 300
e S
2 600 .?E
=
3 400 <
200
0

0 50 100 150 200 250 300
T/K

Figure 9.19 Plots of magnetic moment, u.r (@), and inverse susceptibility, 1/y (H), for

[Cu(mcoe)(MeOl3)] (the solid line in the 1/ plot is the fit to the Curie-Weiss law).
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9.5 Conclusions

Two new mixed valent manganese(II)/III) compounds and two mononuclear
nickel(ll) and copper(ll) complexes were synthesised in which the starting
pseudochalcogenide ligand, dicyanonitrosomethanide (ONC(CN),, decnm), undergoes
nucleophilic addition of methanol in {Mn;} and [Cu(mcoe);(MeOH);), and water in {Mny}
and [Ni(cao)(H20),] during coordination to the metal ions. The crystal structures of
{Mn;} and {Mng} show the former is a linear trinuclear Mn"Mn""Mn" compound
containing bridging oxime moieties from the chelating ligand, mcoe. The latter compound
has a planar rhomboidal (butterfly) arrangement of Mn"Mn""Mn"Mn™" with the Mn'™ jons
in ‘body’ positions bridged to the ‘wingtip’, seven coordinate Mn" ions by u3-0xo atoms
and by the NO" oxime groups of the chelating ligand, cao.

A second phase of [Ni(cao),(H,0),} was found, termed the B-phase, where the
first phase, a-[Ni(cao).(H>0);], was reported by Skopenko et al. in 1983.%° The o-phase
differs in the overall 3D hydrogen bonding network between the molecules, and is related
to the B-phase by translation and rotation of half of the molecules (vide supra).

Each of the complexes described in this chapter exhibits interesting
supramolecular hydrogen bonding networks largely as a consequence of the functional
groups on the ligands cao and mcoe. In particular, the ligand cao has peripheral nitrile and
amine groups positioned so that complementary hydrogen bonds can occur between two
cao complexes.

Several reasonable fits to the variable temperature magnetic susceptibility data for

{Mn;} gave an intramolecular coupling constant, J;2, of ~ -1 cm’ (vide supra), indicating
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weak antiferromagnetic exchange. The complex {Mn;} does not possess an isolated
ground spin state, St, but rather thermally populates closely spaced St levels of 1 and 2.

The best fit to the variable temperature magnetic susceptibility data for {Mns}
yielded ‘wingtip-to-body” and ‘body-to-body’ (vide supra) coupling constants of J); = -2.5
cm™ and Ji; = -46.0 cm™ respectively. These values indicate antiferromagnetic coupling
within the complex. The ‘body-to-body’ exchange is particularly strongly
antiferromagnetic in comparison to other similar ‘butterfly’ type tetranuclear complexes.
{Mny} also does not possess an isolated ground state spin, St, but instead six degenerate
levels of O to 5. No negative zero-field splitting values were observed for either {Mns} or
{Mny}, indicating that they are not single molecule magnets (SMMs). The magnetism of
the mononuclear Ni" and Cu" complexes follow the Curie-Weiss law, with perhaps the
suggestion of extremely weak coupling occurring via the hydrogen bonding pathways.

The tnitial intention of this work was to synthesise extended network complexes
containing dcnm. However the structural and magnetic results obtained, although largely

unexpected, were most interesting.
9.6 Experimental

9.6.1 Synthesis of Ag(dcnm) and Me,N(denm)

Ag(denm) was synthesized by Dr. Stuart Batten according to the literature.®
MegN(dcnm) was synthesised by adding a solution of MesNBr (4.929 g, 32.0 mmol) in a
solvent mixture of 100 mL acetonitrile and 40 mL methanol to a stirred suspension of
Ag(denm) (6.059 g, 30.0 mmol) in 50 mL dichloromethane. AgBr was removed by
filtration through Celite on a large sinter. The solvent was evaporated from the filtrate by
rotary evaporation and the resulting yellow oil recrystallised by vapour diffusion of diethyl

ether into a solution in methanol {Yield 5.08 g, 95%). IR (Nujol mull, em™): 3438mbr,
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2212s, 1654m, 1583w, 1487s, 1418m, 1273s, 1233s, 1169m, 9515, 879vw, 832vw, 779m,

3 669m, 580m.

9.6.2 Synthesis of [Mn;(mcoe)¢]NO;-2H,0

A methanolic solution (5 mL) of Me N(dcnm) (0.336 g, 2.0 mmol) was added to a
. methanolic solution (5 mL) of Mn(NO3),-4H,0 (0.251 g, 1.0 mmol). The resultant solution
was an orange colour. After one week many red crystals were present in the deep red
solution. The crystals had a hexagonal or half-hexagonal cross-section and did not lose
solvent in air. The solution was decanted. A fine light-brown solid, which coprecipitated
with the crystals was removed by suspending it in methanol (the crystals were far less
mobile, sinking rapidly) and decanting the suspension. This process was repeated several
1 times until the methanol wash was free of the light-brown solid. The crystals were
collected by filtration, washed with methano! and dried in air. Yield 0.17 g (50 % based on
_- total available Mn). An irregular shaped crystal was chosen for X-ray diffraction structural
. analysis. IR (Nujol mull, cm'l): 3258s, 2221m, 1645s, 1434s, 1385m, 1356s, 1266s, 1192s,
1125s, 952w, 823w, 779m. Anal. (%) Found: C, 29.5; H, 3.1; N, 24.8. Calc. for
C2sH23N190ysMn;3: C, 28.3; H, 2.8; N, 26.1. Powder XRD: The diffractogram of the bulk
product matches that calculated from the crystal structure.
9.6.3 Synthesis of (MesN);:[Mn0,(cao);(MeCN),(H,0)}(NO3)42H,0
| MegN(denm) (0.596 g, 3.54 mmol) was stirred in 10 mL of hot acetonitrile to
dissolve. There remained a small amount of yellow residue. A solution of Mn(NO3),4H,0
]’: (0.889 g, 3.54 mmol) in acetonitrile (10 mL) was then added to this mixture, resulting in an

instant colour change to deep red. Over a period of about 30 minutes of stirring the hot
mixture changed to an orange colour. The mixture was then fiitered several times to

remove a fine brown precipitate (most likely manganese oxide), then covered and lett to
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stand. After four days the solution was a red/brown colour with a small amount of fine
brown precipitate mixed with many red/orange crystals. The fine brown precipitate was
removed by suspending it in the solution (the crystals were far less mobile, the majority
remaining attached to the glass of the vessel) and filtering the suspension. The filtrate was
returned to the crystals, which were then filtered and washed with acetonitrile (Yield 50
mg, 4 % based on total available Mn). IR (Nujol, cm™): 3390sbr, 2268vw, 2224s, 1682s,
1606s, 1470s, 1317s, 1224s, 1136s, 1041m, 950m, 831m, 708sh, 666sh. Anal. (%) Found:
C, 22.2; H, 3.0; N, 22.4. Calc. for CasHssN2gO3oMny: C, 21.8; H, 4.1; N, 21.2. Powder
XRD: The diffractogram of the bulk product matches that calculated from the crystal

structure.

9.6.4 Synthesis of {Ni{cao),(H,0),]

An aqueous solution (5 mL) of MesN(denm) (0.081 g, 0.50 mmoi) was added to
an aqueous solution (5 mL) of Ni(ClO4),-6H-0 (0.091 g, 0.25 mmol) in a large sample
vial. The resultant yellow solution was sealed and left to stand. After approximately one
month several clusters of dark red/purple crystals were present as well as a small amount
of colourless crystals. The latter were most likely Me,NC1O,. The red/purple crystais were
very sensitive to solvent loss, thus were kept in the mother liquor. IR (Nujol, cm™):
3356sbr, 3192sbr, 2751w, 2589vw, 2228s, 1667s, 1628s, 1586s, 1454, 1393s, 1299s,
1178s, 1102s, 771m, 717s, 650m.

A crystal suitable for X-ray diffraction was cut from one of the clusters and data

were collected by Dr. Paul Jensen.

9.6.5 Synthesis of [Cu(mcoe),;(MeOH);]

A methanolic solution (10 mL) of Mey;N(dcnm) (0.081 g, 0.50 mmol) was added

to a methanolic solution (10 mL) of Cu(NO3)2:3H;0 (0.060 g, 0.25 mmol) in a large
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sample vial. The resultant dark green solution was sealed and left to stand. After one day
large dark green needles had formed. The needles were very sensitive to solvent loss, thus
were kept in the mother liquor. IR (Nujol, cm"): 3499s, 3296s, 2219m, 1644s, 1431s,
1311s, 1238vw, 1207s, 1159m, 1144s, 955vw, 787m.

A crystal suitable for X-ray crystallographic study was cut from one of the dark

green needles and data were collected by Dr. Stuart Batten.

9.6.6 X-Ray Crystallography

Data were collected using a Nonius KappaCCD diffractometer with graphite
monochromated Mo-Ka radiation (A = 0.71073 A). Integration was carried out by the
program DENZQ-SMN,* and data were corrected for Lorentz polarisation effects and for
absorption using the program SCALEPACK.>’ Solutions were obtained by direct methods
(SHELXS 97)** followed by successive Fourier difference methods, and refined by full
matrix least squares on Fop? (SHELXL 97)*® with the aid of the graphical interface
program X-SEED.*?

For {Mnz(mcoe)s]NO3-2H,0 all non-hydrogen atoms of the cation complex, the
two waters of crystallization and the nitrogen atom of the nitrate were refined
anisotropically, The unique oxygen atom of the nitrate was found to be disordered over
two positions. The two contributions (assigned equal quarter site occupancies) were refined
isotropically. The imine hydrogen atom was located in the difference Fourier map and was
subsequently refined isotropicaily. The methoxy hydrogen atoms of the mcoe ligand were
included at calculated positions with U values 1.5 times the Uy of the carbon atom. Two
regions of electron density not connected to each other were assigned as two water
molecules.

For (MeyN)[MnyOx(cao)s(MeCN)»(H;0)s]J(NO3)4-2H;O all non-hydrogen atoms

of the cluster were refined anisotropically. Due to significant disorder that was difficult to
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model, the non-hydrogen atoms of the tetramethylammonium and nitrate counter ions were
refined isotropically and no hydrogen atoms were assigned. A regio» ~{ residual electron
density was assigned as a water molecule disordered over two positions (O(600) and
0O(601)). Hydrogen atoms on the coordinating acetonitrile molecules and the amine groups
of the cao ligands were assigned to calculated positions with U values 1.5 times (for
methyl hydrogen atoms) and 1.2 times (for amine hydrogen atoms) the U, of the attached
atom, whereas those on the coordinating water molecules were not located. As can be seen
in Table 9.1 the final R-value was relatively high. The crystals were quite small and
weakly diffracting and many were tried with poorer quality diffraction. A number of
solutions were obtained for different crystals, the best giving the refined structure
presented here. Despite the extreme disorder in the counter ions and in a water molecule
the cluster itself is well refined.

For [Cu{mcoe)(MeOH),} and [Ni(ca0):(H,0),] all non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were located in the Fourier difference maps
and refined freely with isotropic thermal parameters, except for the water hydrogen (H(9))
of [Ni(cao);(H,0),] to which was applied an anti-bumping restraint using the DFIX*
instruction, but was otherwise refined isotropically. The structures of
[Cu(mcoe)(MeOH),] and [Ni(cao)(H,0)2] were solved by Dr. Stuart Batten and Dr. Paul

Jensen respectively.

9.6.7 Magnetic Mezsarements

Magnetic measurements were kindly carried out by Dr. B. Moubaraki as
described previously'® using a Quantum Design MPMS 5 Squid magnetometer for DC
magnetisation measurements and a PPMS instrument for AC susceptibility measurements.

1

Since Mn'" complexes display torquing at low t-.=:rrq:vrsrat‘ures,32 the powder was dispersed in

Vaseline,
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9.6.8 X-Ray Powder Diffraction of [Mn;(mcoe)g]NO;-2H,0 and

(Me4N)2[Mn 0, (ca0);(MeCN),(11,0)s](NO;)4+2H,0

Powder X-ray diffraction data were collected by Mr. Rod Mackie (School of
Physics and Materials Engineering, Monash University, Clayton) on a Scintag Automated
Powder Diffractometer using a Cu-Ka monochromatic radiation source (A = 154.059 pm),
a solid state Ge detector, 2 mm divergence slit and a 3 mm receiving slit at room
temperature. The programs Crystal Diffract!’ and Unit Cell”? were used by Dr. Stuart
Batten (School of Chemistry, Monash University, Clayton) to confirm that the single

crystals were representative of the bulk samples.
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APPENDIX 1: INSTRUMENTATION

Infrared Spectra

Were recorded on a Perkin Elmer 1600 series FTIR spectrometer in the range 500
~ 4000 ¢cm™ with a resolution of 4 cm™. Samples were prepared as Nujol mulls between
NaCl plates. Intensities are described by the following abbreviations: s = strong; m =

medium; w = weak; vw = very weak; sh = shoulder and br = broad.

Single Crystal X-Ray Diffraction Data

Were collected on a Nonius KappaCCD Diffractometer using the phi and/or

omega scan collection methods with graphite monochromated Mo-Ka radiation (A =

0.71073 A).

X-Ray Powder Diffraction Data

Were collected by Mr. Rod Mackie (School of Physics and Materials Engineering,
Monash University, Clayton) on a Scintag Automated Powder Diffractometer using a Cu-
Ko monochromatic radiation source (A = 154.059 pm), 2 solid state Ge detector, 2 mm

divergence slit and a 3 mm receiving slit at room temperature.

Variable Temperature Magnetic Data

Were collected by Dr. Boujemaa Moubaraki (School of Chemistry, Monash
University, Clayton). DC susceptibilities were measured using a Quantum Design
Magnetic Properties Measurement System (MPMS 5) SQUID magnetometer calibrated by
use of a standard palladium sample (Quantum Design) of accurately‘known magnetisation
or by use of magnetochemical calibrants such as CuSO45H20 and [Ni(en);]S:05. AC

susceptibilities were measured with a Quantum Design Physical Property Measurement
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System (PPMS 7) fitted with an Option P-500 (ACMS) attachment for AC measurements.
Samples were contained in gelatine capsules held in the middie of a drinking straw, which

was fixed to the end of a sample rod.

Microanalyses

Microanalytical measurements (C, H, N) were performed by Campbell
Microanalytical Laboratory, Chemistry Department, University of Otago, Dunedin, New

Zealand.

Thermogravimetric Analyses

Thermal degradation studies were performed on a Simultaneous Thermal
Analyzer (Rheometric Scientific, STA 1500), which was calibrated using a four point melt
series (indium, tin, lead, and zinc). Experiments were performed in aluminium pans, under

either an atmosphere of nitrogen or dried air.
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APPENDIX 2: PUBLICATIONS

Pages 438-447

Self-penetration - A Structural Compromise Between Singie Networks and
Interpenetration: Magnetic Properties and Crystal Structures of [Mn(dca};(H,0)]
and [M({dca)(ttm)], M = Co, Ni, Cu, deca = Dicyanamide, N(CN);, tcm =
Tricyanomethanide, C(CN)3".

Paul Jensen, David J. Price, Stuart R. Batten, Boujemaa Moubaraki and Keith S. Murray,

Chem. Eur. J., 2000, 6, 3186-3195.

Page 448-449

Synthesis, Structure and Magnetism of a New Manganese Carboxylate Cluster:
[Mn15016(0OMe)s(0OAc)1s(McOH):(H,C);]-6 11,0,
David J. Price, Stuart R. Batten, Boujemaa Moubaraki and Keith S. Murray, Chem.

Commun., 2002, 762-763.

Pageaes 450-461

Structure and magnetism of trinuclear and tetranuclear mixed valent manganese
clusters from dicyanonitrosomethanide derived ligands.

David J. Price, Stuart R. Batten, Kevin J. Berry, Boujemaa Moubaraki and Keith S. |

Murray, Polyhedron, 2003, 22, 165-176.
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Synthesis, structure and magnetism of {{Mn(n-OH){p-OAc);]'HOAc-H,0}, and the

facilitation of long-range magnetic order through hydrogen bonding.
David J. Price, Stuart R. Batten, Boujemaa Moubaraki and Keith S. Murray, Polyhedron,

in press.

1D Manganese(1II) and iron(III) coordination polymers containing Schiff-base
ligands and dicyanamide
David J. Price, Stuart R. Batten, Boujemaa Moubaraki and Keith S. Murray, Indian J.

Chem., submitted.
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Self-Penetration—A Structural Compromise between Singie Networks and
Interpenetration: Magnetic Properties and Crystal Structures of [Mn(dca),-
(H,0) ] and [M(dca)(tem) ], M = Co, Ni, Cu, dea = Dicyanamide, N(CN),,
tem = Tricyanomethanide, C(CN);-

Paul Jensen, David J. Price, Stuart R. Batten, Boujemaa Moubaraki, and

Keith S. Murray*!

Dedicated 10 the memory of Professor Olivier Kohn

Absiract: The three-dimensional coor-
dination polymers {Mn{den).(H,00] (1)
and M(dea)(tem}], M =Co {2). Ni (3),
Cu {4}, dca=dicyapamide. N(CN).-,
tom = tricyanomethanide, C{CN), ", have
isomorphots struciures. 1n 1 half the dea
ligands coordinate directly (through all
three nitrogen atoms) 1o three Mo atoms
(o)} metal atoms are six-coordinate),
while the other half coordinale to two

compounds 2-4. The resulting struc.
tures display 8 new scil-pencirating 3,6+
connected (2:1) network topology that
can be related to, but is different from,
the rulile net. The sell-penetrating
[M(denX{tem)] network can be viewed
as » strucitral compromise between the
two interpenctrating  rutile-like net-
works of [M(tem),) and the single ru-
tile-like metwork of a-{M{dea)y).

The temperature and ficld dependence
of the DC and AC magnctic susceptibil-
ities and rmagnetisations has been meas-
ured for complexes 1-4. Compounds
1-3 exhibit long-ranpe magnetic order
with critical temperatures of 63 K for L
35K for 2 and 80K for 3. The Cu¥
compound 4 does not onder and i essen-
tially a paramagnet. Hysteresis messure-
ments of coercive ficld and rcmnant

Mn atoms (through the nitrile nitrogens)
wd hydrogzen bond to waler molecules

magnetisation show that L 2 and 3 are
soft magnets, 1 being a canted-spin anti-

coordinated 10 o thid Mn wmom
(through the amide nitrogen). This
den - H,O structural modely is disordered
over a mircor plane, and is replaced by
the struclurally equivalent 1om ligand in

Introduction

Eniangled sysiems are of greal chemical interest due 1o the
intercsting topological and physical propertics displayed by
such sysiems Molecular entanglement, in the form of
catenanes, roluxanes and knots is well known!Y Enmanple-

ment of ordered polymeric networks, thet is fserpenciration,’

is also of great current interest, and numcrous well-charac-
terised systems ate knownP! Interpenciration occurs when
two or more unconnected infinite networks pass through each

[a) Pl K. 5. Murrsy, P Jensen, D. 1 Price, Dr. & R Baten,
Dr. B, Moubaraki
Depariment of Chemisiry. PO Boa 23
Monash University 3800 | Azsteakia)
Fan: {4 61)}34905-4597
E-mail: %euh smurray@reimonash cdusn

3186 —

© WILEY-VCH Verlag GrubH, D-t#M45] Weinheir, 2000 0347.455,00061 7- 1 86 § 1750+.500

ferromagnel (weak fertomagnet), while
2 and 3 are ferromagnets that display
some unusual features in their high-field
magnelisation isotherms in comparison
10 their related a-[M(dca);) phases

other such that they cannot be separated without breaking ol
bonds within the networks They are polymeric equivalents of
catcnancs and rotaxanes.

The polymeric cquivalent of a molecular knot is 2 self~
penerrating  (self-entangled or intrepencirating) aeciwork.
These networks are single nerworks that nongtheless contain
regions in which rods pass through rings in a similsr fashion 10
interpencirating systems. While rods and rings in any network
can be chosen such that a rod passes through a ring, a useful
and necessary restriction is to define a network as sell-
peneteating only when the smallest 1opological circuits are
penetrated by rods™ 4 A smallest drowit is defined as the
minimum number of nodes it taxes to leave a chosen node
along one link and return 1o the sariing node through a
different link. The smallest topolopical circuits are not
necessarily all the same size.

Chemt. Eur. J, 2008, 6,Nu, 17
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We report here four now compounds that possess a pew
self-penctrating neiwork 1opology. ‘Three of the compeunds
also show jong-range magnetic ~rdering. which is related to
their unusual stroctures. The structures arise from our on.
going interest in the structural and magnetic properties of
coordination polymets cantaining the pseudohslide ligands
tricyanamethanide (1em, C(CN),~) and dicvanamide (dea,
N(CN);"). The compounds [M(icm);]. M"=Cr, Mn. Fe. Co.

N
) )
c -
C.. AN,
W G wC Oy
©m dea

Ni, Cu, Zn, Cd and Hg, contain 1wo inlerpeactrating rutile-
related networks™ ¥ Simitarly, the compounds a-fM{dea),},
MY =Cr, Mn, Fe, Co, Ni aed Cu, akso contain rutile-related
networks, although in this case no interpenettation oceurs!tM
Although investigation of the magnelic properties of
[M{tam),] uncovered only weak coupling and wo long-range
ordering. the magaetic properties of a-{M(dea),] were moch
more varied and interesting. ranging from long-range femro-
magnesisiy (Co, Ni) 10 spin-canted antilcrromagnetism (Mn,
Fe) 1o simple paramagnetism (Cu).

A number of other coordination polymers containing either
tem™*7 or deat™ 4" have also been crystallographically
charseterised by different teams In particular, we have already
reported the formation of twe products oblained from the
reaction of Mn" and dea in water—a:[Mn{dca),], which has a
single rutile-like neiwork. and
[Mn(dca),(H,0).] - H.0. which

Resulis and Discession

Synthesks and crysial ptrpctures: Crysials of 1 were obtained
by slaw evaporation of cither solutions of {Mn{dca).] in wel
methanollethanol, or of aqueous solutivns of Ma(ClO,) -
6H.0 and Na(dea). Unfike [Mn{dca)}{H,0),]-H.0, com-
pound 1 appears nol to lse solvent & room temperature upon
removal from the mother figuor. The structure of 1 was solved
by X-my erystallography (Table 1),

‘The structure contains octahedral Mn atoms soordinated 1o
{on average)} five dea ligands and one waler ligand. The dea
ligands are of 1wo types—one coordinates to three Mo aloms
through cach of the three nitrogen atoms (dcal), while the
other coordinntes directly so two Mn atems through the nitrile
nitrogens only {deal). The dea2 ligands also form hydrogen
bonds through the amide nitrogens o the water molecules,
which are also coordinaied to the Mn ssoms This dca2-H.O
moicty, however, is disordered over two positions which are
rclated by a mimror planc. While the amide sitrogen and one
of 1he nitrile groups of dea2 {(and the Mn atom coordinated to
this nitrile) lic on the mirvor plang, the other nitrile group and
the water ligand do pot. In fact they bave symmetry-related
positions thar superimpose on each other, with the affacted
nitrogen and oxygen atoms given the same positional
parameters. Consequently the O---N hvdrogen-bonding dis-
tance is constrained 10 be the same as the NCN distance
within the dea2 ligand (O1--N4=2.6331) A), and the
position of the disordered carhon is the only site without full
occupancy by a non-hydrogen alom. The result of this
disorder is the creation of a trigonal moiety within the

s Lontr ciai Tuble |. Selecied cnntaliopraphic and data collection p for compounds 1-4.
contains lincat chai 1ral-
img (4.4) shoets i 4 We repore MO [Codaliom) Dideaeml  (voeane]

v a @ { %)
here the structare and magnet- -
ism of s third product, namely {formula ;"m“u WH0 g?&f‘ ;'" ‘c‘!m" ?;oc';'“

’ M, 06 1 )
[Mn(dca),(H;0)] (1). and of cr;slllwuau mhomombic hothambic  onhothombic  orthertuombic  erihorhombic
[M(decaj(tem)}]. M=Co (2}, Ni  space group Amal (po. M) AmaZ (oo 4 Amal(no ) Ame2 (0o, 40) AmaZ (nn 40)
() and Cu (4 Theyallcontain 1) fophia N i N e N ok Sy A
the :“m :::r'r?“'“;'m"“g “‘:’ clA) S43532) S501(2) $362(2) STRIA) ST
work siructure, '.‘de“i ak  yiAn FHYTA) AW 691.0(3) T21.445) TH.19(6)
though 1 was obtained forie- 2 4 4 4 4 4
ously. compounds 2-4 were  TIK] U2) 17U 295(1) 12y R
the resalt of 3 deliberste crys- A lpem™) 4 200 2065 2—9"?; g
tal-engineering strategy bascd ;(Il;g) I wfs 3330 = Ping
an the structure of L We have 2 0 Il WG 55,68 (917 .06
also found that 1 is responsible Ak ranges VLhe? -9sheH —W0Lhsid —10<ARSI0
for a magnetic transition 63:5:50 -5.2'.‘;*2?2 —f.‘iiiﬂ '-:33*:5824
noted™ weakly at 6K in the si= ohsis ozl ohsis
. data eoflected 5465 5006 Crer 5276

Magnelisahon Versus Iemperd- oy, aata (R.) 11 (OU3T) B (DOH) 1915 (0.045) 1126 (0.45)
twre plot of the parent  gerved daln [I>20(N] 584 456 e 1055
[Mn{dca),]. a spin-canted anti-  paranicters 68 64 o
forromaghet with T 16K,  finad i wf 11> 20(|™ D262, 08571 00225, 0052 DAL, OGSES  OARSD, OUSES
The hydrate W Lasa PR (all deta) 00333, 00615 (D4, 0053 00259, .0593 00297, 00554

ydrate was present as weighling scheme (o, Y™ D01B4,07932  0.0155,1.5122 05276, 10625 Q0IH, 07086
trace impurity. The compounds o anees of it 1199 1108 LUS LR
2 and 3 are new homometallic  Flack parameier 062(12) 003(3) 00102y 0.00(2)
long-ronge-ordered  mugnels,  Mas Aua A} 051, ~038 036, - 032 DAL, =045 006, —036

while 4 i5 essentially a pars-
magnet.

J4] From X-ry powder diffraction (4=1.5840% A) at 295 K. {8} Ri=L)AF | E,Q, why=[Sw(F - FJPY
SwtFiP]? in which w-! = [0 F2) 4 (aPF + bP) and P |F14 2F3.
— 3187

Chem. Enr 1. 2000,6, N0, 17 © WILEY.VCH Verlag GmbH, D-6%151 Weinbeim, 2000 0M7-A5300G001 2167 § T7504.500
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structure, us shown in Figure 1. A more informative formuly
for the structure would thus be [Mn{dcal)(dead- H.0}].
Selected bond lengths and angles are given in Table 2,

The disordered dea2 - H.O moicty was recopnised to be
geometrically very similar 1o the tom anion (Figure 1), so we
attempted to enginesr new materinls which bad the same

Figure 1. A chain in U struciure of [Mn{dca),{11;0})] (1) shirwing the
disorder of the dea2 - H,0 nyxtem over the mirror plane (thin line). Therwo
diffevent onicntations of 1he system are shown (Ierl and midd.le} s well a5
the resuliang sem of the disorder {right). The hydrogen bond is denoted by
the open bond, and the stom numbering ocllcme for [Midca}(tm)] [where

diffevemt 10 1} is shown in hrackets. Sy Ty d atoms ore mol
dirtinguiched.

Table 2. Selected intersomic di [A] and angles [*] for 1.
Mnl1-N1 219104y Mnl-N3 25N(%)
Mn1-H5L A%} Mol-Of* 2.190(4)
Mnl-N2" 2.417i4) N1-C1 1.148(4)
Cl1-N2 1.307(4) K- 1.1460%)
C2-R4 1IN N3 1.460({7}
N3 1.175(6) 071N 26337}
Ni-MnI-N1 HLR2) N3-Mn)-Ni Q4.K(2)
N3.MnL-N§' 96.5(1) N1-Mnl-N5 82.7(1)
N1-Mn)-N5¥ 16T.7(2) N1.Mal. N1 55.%2)
BE-Mnl-2Y 1Y N1-Mnl-N24 %]
M1-Mnl-N2" MM C1-N1-Mnl 152.38)
Ci-N2-CtY 1LE.M4) CIN2-Mol* 120.642)
CN3-Mol 162.9(5) {2-N4-C3 118.0¢%)
O3.N4. nezmn CANS.Mni"® 160L.7i4)
NI-CI-N2 174.5(4) KN3C2-N4 1TR46)
NE-CI-N4 176.2(6)

[#) Symmctry teansformetions:]: = ¥~ ¥ 2= L1 - 12 -y 2 — W2 NN
WoavnVize 12—z Vi—x =R 0 VI =n IR~ nz4 R
VI =g, =y 241,

network, but with tem replacing the disordered dea2. H;0
moiety, Half of the dca in the reaction mixture was replaced
with tem, and crysialline products were obtained for Co, Ni
and Cu. X-ray crystaliography showed he new products
{M(dca)(tam)|, M = Co (2). Ni (3) and Cu {4), did indeed
have the desired topology {while useable single trystals wers

not ohiained for 3, powder X-ray diffraction was used to show
it was isomorphous with L 2 and 4). 1n fact. they possess the
same space group and similar cell parameters (Table 1) as L
Bond lengths and angles are given in Table 3. The network
wpology is perhaps explained more easily for [M(den)(icm)].
and in comparison 16 the rntile networks of [M{dca)s] (1 net)

Table 2. Bond lengths |A] and anglcs [*] For 2 and 44

2 L o

Mi-N1 20002) 1.9843) 1.980(2)
Mi-R4 2100() L992(2) 1.989(2)
MI=NG 21223) Pl ) W03
Mi=N2Y 1193} 2526(3) 2563(3)
NI-Q1 LIS (R 1.12(%
Cl-K2 1LMW3) 1307(3) 1NS(3)
N3-C2 118206} 1.1%146) EI97{
-3 1.464(6) 1.461(6) 18605
C3-C2 1390{3) 1378(3) LATI()
C4-Na LU 1.148(3) £.141(3)
N1.M1.N3 925%Y) 24.07() 94013
NI-MLNIT w3 93.001) v3.0[1)
NLMIN4 H#4,6MR) 86.40(K) B0.90(K)
NI-M1.Ham 174909 178.21(9) 11421}
NI-ML-NZY #6.31{8) 6,21} 85.7(1)
NEMI-NG @AY 91.22(9) 9LEMY)
N3-M1-N2¥ 1784{1) 180:0¢1} 150,01}
Nl MINeW 94.7(1) 2.641) Y26(1y
N4LMLR2Y RLT(H) R.1(1} /RS
CINJ-M1 158.4{1) 155.8(2) 155.6(2)
NI-C1-NK2 175.9(%) 175,03} 114.6(3}
CL-Kz-C1v 1173(7) 119003} HI2AD
CL-N2.MIVH [ nd e ] 120.5(2) 120.4(4)
C-N3-M1 155.%4) 150,13 152.2i4)
N3.C2.C3 178.4(5) 1778(4) 176345}
C2C3.C4 120.3{2) 120.8{2) 120.8(2)
cary.can FE TS 117.6{3) 1753
C3-CA-Ne 1793(3) 179.8(3) 179.3(3)
C4NEMIY 169.3(2) 167.5{2) 167.5(2)

|| Symmet i =g, —-yz- LI 2 -y lix+ 12,
-¥ -1 I\' k=R y Vi L~ 0 LV e 2wy o= WL VIL
~ 1R -5z + W2 [BAIK, [ 29T K.

and [M(tcmY;) {2 nzts), Both structuses, however, have the
same topolugy and thus the description of [Midea){icm))
applies equally as well for 1.

As implied above, the siructure is closely related to the
rutile petwork. Network topology is an important consider-
ation in the design, construction, analysis and ¢xploitation of
new, ondered, polymeric networks {whether coordination
polymers or hydrogen-bonded networks), and the raile
nctwark (Figure 2a) is one of the imporiant basic networks
that result from the combingtion of three-connecting, and six-
conneciing cenires {in the ratio 2:3)"

The rulile structure (TiOy: octehedral Ti, trigonal O) can be
described in terms of square channels in which the three-
connecting cenires form the sidas of the channels. and the six-
connecting cenires oocupy the comers (Figure 2a). These
channels can be constrected by cross-linking ‘TiO, chains
arranged such that adjacent chains are perpendicular (Fig-
ure 2a). The sides of these chanoels contain six-membered
rings (alteruating three- and six-connecting centres), which
are the second smullest rings within the structure. The smalicst
are four-membered rings within the aforc-mentioned chaing,

3188 — © WILEY-VCH Veriag GmbH, D-6945) Weinhaim, 2000 0S47-05900061 736K S 1750+ 300 Cheme S ) 2008, 6, Na 17
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Figure 2, The rutile {1i0,) framework. Oclahedral comees (T7) are represcated by lasge circles and e 1 (O) are ey ted by soall circles. A

™

square channel & highlighted in the venire by the open bons (the four scparate cheins) and the 1hin bonds {the connections between ihe chaing which give
(e channcl). A foursmembered ring (1) and a six-membered ring f1op left) are also highlighted by opsn honds. b} A square channel in the mutile dike
nrucre of {M(tem] intery wied by d identical notwork. £) A square channed in che mutile-like strocture of a-(M(da)]. The M-N_,

iy hetwiees the four peependicular chuing which g te the b lare highlighted by the open bonds. &) The tion of four pemendicnl
chains in the sructure of [M(dea){uem} ). The interchain connections are highlighted by the npen bands. Compare the result 1o the square channels generated
in {M(iem)y) and c-|Mider)yl. All Apures ane viewed from cquivalent anples.

which also cootain altemating three- and six-connccting
centres. Both the four and six-membered ongs are, hiowever,
»smallest circuits” in a topological sense.

In the |M{tem),] structures, the disiance between the
octahedral centres and the triponal centres is large (ca. 4.5~
50 A), and thus 8 porous nctwork results This allows tbe
interpenetration of 2 second network. The intempenctration is
such that rods of one network pass through the six-membered
rings (from a topolagical point of view—i.e.. only the nodes
are counted) of the second network (Figure 2b), The four-

membered rings are too small io sterically allow peneiration
of & rod from the second network.

In the rutile-Jike structure of [M(dca),], whils two-thirds of
the trigonal to octahedral node distances are similar t¢ those
in {M{cm),]. one-third are considerably shorter (M—N, ;. v&
M-INC-C). This results in a considerably denser, less spacious
rutile network, which does not allow interpenetration. Suruc-
turally, the bonds which ars shorter are the bonds between the
chains that form the square channels (Figure 2¢}. This mearns
that the sizes of the four-membered rings are not affected, bot

G, Lur J 2000,6, No. 17 € WILEY.VCH Verlag GmbH, D-60451 Weinheim, 2000 OMTASI900061 -1 RY § 1150+ 800 — 3189
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the fix-membered rngy, through which the rods of the second
network pass in the interpenctrating [M{1cm),] stroctures, are
considerably smaller. Too small, it appears. to allow pene-
tration, and thus interpenciration does not oecur.

In the structuse of [M(dcs){tem}], we combine the three
lomg links of tcm and the one shortAiwo tong links of dea. In
this structure the short dea link again noonrs hetween the ML,
chains. If we examine the connections between four adjacent
chains analogous 10 those which form the square channels in
the Iwo previous rutile-ike struciures, the similarities and
differences of the new network to nutite become apparent.
The chaing, alt of which are crystaliographically equivalent,
have the formula [M{dcaXicm)] and have 1cm ligands on one
side of the chain snd dca ligands on the other. Again.
adjoining chains are mutually inclined to each other, and are
connected by the third link of the three-connecting centres
joining to the axial pasitions of the six-connecting metal
centres The requirement that the M-+ M distance within the
chains must be the same for the dea bridge as for the tem
bridge mepns that the metal toumide nitrogen link of the dea
musi be the interchain bond, This means, however, that the
intcrchain linkages of the three-connecting centres to the six.
connecting cenires are of different lengths, depeading on
whether the ligand is 1cm or dea. in other words, in this
structure we have two types of trigoaal nodes—one with three
long litks of equal ength (fcm) and onc with iwo long links
and one short link (dca). The structural conseguences of this
are shown in Figure 2d. The first twointerchain linkages are of
the long tem type. The second two linkapes between chains,
however, are of the shon dea type. Therelore, while the four
chains in rulile connect to form a square channel, the network
of imicreonnecied chains in [M(dca){tem)] falls shorl of
returning 1o its stanting point, and folds back through itsell in
the spiral fashion shown in Figure 2d. As for [M(tem).], the
penetrution occurs such that the six-membered My{tem), rings
are penetrated hy C-CN-M rods of the tem anions. In this case,
however, it is o single network penstrating itsell Penetration
docs nol occur through the four-membered rings or the
smaller My(dca); six-membered rings.

In suminary, we find thal if we combine octahedral metal
ions with a ligand with three long links (tem) we get two
interpeoetrating rutile-like neiworks. while combination ol
octahedral metals with a ligand that contains one short and
two long links (dca) results in o single rutile-like nevvork. IE
however, we use both ligands, we get a structoral compromise
betweaen the two parent siructeres—a single, sell-penetrating
network with a topolugy different but closely related 1o rutite.

A schematic view of the oversll network is shown in
Figure 3. We mentioned previously the importance of smallest
circoits in the topoiogy of 2 nctwork for defining a self-
penctroting aztwork. The lotal number of smallest cirenits
from any given p-connected node in a network (which is
simply equal to the number of possible combinations of any
two links radiating from the node) is equal to pip = 1)/2. The
value is halved so that each circuit is only counted once. To
illustrate, inspection of the rutile network (Figure 2a) reveals
that there are 15smallest circuils that start from a six-
connecting centre (p==6): two fous-membered, ten Kix-
membered and three cipht-membered rings. The smallest

—r

# {omy
W {dea) {HrD)

b
g

M (ca)

Rerrr
oy

Moy
M {cca) (H20)

NN

S A A AN

Figure 3. A schematic ¥iew of the [M{deadtem}] network, with only the
ocmhedrad amd trigongl centres shown, Lavers of M) [or M(dea)-
{H:0)) and M(dca} in the structure are bighlighted {cee text).

circuits starting from the threeconnecting centres (p=13) are

one four-menibered and two six-membered rings. In the self-
penetrating network (Figure 3), the distribution and size of
the smallest rings are the same as rutile: four-, six- and ¢ight-
membered rings (2:10:3) for the six-connecting nodes, and
four- and six-membered rings (1:2) for cach of the twotypes of
threeconnecling centres. Thus although they have different
topologies, rutile and [M(dca)(tcin)] have the same Schlifli
notation: (4%6"3°){416%).

As mentioned above, in the interpenetrating rutile net-
works of {M(tem),] the penetration occurs shrough the six-
membered rings, which arc a “smaltlest circuit™ of the rutile
network. Similarly, the penciration in the |[M{dea){iem)]
network also occurs throngh the six-membered “smatlest
circuits”. Thus we can desetibe the network as self-penetrar-
ing. Recently a number of other scll-penctrating networks
have been reported P M The structure also represenis a new
network topology for 3.6-connceted networks with the con-
nectors in the ratie 2:1, Previously described topologics
indude  the  above-mendoned  rulile™$¥  gnd
(He(tp1): (€104, -6 C;H,CL Y

The close similarity of the tom and des-H,0 structural
moictics also resulted in the structures of 2-4 being doped by
small rundom amounts of d¢ea - H;O (in place of tom}. The IR
spectia contained sharp H.O bending frequencies at 1618 (2}
1516 (3) and 16(9cm™' (4). »nd the clemental nnalyses
showed the presence of small amounts of hydrogen. In each
structure the thermal paremeters for one of the tcm corbon
atoms (C2; the only atom no! rentaced by u similar non-
hydrogen atom when tem is replaced by dea-HyQ is a nitrile
carbon) were higher than mosi of the other atoms in the
structures. This inst fact, along with annlysis of the powder
M-ray diffraction pattem (which showed that the only other

© WILEY-VCH Veriag GmbH, D49451 Wenmbcim, 3000 0547-4539M0A17-M490 § 1750+ 500 Chewe. Eur. L. 2000, 6, Now 17
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phase preseot is [M(1cm),}—the annlysis was also consistent
with some [M{tcm),] impuritics), leads us to believe that Wb
watet is present 85 a doping in the erystal structure of the tom
moicty by the dca - HyO mwicty. rather than as separate phases
of |M(dea)(lem}] and [M(dca)(H,0)). In addition, no
evidence of [M(dca)(H20)] was scen in the magnetlism or
powder X-ray diffraction of samples of [M(dea)y] previously
prepared from water for M = Co, Ni o1 Cu!™ unlike M =Mn,
as discussed elsewhere. This indicoles that tem, although it is
partially replaced by dea - H:O, is sil) an essentind component
in the Co, Ni and Cu structures.

Magnetic properties: Complex 1 is another example of the
growing number of homometallic spin-canted antiferromag-
nets (weak ferromagnets) )t -t 1718 1 3 field of 0.3 T this
high spin 4% species shows a jy, value a1 300K of 564 p,
(xT=23.98 cm*mol ' K). As the iemperature is decreased the
Fu, vOlies gradually decrease due to antiferromagnetic
coupling. reaching 2.62 py (xT= 086’ mol-fK) at 42K
(Figure 4). The Weiss constamt from the y versus NT plot is

12 =
=
10-':
H
ar:
E o :
2 6}
=2 .
4.}!,"‘.94-”“"
2 1 ] L '} k.
4 20 4 6 80 100

K
Figore 4. Mots of magnetic moment, jry,,, versas lemperature in various
applied fields for L Ficld values 20 0c (x), 200 O (<), 1000 0¢ (o)
00 e (2). (Note that the y,,T vatnes cap be cbtainsd frwn pgl=
1997 2, 7)

=42 K. In ficld values below abowm 200 Oe the magnelic
moments show an abrupt increase at approximalely 6 K due
io the occtrence of long-range order. Thus gy, is 109y, at
42 K in 2 field of 20 Oc, The T, value of §.3 K was confirmed
by measuring the magnetisation (M) volues in zeso-field-
cooled (ZFCM) and ficld-cooled (FCM, 5O¢) modes (Fig-
ure 5). ‘The 3 versus T plot of the AC in-phase susceptibilily

002 -
£Cu
Z
= omL
= ew
n A b
4 5 ] T B 1] 10
TIK
Figure 5. Plots of magnctisation. M. versus emperare for 1 d

with zero-ficld cooling (ZFCM) and fickt conling (FCM; DC ficid = 5 Oc).

showed a very sharp maximum ot 43 K typical of n weak
ferromagnet. Hysieresis measurcments oa a neal powder al
2K showed & semmam mapoetisation (RM) of 112am?
mol-'Qc and cocrcive ficld of 250 Qk. values typical of a soft
waguet {(Figure 6). High-ficld magnetisation data, with tem-

902
”D
01 | o
Z op
-
01} o
ot
‘02 L1 R E— L 'l 1
-AD00 2000 O 2000 4000
HiGe
Figure 6. Hysteretis loop for 1 d &n & powd: plc at 2 K.

peratures above apd below the ordering iemperature, again
show evidence for spin-canted amiferramagnetism in terms of
linear belioviour nnd Jow values of Af at the highest field used,
for exaople, L7NP at 5T and 2K (M,,, for Ma™ would be
5N,

The key structural features of 1 that pive rise (o the
antiferromagmetic coupling are the threc-commecling dea and
dea-H,0Q bridges, dominated by the chains of Mn" jons
bridged through the nitvle nitrogen atome. as in the cases of
[Mn{dca).] and [Mn(dca}L:} chain systems/® 4% Usge of
Rushbrooke and Wood theory? for the coupling of 5=5/2
centres led 1o a best fit set of parameters of the 03T
suscepiibitity data of g=1.93 and 7 = ~ (.19 em-', agreement
helow 30 K heing poor. The J value js similar to those in the
[Mn(dca).L.] seriesite ol

The ocoutrence of long-range spin-canting arises through a
combination of bridging through the amide nitropen atom
and, importantly, the disposition of adjacent Mn chromo-
phores at 60.6° to ecach other slong the Nypg-bridged
nathways This appears to be a common structural fealure in
ather reeent molecule-based examples of spin-cantingi= 1419
Self-penciration of the polymeric network docs not appear to
lcad 10 any interactions between chaivs

The mixed lipand, high-spin complexes [Midca)(tem)],
M =Co (2) and Ni (3}, display long-vange order at T, values of
35K and BUK, respectively, temperatures that are approx-
imately onc-third of those displayed by the [M(dcal)
parentxt® % ®l The magnetic moment data for 3in a fizld of
1T are shown in Figuee 7 The py; value at 300 K of 3.05 pg
{(¢T=1.16 em*mot-'K) shows a small but gradual increase as
the temperoture is decreased. typical of ferromognetic
coupling. with a rapid increase Lo o moximuin of 5.39 py, 21
79 K. followed by a ropid decrease to 302 py ot 2K, The
Weiss constant for susceptibility is + 4.9 K over the temper-
ature cange 4-300 K, In smaller applied fields the tise o a
sharp maximum becomes more abrupt such that in & field of
200 Oe the p,., value iz 23 g (2 T=66.1 cm’mol 'K}, Such
behaviour is typical of the occurence of o magnetic phuse
1ransition. Confirmation is provided ip Figure 8. which shows

Chem. Enr £ 20006, No. 17 © WILEY-VCH Verlag GubH, D-69451 Weinheim_ 2000 (7-6530000617-3141 £ 1750+ SO0 — 391
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Figure R ) Mo of FOM, ZFCM tad RM (remnant magnetisation} for 3
wsing & field aof 5 O b} Plom of ia-phase (o} and ovt-of-phase (1) AC
suceptibiities of 3 versus temperature in a fiekd of 35 Oc oxcillatiog st
20 Hz., c) Hy is loop for 3 d as a powder at S K.

plots of FCM, ZFCM and RM in a DC field of 50e, 2
hysteresis loop a1 5 K in fields of 22000 Oc and the in-phase
ond out-of-phnse components of AC susceptibilities, the in-
phase ploi showing 2 maximum ot 7. The RM is
1153 em*mol-' Qe and the coercive field is 100 Oe. which

magnelic ordering, also responsible for the decrease in pry
which occurs at very low temperatures below g.... It may atso
be due to spin-canting as in 1, but the shape of the ¥’ peak in
the AC data of Figure 8 is much more ferromagnelic-like.
DC and AC measurements show that 2 arders at 3.5K. In
Figure 9 it can be scen that the g, versus iemperature plotin

o

‘ i 'y | I— i r'}
0 10 20 20 L] 50
TiIK
Figure 9. Plotsof ¥, vores iempernture (2 1o 100 K) for 2 in applied ficlds
of 30000 (o), 10000k (x), 200 Oc (o). Not shown hore arc the 20 Oc
datx, which rise abruptly 10 a maxiotum of 20.95 g, a0 very 6y temper-
Murcs

a DC ficld of 0.3 T shows a moment at 200K of 5.20 g, (3T =
139 an’mol~'K). which deereases very gradually to reach a
broad minimum of 4.32 py at 22 K, reminiscent of ferrimags
netic behaviour but possibly due mainly 1o single-ion spin-
orbit splitting combincd with ferromagnctic order™ 1n a field
of 200 Oc, the moment reaches a sharp maximum of 6.51 py
hefore decreasing to reach 5.89 py a1 42 K In smaller applicd
ficlds such as 20 Oc (not shown) the momenis increasc
sharply below temperatures of 10 K. due to long-range order,
such that a value of 21.95 pg is observed al a sharp maximum
8l 3 K. Similasly shaped g, versus temperature curves bave
recently beea observed for other octahedrat Co™ systems!™ ¥
‘The ordering temperatare #s confirmed by measurements of
ZFCM and FCM (5 Oe DC Gicld) and a ¢’ maxirovm in the AC
susceptibilities (Figure 10). The hysteresis ioop measurvd at
25K belween £10000e has an RM value of 186 cn’
mol~!O¢ and coercive field of 17 Ok, indicative ol 2 very soft
mapne! with values much reduced from those in the ferso-
magnet [Co{dea),] == Plots of M versus H al temper-
atures above and below the ordering temperature are shown
in Figure 11 A1 2K, the M values increase very rapidly invery
jow ficlds on account of ordering, then begin 1o saturale above
2°Treaching 2.1 pa at 5T, 2 value well below the =32 M,
vajue of ANQ. Similarly reduced values were observed in
{Co{dez),] and [Co(1em),) (not ordered) and are due primarily

© WILEY-VCH Verlag GmbH, IS Weinhetm. 200 07-6539000611-3182 1750+ 5000 Chem. Eur. J. 2089, 8, N 17
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25 con  be compared with those far  [Ni{dca); of
2 5027 em*mol -1 Oc and 220 Oc {at § K; dependent on temper-
ature and particle sizefs & %18, The high-ficld M versus H
5 plos measured 8t temperatures between 2 and 2 K show
__i differences in detail when compared with those of the
£ W0 fervomagnet {Ni(dea),) ™ =*} paticularly helow 7. Thas,
5 ut 2 K. after o very rapid, almost spontaneous, increase in M
et re low fields, as amicipated for o (erromagnet. the M values then
o . e — —— slowly increase and do not saturate below a field of 5 T, heing
o 50 o 1:312 00 250 300 175N at § T. This may be due to e competing zntiferre-
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Figure 1), Magnetisation isotberms for 2 measuredd st 2K {a). I K (8).4 K
(LSS K4 )L TR XL 10K (o) 15K {£), 20K ().

to spin-orbit coupling effects within the T, single ion
states 't 481 The shapes of the MIH plots are quite unlike
those of a rccenlly reported canied-spin amtifctromagnel
{Ty=9K}. [Co(HCONH ),(HCO.):].I™ in which the M
values increase approximatcly lincarly with H, do not saturate
and are of the order of Q.06 N ut M= 55T wnd 2 K. The
[Coldea)(tem)] complex is much more weakly antiferromag-
netically coupled. if al all, than is the formute example,
Consideration of all the magnetic data for [Co(den)(lem)].
including the ferromagnetic-dike shape of the AC y' versus T
plot, wouald suggest that spin-canting is nol important.

A plot of p,y versus temperature for [Cu{dea)(tem}]. in an
opplied field of | °T. is Curie-like over the whole range (¥.n =
1.76 pg), except for a very small increase in prq evident at low
temperntures, This is reminiscent ol the behoviour repotied
for a sample of [Cu(dea).) prepared from ethanol.®™ The
present compound does not show any long-range ordef, mosy
likely due to the Jatm—Teller lengthening of the Cu=N g,
bond (Table 3).

We have noled sbove that these {M{dca){tcm) ] compounds
consist of a single-phasc material plus traces of a scparaic
[M{icm).] phase. The single phase  is  effectively
{M(dea)(iem),(dea+H:0),_J. in which tem is randomiy
replaced with small quantities of dca-Hy0. The magnetic
studies have clearly shown that 1he bulk samples of 2 and 3
display » single, well-defined magnetic phase transition, The
traces of [M(tcm),] present in the samples will not influence
the long-range arder since the (M({tcm),;] compounds are nol
ordered ™ While we believe that the [M(dead(icm)] host is
responsible for the observed long-tange order, it is possible
that neat samples of this and of [M{dca)(dea- H:0)] would
behave similarly magnetically and have nearidentical powder
X-roy diffraction patiems. Work is in progress to obtain such
undoped single phases for M=Mn, Fe, Co, Ni and Cu, the
monohydraie of Mn (1} being described bere.

Tinadly, it is of interest to look 3t ap aliernative view of 1he
three-dimensional networks of 1-4 10 try to explain the
maguetic features. Parallel two-dimensional Hg-zag (63)
sheets of M{dca) can be distinguished within the network
{Figure 3}, which alternate with layers that contain two
interpencirating M(tem) (or M{dea - H,0)) (6.3) sheets which
give rise 10 the self-penccration, Within the M{dca) sheets the
tridentate dea bridges will dominate the exchange coupling
and lead 10 long-range order {except for Cu), as cbserved in
the parent a-[M(dea),] rutiie-like phases The anionic linking
groups between the sheets will give rise to weaker coupling. In
separate work, we are ipvestigating structure - magnetism
relations in complexes of the type [RE][M{dca),). E=As. P,
N, in which two-dimensional sheets are separated by R E-
organic cations of different sizesF) Day ct alP have recently
noted the sensitivity of the type of long-range order and the
size of T, in the [REJ|M¥M™C,0,),] sheet structures lo the
patore of the R,E* cation used,

Experimental Section

Syutbess of 1
Mcthod A: [Mmdeaki™ (30 mg, 0.16mmol) was dissolved in of hot
methanot (3 ml). On cooling 10 room temperatute ethanol (Smil) was
adiked. Crystals of 1 suitable for X.ray diffraction were afforded by slow
evaporation of this sclution over a periad of several monihs. The majority
of the crystals were trianpular in habit and lasensitive fo solveun loss. IR
(Nujol) # = 3611, 35T7, 3521, 3389, 3513, 2310, 2258, 2185, 1620, 1359, 1326,
5%, 937, 619, 68 em™'; clemental analyei caled (%) for CHMNO
(205.06): €234, N 410, 11 10; found: €236, N 413, H 08
Mrihod B: Aqueous solutioss (5 mL cach) of Ma{CIO)y- 6 H.O (352 myt,
10 inmol} and Najdea) (176 mg. 2.0 mmol) were combined. Shw evape.
ralion over two weeks wiekded several agprepaies of crystats and a emalt
ber of manly irregularhy shaped single erywials (soime of which were of
trangular habit} that were fitlered and washed with ethanol. Yaeld: £ mg
{30% ): IR (Nujoly: #+= 35200, 3222, 3111, 2309, 2287, 21K3, 1625, 13, 1324,
1057, 1006, Y56, YIR, 641, 667 om % clemenial analysin cated () Rov
CHMN,O (20506): C© 234, N4LO, H 1.0; foend: C23.5, 15 414, H D&,
The puwder X-ray dilfraction pattem matched thet caleulated from the
erystsd simciure data.
Synibeids of 21 A bot solution (6ml) of Co{NG,).-6E,O (W,
1M mmol) was added to a bot aqueous soluvion (6mL) of Naldea}
(100mg. 112mmol} and Kitem) (145mg, 1.12mmol). The rewling
sotution was wllowed 1o coul and & pinkfred mi yidalline prnduct
farmed over sevecul days The product was filtered and wastied with waler.
Yickd: 150 mg (62 % ): IR (Rujol): 9 = 3462, 2295, 22K2, 2264, 2215sh, 2197,

Chem Erx L 1008, 6, No. 17 © WILEY-VCH Verlag Gmbli, D-60431 Weipheitg, 2000 054-653900UK17.3t93 § 1250+ 300 —_— 3193
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1614, 1357, 1314, 126K, [353 070, Y66 om™'; elementad pnalyzis oaled (%)
for CoCN, (21505% C 33,51, N 2209, I3 0.00; found: CIASLNIZTLH
1).25. The analytical figures are indicative of the 1 of amall

of dea+H,0 in place of 1cm. Powder X-ray dilfraction also showed 1he
presence of 1rmees of [Coftem);]. Single crymals were grown hy lsyeriag an
mqueiies salution of CofNO. ). 610 und Ns(dew) with 1.0, McOH, then
o salmion of (Me,N)tcm} is McDH. Small pink exstals formed afier
several days

Sywibesis of 3 A hot squenis sobution (3 mE) of NiNOy): -6 RO (4R me,
140mmol) wos added ta 3 hot aqueows solarion (Aml) of Naldea)
oeme, 112 mmol) snd Kieem) (147mg, 114 mmel). The nesulting
solution was albwed to cool und 3 blue microorystalline product formed
owet severnt days The product wi filcred asd washed with water, Yield:
MNOmp (FT%): IR (Nujod): 9= ISR, 348, 2350, 2304, 2300, 2270, 2212,
1614, 1316, 126K, 1254, 108K, 972 an'; clemental analysis eabed (%) for
NICN, (214.83): C 33,54, K .13, H 0.00: found: C 3212, N 3759, H 0.50,
45 in 2, thewe figures ore indicative of the prescnce of small smounis of
dea HyO in place of tem Powder X-tay difftaction oo showed the
presehee of traces of [NI(em),].

Sywibess of 41 A hol ny Sution (6 mL)of CufNQ, L - 3H0 2R mg,
{19 mmol) was added 10 & hot agucows soleton 6 al)y of Ka(den)
(100 mg, L12mmol) and Kiem) (14Smg. 112 mmol). The fesalting
solution was aflower! 10 cool and a greenbrown crystalling product formed
over severnl davs. The product was filiered and wavhed with water, Yield:
195 mg (79%)2 (R (Najod): # o 6L HED, 2V, 2071, 2206, 21RI {sh), 1619,
1360, 1259, 1088, 954 omY; elementol Analysis caled (%) for CulM,
(219.66): C 32.7V. N 38206, 11 0.00; found: C 3054, N BM, H (.29, As in
2 and 3, these figures are indieative of the p of snnll amouns of
dew- Hy0 in place of tem,

Ormnllnp-phy: Crysial data and detaib of the strocture determinations
are presesied in Table L Data were colicted an a Nonius KappaCCD
difftactometer  with praphitc wonochromated Moy, t™dsdon (i=
071073 A}. using ¢ nnd « votations with 1° immes. The images weore
procesned with the HKL suite of programa ™ Data for § were collecied st
two different temperstures {123 and 297 K). Absorplion covrections {{ace-
indixed) were applied only 1o the data for 4, ar hoth tempecatures (ing
mar. (rarsmission faciors =0 FIN0RZ (123 K), G72086 (197 K)).
Solutirs were obtxined by usting cither SHELXS97™1 gc teXsan®
followed by succertive difference Fouricr transform methods, and strue-
tures were refined apminat F? using SHELXL.97P4 The absolute config.
arations of 2 and 4 weee astigned or the hatis of the Flack paramwter
(Table 1), while 1 was refined as & racemic 1win. Al noa-hydrogen stoms
were made sniotropic. while the hydrogen moas in 1 wrere hoither
detected nor sasigned. In L atoens C3. O1 and NS were refincd st half
ovcupancy due 1o the discaler over the mirmor plane, snd O1 and K5 were
constrained 10 have identical 1, . 2 and Uy parspietern The structure of 1
was also sobved in PL, which indicated that the Gisoeder wes preschl ¢ven in
the ab of any crystallographicelly impoeed symmetry.
Crystatbographic data (excluding sirocture (actors) [or the structures
r:poﬂcd ity Wkis paper have been dcposllcd with the Cambridge Crystslbo-
pronhic Dae Cenin: ak suppl t b no. CODA L3R8T (1),
CLDC 13874 (2), OCDC 136775 (4 at 1K) und CCDAC 138776 (4 01
297 K), Copies of the dita can be obwined free of charpe an application to
CCDC. 12 Union Hoad, Cambridge CB2IEZ, UK {Tax: (+44) 1223.330-
(00 c-mail: deposit@orde camnc.uk ).

Wagnetic studbee: Deiails of the of DC thililies end

inations gsing a O Design MPMS S SQUID m.lgneinmeter

tuave been given previousiv The AC susceptitilitics were measured with
a Quantum Deugn Physical Propeny Measurement System (PYNIS-)
fitted with an Option P-S00 (M:MS) for AC measurements Samokes of
about Mmg were onntained in gelali Jes held at the ond of a
drinking strow, which w.sﬁxcdm&wmpkmd.m.\(:fdd used was
3.5 0¢ onciliating st 20 HL
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A new manganesce{urfiv) carboxylate cluster |Mn,0,4(0-
Me)(OAc), fMeOH)(H0))6H:0 has been structurally
charecterised and shiown to display net antiferromagnetic
coupling with preliminary evidence for single-molecuie
magnetic behaviour,

The synthetic and physicochemical siudies made by Christou
and Uendrickson et ol.) Gaiteschi and Sessoli of of.* and
Powell ¢r af? on high nuclearity manganese and iron oxof
carboxylato cluster complexes have led 1o significant advances
being made in the understanding of hanoscale magnets terawd
‘single molecule magnets” (SMMs). In the case of manganese,
the nuclearities known 1o date to display SMM behaviour
inchde Mny. Moz and Moyt Other nuclearsities such as Mnj,
Mng. Moy, Mo Mas, Mg, Mngs, Moy do nof, even though
some have high-spin ground states, one of the prerequisites for
being a SMM. Anoiber key prerequisite for SMM behaviour is
a pegative anisotropy in the axial zero-field spikling term 2,
which in the Mn clusiers is introduced into the cluster ground
staie by Mo single-lon centres,

The atchetypal clusier, |Mn 20, (0AC) (00,1 2HDAC-
~414:0 {"Mngz-acetale’), contains a ¢eniral cubane Mnv 0,
cote, bridged 10 an culer belt of eight Mu®™ jons by gy O
bridges, 1he cight Ma' being bridged by OAc -~ ligands.

We repont here details of a new mangunese carboxylite
chuster, [MugQis(OMe)i DAY (MeOH)(H0))-61.0 ().
This complex was fint obixined accidentally when attempting
1o expand our dicyanamide {dca-, N{CN);~} molccule-based
magnet work into networks of May or My clusters bridged by
deca= ligands.® It was subsequently found that dea— was not
necessany foe fis formation. Thus. addition of solid #-
BuyNMnO, 0 a stirred solution of MaiNO,)<4H,0 in a
mixwne of meshanol and acetic acid yiclded o dark brown
solution which was aflowed 10 stand for severnd weeks, withy the
fonnation of black blockslike crysials of Lt 17 Na(dca) and
MeaNBr are included in the reaction. 1 is formed first ollowed
by smali red erystats, identified as a wriply-bridged linear chain
complex IMOWOMeNOAC); ], which will be described else-
where.® The presence of alhoxide bridges in 1 s rare in Mn
clusters and probably responsible for the nuclearily obiained.”

In the struciure of 1,3 the cluster lies on sn inversion cenire
relating one halfl of the cluster 1o the other, The asymmetric unit
contains half of the molecule and three lattice water molecules.
The cluster consists of six M and ten Ml joas? held
together by founcen pa-0°-, two u-02—, four p-OMe—and two
u-0Ac— groups to give a roughly efiiptical planar [Mn,O)o(0-
Me)(OAc)1M+ core (Fig. 1 ). Peripleral Yigetion consists of the
relaining fowieen j1-GAe, iwo ji-OMie - groups and thee
axial water and methanol molecales.

The Mny, core can be divided into two sub-unils, a central
[ M"Y Ou(OMe) 15+ unit conneeted toan outer perimeter of ien
Mn'™ jons by tem §3-02— ions in the plane of the molecule and
rwo p-OAe— groups pecpendicular (sbave and below) to the
plaoe of the ntolecule, The central unit coatains six Mn'Y jons
in two rows of three (Mn(l), Ma(2), Mn(3) and the symmeiry
relasted Mo(17, Mn(21, Ma(¥) lying in a plane that is
sandwiched betwoen two planes of oxygen atoms. Each plane
contains two Ji-07—, one w-02- and two p-OMe - ions. One

INGEe IR
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cluster: [Mn;4016(0Me)s{OAc)1s{MeOH):(H,0)1)-6H,0
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axygen plane contains O(1) and O(3) (11-07-), 0{2") {n-02-),
and O{4’} and O@63 (1-OMe-). The other oxygen plane

Fig. 1 [Ma O dOMe ) OAC ko MO 016810 with atom Labe]-
ling scheme of manganese and onygen sloms ondy (hydrogen soms have
been ominted for clarityh The ccntral [Ma™, O OMRYL]* seb-unid is
highlighied in green,
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Fig. 3 (x) Hy is plon of a powd i di d in vaseline, at 2 K

and (b} out of phase AC 2 plots wih # « 35 Oc.

contains O{1 and O{3') (1301}, &2) (-0}, and O{4) and
O} {p-OMe-). The Mo!™ jons occupy distoned octabedral
sites between these two hexngonal close-packed O fayers, in the
manner sen in manganese oxide minernls.” andd within two
related Feyz and Fe o oxyhydroxide clusiers.!? Thus 1 could be
thought of 45 a captured portion of a loyered mangarese oxide
mineral. Such is not the case in Mna-acelare.,

Peripheral ligation around the Mn'™,; perimeter contains
eight equatorisl p-OAc— proups, six axiat p-OAc— groups
(three each on either side of the cluster in an oltemating up-
down-up fashion) and rwo p-OMe— ligands (bridging Mni6)
and Mn{7)}. Eighi of the 1en perimeter Ma' ions experience
Jaha=Teller (JT) axial clongation in the direction perpendicular
1o the plane of the cluster, The remaeining two (Mn(4) and
Mni4')) experience 3T unial compression roughly pamaliel 1o the
piane of the cluster in the direction of o g-DAc— and a core y3-
02, This may be important in regand to AC ¥* behaviour,'!
Hydrogen bonding from an axial disordered waterfmethanol
and an axiul p-OAc~ vig 1wo larice water molecules baiween
each cluster links them into chains thet propagate parallcl (o the
¢c-ais dimection.

Varinblie temperature magnetic suscepiibilities were meas-
ured on freshly isoleted samples of 1 in o field of 1 T over the
range 2-300 K (Fig. 2(a)}, The same results were obiained on
neat powders and o vaseline mulls. The effective magnetic
moment, per Mn,,, decreases gradually from {40 g at 0K
toca. §0.5 prg. then mors rapidly. reaching 5.7 ppat 2 K and still
decresasing. The value of .y L 300 K compares to the value of
18.16 ppcalevlated for six uncoupled MntY (§ = 3/2) and t2n
Mn™ (S = 4/2) and is thus indicative of overnll onti-
ferromagnetic coupling. Te try 10 identily the ground spin suie
of 1, magnetizavion (M) measuremems were made in the ranges
of H = 0-5 T and temperatuse = 2-20 ¥ (Fig. 2{b)). )t can be
seen that, at 2 K, the M valuze increase in a gredual cerved
fashion between 0and 5 Tioreach ca. TNSinthe ST field. The
M values sre still inerensing and saturation is not achieved. This
is. most Likely due 1o thermal population of the ground-state and
of other low bying spin-states occorring even st 2 K. Zero-field
splitting and Zeeman effects wilt also influence the shape and

size of the M vs. A plots. Cluster—clusier interactions, via
hydrogen bonding pathways, may also play a pan. 1t is therefore
nal possible, withon fiting of the M/H data, 1o urambiguousy
assign the ground state spin. A hysteresis loop (202 Y &t 2K
shows a rapid increase in M in the 2250 Oe region (Fig. 3(a)).
Preliminary AC 3* susceplibility measurements made in the
range 2-15 K, 2t two frequencies (20 and 100 Hzy and H = 3.5
Oe, show # clear maximum which moves from 3.9 K ot 20 Hz
o 4.6 K at 100 Hz (Fig. 3(b)). This frequency dependence of
Lwa 1% one of the key experimemtal criteria for SMM
behaviour and we are presently confirming this at different
frequencies,

This work was supported by o Large Gmnt {10 K. 5. M.} and
a Fellowship (o 5. R B.) from the Ausgyalian Rescarch
Council.
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Abstract

Two new mixed valent closters of manpganesc have boen synthesised in which the starting psendochalcogenide Figand,
dicyanonitrosomethanide, (ONCICN), ™. {deom ™)) undergoes nucieophilic addition of methanol in complex 1 and waler in
complex 2 during coordination to the metal ions. Cryatal structures show that complex 1 is 2 lincar rinuclear Ma(l)Mn()11)Mn(11)
compotnd, [Mnalmeoe) JNO,-2H0, connining bridging oximate moictics from the chelating Jigand methyl(2-cyano-2-hydreo-
xyiminoxthanimidate (ONCCNICINEYOCH,)™, meoe™). Compound I has a planar rhomboidal (buuerfly) arrangement of
Mao{INMa(EHMaIMo(LI]) with the Mn(l11} ions in *body’ positions bridged 1o the ‘wingtip’, seven coordinate Mn(ME) ions by ;-
oxo atoms and by the NO™ oximato groups of the cyanoacetamidooximate chelating lipand, cao ™, [ON=C{CNYCONH,] ™. 2 has
the formula (MesN M Os(ci0){ MeCNR(HA N NO:) - 3H,0. There ar¢ hvdrogen bonded clusier - cluster interactions in both
compaunds. Detailed susceptibility and magnetisation measurements on 1 and 2 reveal intra-cluster antiferromagnetic coupling with
a toial spin ground state at the crossover point of St =2 and 1 for 1, with other states very close in energy, and & rare sixfold
degeneraie sei of Sy Jevels, 0,1.2,3,4.5, lying lowest in the case of 2. In the faver cose this is kergely because of the large Jyz
(Mn¢E)MalID:; body -body) value (—46.0 cm = ") compared with the wing-body (Mr(1IMa(1ID) J13 value of —2.5 cm™". These
coupling constants and S states are compared with those of ather recent examples of planar rhomboidal mixed valent clusters,
some of which show letromagaoetic J values and very large Sy ground states, with single-molecule magnetic behuviour exhibiied in
those cascs. AC susceptibility studies show 1hat complex 2 does not exhibit single-molecule magnetism behaviour.

4l 2002 Elsevier Science Lid. Al Fights reserved.

Keywords: Dicvanonitrosomethanide detived oximate ligands; Mined valent manganese clusters; Trinoclear; Tetranuclear, Magnetism: Crystal
structures

1. Introduction

A great deal of roeent research in polynuclear mixed
vulent mangancse complexes has focussed on two main
lines of enquiry, Firstly, in the bioinorganic area, many
model complexes have heen made to replicate the
structure and function of mangangse containing proteins
and ¢nzymes including, significanily, the water oxida-
tion complex (WOC) iu the Pholosystem IT (PSII} of
green plants and cyanobacteria, which is responsible for

* Comrespouding author, Tel.: +-61-39905451); fax: + 61-3-9905.
43597
E-mail gddress keith £ ourray@sd.monash.edu.an (K.S. Murray),

D277-53870YS - see fromt matter A% 2002 Elsevicr Scicnce Lid. All rights reverved.

PI:50277-5387{02)01266-4

the catalysis of the light driven oxidation of H;O to O3
j1-4). Detailed speciroscopic, EXAFS, XANES and
crystallographic studies have been made to probe the
Mun(Ca) peoxo cluster in the redox states S, to Sy {5.6].
Sccondly, in the ficld of nanomagnetic materials, some
Lirge high-spin manganese carboxylate clusters display
magnetic properties previously only associated with
nana-sized particles of magnetic metal oxides, that is,
they can be magnetised and as such have been termed
single-molecule magnets (SMMs). They also display
unusual quantum mechanical effects in their single-
crystal magnetisation hysteresis plots. The archetypal
daster, Mn{1UIAV);20)(OAc)(H20)4)- 2HOAC - 4H 0
(‘Mn z-acetate’) and ils derivatives are the best and most
comprehensively studied SMMs 10 dute [7-13]. Other
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examples of SMMs include the family of complexes with
the [Ma(iV)Mn(!11),0.X]%* core {14-16), where X ~ is,
for example, a halide. and other Mny complexes such as
[Mn¢TI1):Mn{l1),] rthomboidal cores [17,1K] as well as a
number of Fe,, Feg and V, complexes [19-23]. More
recenily, a Ni;; wheel complex {24] and the [lirst non-
oxg-based SMM, the cyuno bridped MnMogCN),,
cluster [25), have been isolated.

e Y ©
N OMe NH;
e mone” cBo”

We present here two new mixed valent manganese
complexes  [Mny{mcoe)]NO,-2H,0 (M and
(MegN)3[MnLO,{ca0)MeCN)(H,00(NO1)s 2H,0
{2), where mcoe™ is ncthyi(2-cyano-2-hydroxyimi-
nojethanimidate  ([ONC(CNYC(NHYQCH,]™) and
o~ is cyunoacciamidoximate ([ON=
C{CNHCONH,)] ") Their structures and magnetic
propertics are described.

This work arose {rom a combination of interests in
Ma cluster chemistry and in JD-moleculsr magnets
based on pseudohalide and pseudochalcogenide bridges
of cyano based ligands [26). From such work we have
recently reporied @ My, cluster which displays aspects
of SMM behaviour {27].

2. Experimental

Ma(NO;)--4H,0, methanol and acetonitrile were
used as received. All reactions were performed under
acrobic conditions. MeyN(denm) was prepared by a
helathesis reaction by adding an acctonitrile solution of
MeNBr 10 n suspension of Agldenm} in dichloro-
methane (deam ™ is ONC(CN),;™). AgBr was removed
by (iltration. The solvent was removed and the resulting
yellow oil was recrystallised by vapour diffusion of
dictby! ether into a solution in methanol (Yield 95%).
Ag(denm) was synthesised according to the literature
[28).

2.1, Syunthesis of [Mmafmeoe)s]NOs-2H,0 (1)

A methanolic solution (5 ml) of MeyN(dcnm) ¢0.336
g. 2.0 tnmol) was added to a methanolic solution (5 ml)
of Mn(NCy-4H20 (0251 g, 1.0 mmol). The resultant
soluiion was an ofange colour. Aficr 1 week many red
crystals were present in the deep red solution. The
crystals had a hexagonat or half-hexagonal appearance
und did not lose selvent in air. The solution was
decanted, A fine light-brown solid, which coprecipitated

with the crystals was removed by suspending it in
methanod (the crystals were far less mobile, sinking
rapidly) and decanting the suspension. This process was.
repeated several times untl the methanol wash was free
of the licht-brown solid. The crystals were collected by
fitration. washed with methanol and dried in air. Yield
0.17 g (50% based on iotal available Mn). An irregular
shaped crystal was chosen for X-roy diffraction struc-
turnl analysis. IR (Nujol, em ™), 32585, 2221m. 1645,
1345, 1385m, 13565, 12665, 1192s, 11253, 952w, 823w,
719m, Anoi. Found; C, 29.5; H. 3.1; N, 24 8. Calc. lor
CagtingN190OsMna: C, 28.3; H, 2.B; N, 26.1%. Powder
XRD: The diffractogram of the bulk product matches
that caleulated from the crystal structure.

2.2, Svathesis of
{Me N )2 f Mu,GOs( caolyf MeCNIH Ha0)sf(NOs ) o
20 (2)

MedN(donm) (0.596 g, .54 mmol) was stirred in 10
ml of hot acctoniirile to disseive. There remained a
small amount of yellow residuc. A solution of
Mn{NO;);-4H.0 (0.889 g, 3.54 mmol) in acetonitrile
(10 ml) was then added 10 this mixture, resulting in an
instant colour change 10 deep red. Over a period of
about 30 min of stirring the hot mixture changed to an
orange colour. The mixture was then filiered several
times Lo remove a {ine brown precipitale (most Jikely
manganese oxide), then covered and lefi to stand. Aftes
4 days the solution was a red/brown colour with a small
amount of fine brown precipitate mixed with many red/
orange crystals. The fine brown precipitate was removed
by suspending it in the solution (the exystals were far less
mobile, the majority remaining attached 10 the pluss of
the vessel} and fillering the suspension. The filtrate was
rewurned to the crystals, whicl: were then filtered and
washed with acctonittile (Yickl 32 mg, 4% based on
total available Mn). IR {Nujol, cm ') 3390sbr, 2268vw,
22245, 16825, 16065, 1470s, 13175, 12245, 11365, 104Em.
950m, 831m. 708sh, 666sh. dnal. Found: C, 32.2; H, 3.0;
N, 22.4. Calc. for CagHsqNygOsuMnyg: C, 21.8: H 4.1 N,
21.2%. Powder XRD: The diffractogram of the bulk
product matches that calculzted from the crystal struc-
ture.

2.3, Xeray erystallographic studies

Crystal duis for 1 and 2 are summarised in Table 1.
Data were collected using a Nonius KappaCCD dil-
fractometcr with graphite monochromaied Mo-Ka
radiation {4 =0.71073 A) Integration was carried out
by the program DENzOSMN [29), and data were
corrected for Lorentz polarisution effects and for
absorption using the program SCALEFACK [29]. Solu-
tions were obtained by direct methods (sELXS-97 [30D)
followed by successive Fourier difference methods, and
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Table 1 Table 2
Summary of cTysial data Sclected hond dinances (A) and xngles (9 of 1

1 2 Bond lengths

Mnt1}-0{1} 20693)  Mnll)--Mn(2} 291779}
Formula CuHaaMnaN o0yq CoHaaMnuN O Mni2)~N{2) L3243 Mn2)-31(9) 21894}
M 101947 132261 Oi1-N(Y) L3 C(3-CL6) 1495
Crywal system trigonal monaclinic N-C{ 130NS O6)-N9) L2SING)
Spoce growp Plic Cle CH-Cl4) LA} C(6)-O{T) 1L.I38(5
u (A} 12.4720(2) 192163(3) Cla)- NtSy (RETSH] O(73-CU8) 1.462(6)
h (i: 12.4720() 11.42832) Bowd angles
£l14 1

;“.; 13811468 ﬁ;_gﬂ:}f’ OU)-Ma(l-O1) 901 N)-Mn2-N@)  72201)
U iAY 212997 $334.72) O -Mm1)-O(1")  826{1) N9)-Mai2-N9% 927304
A 3 4 CX1)-Mn(1)-Ol1%) 93.5(9) N(2)=-Mn(2)-N(2*) 88.3X12)
T &) 123 130) O -Mail-O(1™)  17431) N2)-Mn{)-N(#*)  13E1503)
#(MoKx) 0.965 1081 NZ)-MoD-N@  12551012)
imm™" Hydrogen banding
Crystal habit. col-  thombuoidal, red rhomboidal, Ne9-H9) 1.o0(7)
our orange-red H)- - OiLI 10007 H9)- - X111} 2.02C7)
Crysul size (mmi .45 x 0.525 x 0.1 02x02x 0l N9+ -O{0) 1943 N(9p--ONIN) 2.902)
Indes ranges -6k <16 —-255h <25, Ni9) - Hi9) - i9)-H@) - i

ISk <16, 5%k g 15, (9) - H(9)- - -O(110} 156(5} N(9}-H(@)---O(111) 14NS)

-NgigN -zt Symmewry iransformations () —x4r. ¥. —c+M2% (i) =p+l,
Compleiencss 0 59.9 992 =+ L oo diii) —p+1, —x+1, ~z 432
0 =55 (%)
Data collected 2920 35448 "
Unique data [R,] 1775 {0.0908) 6442 [0.0619) positions (O(600) aaq Q(Gﬁl_l}. Hydrogen nioms on t.he
Observed refloc- 1390 4578 coordinating acctonitrile molecules and the amine
dons [1 = 20(1)] groups of the cao™ ligands were assigned 1o cxlculated
Parameters 0 o positions with U values 1.5 times {i:r tcthy) protons)
;’:‘;ﬂ;ﬁ"(’:ﬁ gg;‘l’ . 0.2172, 00568, g':;u“:' g:ﬁ;“; and 1.2 times (for smine protons) the U of the
data) ’ T attached atom, whereas those on the coordinating water
Goodness-of-fit, 1,141 1,097 molerules were bot located. As can be scen in Table |
5 the 1inal R.value was relatively high. The crystals were

* Ry EfiFol ~|FlEIF), why = {ThetF —FEFVT (R

refined by full-matrix least-squares on Ff.h (snELxL-97
[30).

For coniplex ! all non-hydrogen atoms of the cation
complex. the (wo waters of cryvsiallisation and the
nitrogen atom of the nitrate were refined anisotropi-
cally. The unique oxygen atom of the aitrate was found
10 be disordered over two positions. The two contribu-
tons {assigned equal quarter sitc occupancies) were
refined isotropically. The imidate proton was located in
the difference Fourier map and was subsequently refined
isotropically. The methoxy protons of the meoe ™ ligand
were included at calculated positions with U values 1.5
times the U of the carbon atom. Two regions of
clectron density not conmected 1o ecach other were
assigned as two waler molecules, Table 2 contains
selected distances und angles,

For complex 2 all non-hydrogen atoms of the cluster
were refined anisotropically. Due to significant disorder
that was difficult 10 mode! the non-hydrogen atoms of
the tetramethylammoniitm axd nitrate counter ions were
refined isotropically and no hydrogen atoms were
assigned. A region of residual electron density was
assigned as 2 water molecule disordered over two

quite small and weakly diffracting and many were tried
with poorer quality dilfraction. A number of selutions
were obtained for different crystals, the best giving the
refincd structure presented here. Despite the extreme
disorder in the counter ions and in a waler molecule the
cluster itself is wefl refined. Table 3 comains sclected
distances and angles.

2.4, Mugnetic mcastiroments

Magnetic measurernents were carried out us described
previously [26} using a Quantum Design MPMS 5 Squid
magmetomeler for DC magnetisation measurements and
a PPMS instrumnent for AC susceptibility measurements,
Since Mn(lll) complexes display torquing at low
temperatures {31). the powder sunples were dispersed
in ¥oreline,

3. lLiesults and discussion
3.1. Svnthesis and characterisation
Complex ¥ crystallises out of a solution of Mn(NGCs)z-

4H,0 and Me.Nidenm) (1:2 molar ralio) in methanol,
Complex 2 erystallised out of a solution of equimolar
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Tabk 3 The pscudochaleogenide Bgand dicyanonitrosometha-
Sclected bond distances (A and angles (*) of 2 nide (ONC{CN); ., dcom ™) undergoes nucleophilic
Bond lengthe addition of solvent (methanol and water for complexes
Mn(11-O1l} 2075 Mni2)-0(N) 1445} 1 and 2. respectivety) in the coordination sphere of
Ma{1)-N(3) 192421 Mn{)-0(1) LBYS) the metal io form the chelating ligands, methyl(2-cyano-
:M::?ﬁ)‘ 3-3-:(:) 3nt31-oml 3.lm(i) 2-hydroxyiminolethanimidate (JONC(CNIC(NH)-
Mﬁn-o:m) 24 :(6: M:E;-g;g: ;..?9;{(8: OCH,}~, mcoe™) for t and cyanoacetamidoximate
Ma1}-O(18) 20927 Mn(2I-NE1) 237209} ({ON-{.‘.(CN)(CONH;)] . €0 ") for Z. The nucleophi-
Mo{1)-OU9) 218591 Mn2)- - Mo 27 lic addition of solvent to denm™ has been reported by
Mn{!)- - Mn{2) 354602 Hvastijovd et al. for Co(l1), Ni{11), Cu(ll) and Pd(il)
Bond angles complexes |[32--36). The protonated form of the Jigand,
O{13-Mn{11-0019} AN O(IP-Mull}-N(3) 142.9(2) caoH. has been synthesised recently by refluxing the
Of1y-Matl}-0{13} F7.M2) O(F)-Matl)-NY) 68.42) fiitrate formad from the reaction of Ag{dcnm} and

O{19)- Mnf 1) -0 18} 1763031 O(1)~Mn(2)-O¢ 1Y 8141}

O-Mu1-017) 14232 O(V1-Mu2)-O010") 93K
OUN-Mn(1}-0017) 2004} O(H)-Mold)=-(10) 175.%(2)
O{18)=Mn{1})-X17) QLA O()-Mn(}-OUD 176.5(2)

CX13-Mn(11-0(9) M1 O(1)-Mn()-0(2) 84.6(2)
O{19)=Mn{1}-0(9) 86.7(3) O{2}-Mnin)-0{10 89.4(2)
Of18)- Mn{1)-O{9) 90.3(3) O{1N-Mn(2)-O(20) 95.93)
{1 7)-Mni1)-0%) M2 O{1)-Mn(2)-0i20) 93.43)
O{D-Mnth- N1} AN ON0H-Mn(2)-020) BTN
O9-Me{}-N(O1) %033} OE}~Mn(H-0(0) 82.5(3)
O8)-Mn{l}-N(11) 2342 00h-MaD-N21) 04.9(3)
O(7-MailI-N{)1) 655620 Of{l)~Mni2}-N(21) 931.4(3)
O@-Mn(l)-N(I1) 1430 OU0)-Mn(2)-Ni21)  B6A(3)
O{1)-Mni2-N(3) T62) O(2-Mu{2) -NE) RTHD
O{19)-Mn(1)- N(3} O8N Or20)-Ma(2)- N21)  167.%Y
O{18)-Mu{h-N} 860(2) Mal2i-0)-Mn2) 97.32)

Hydrogen bondmg

O(19) - O(32") 10%2)  ON20)-- ON43) 282(2)
O{19) - O{53) 263 N(E --NE®Y 3.001)
(i) 043" 2862)  N(16)--N(14") 303N
O{18)- - O{6007) 24351 N(8) O 29002)
Q600)- - Of41) 2465} N(16)- - -O{600™) 2904
Q{601)- - {41} 238 N6 O™ 267H

OS2y (19} -O(51)  1249(7} NUB}-H(SR)- --N(6™) 1454
NiR)-HEAR 43y 1759 NU6-H{I6B). . N(I14D) 1529

Symmetry transformations (i) —x+ 172, —y+ 32, =2+ L G} x=1f
Ly=Whzi i) =2 v, 220 0) 0 2y L lv) —xL p
2z

amounts of Mn{NQO1»-4H20 atd MeNi{denm) in hot
acetonitrile. A brown solid, which from IR spectroscopy
is likely to be MnO, is fomed in relatively lorge
quantities at the same time as some of the Mnfll} is
oxidised 1o Mrn(lll), which is then included in the
tetronucleat cluster. This solid can be (iliered off
progressively during the course of the reaction. 1n latier
stages. the majority of the product is 2 and can be
relatively successfully scparaied from remaining MO,
powder. The yield of 2 was very low but quite
reproducible,

Infrared spectroscopy of complex 1 shows absor-

ances a4t 2221 and 1645 em ™! corresponding to the
v{C=N) and »(C=N) vibrations, respectively, from the
meoe” ligand. Likewise for complex 2 absorbances at
2224 and 1682 an~' correspond to the »(C=N} and
#(C=0Q) vibrations of the cuo ™ ligand.

NH,LCl in water [37). Compounds 1 and 2 are the first
exarnples of complexes in which the meoe™ and cao™
ligands occupy bridging as well as chelating coordina-
tion modes. The oxidation of Mn(Il) to Mn(Iil) and
Mu{IV) (MnO,) in these acrobic reactions is not
unexpecied and the formation of Mu(IIYOM(I)
bridges in 2 under these conditions is common.

3.2, Crvstal structures

321 [Muy(meoe)s JNOp 210 (1)

Complex 1 crystallises in the trigonal space group
P3lc. The cation is n tinear trinuclesr complex (Fig. 1)
with the three mungunese ions lying along a threcfold
axis and the central manganese plom sitvated on an
inversion centre. Thus the asymmetric unit contains 1/6
ol the formuls unit, The cation contains two symmetry
related terminal six-coordinate manganese(l1) ions che-
lated by the N-donor atoms of the imidake and oxime
groups of three mcoe™ ligands in a trigonal prismatic
environment (Mn(2)}-N(9) = 2.18%4), Mn(2)-N(2)=
2.324(3) A and N(2)-Mn(2}-N(9) = 72.2(1)°}. The two
terminal mangancse({l} ions ure bridged (o the centinl
manganese{IIT) by the oxime groups of the six meoe™
lignnds. providing an entirely O-donor atom coordina-
tion environment in a distorted octahedral fashion
Mn{l)-O(1) = 2.16903) A).

The oxidation states arc assigned on the basis of
charge balance and on consideration of bond lengths,
The two terminal manganesz ions are assipned Mn(1l)
due 1o the longer average bond length {2.25%(7) A)
compared with the bond length [or the central manga-
nese ion, which was assigned as Mn(I11). [t would be
expocied that the central Mn(l1l) ion would show Jahn-
Teller distortion, having d* configuration in a near-
octahedral environment. However, in this case, there is
only one unique Mn-Q bond length,

This compiex strongly resembles the lincar trinuclear
mixed oxidation ttzte  manmanese  complexes
[(Mez-zenIMn(i i) {{(p-niox)sMT Mn(UI(Me;-tacn)]
(C10,),. (M(IT} =Mn, Cu and Zn: Mey-tacn =1,4,7-
trimethyl-1.4, 7-triazacyclononane;  Haniox =cyclohex-
ane-l,2-dione) published by Birkelbach et af. [38,39]. In
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Fie. . Crysie structure of [Mng(menc) NCy- 2H 0 (1) with atom labelling scheme {thermal elfipsoids shown at 50% probability)h. NO3;™ and lattice

waters Omitie:.

contrast to 1, these complexcs consist of a central MIII)
jon chelated by three niox®~ Jipands in a trigonal
prisniatic environment with an entirely N-donor stom
coordinution sphere, and are then bridged 10 the two
terminal MugLLD) ions by the oxime groups of the niox® ~
ligands. The erminal Mn(111) jons are in tum capped by
Mex-tacn and thus possess a distorted octabedral NyO,
coordination  environment. Other  lincar Mn{IID}
Mn{IDMn{lll) examples are known [40).

Each cation in 11s linked to its neighbour along the c-
axis via  hydrogen  bonding  between  the
celion imidate protons and the nitrate counter jon
(NEYY- - 2O(1 1) = 2.90(1) A) (Fig. 2), which is disordered
over two positions related by a 48,8(1)° rotation aboutl
the nitrogen atom. This disorder in the nitrate oxygen
muy be due to the hydrogen bonding between the three
imidate protons each ou adjacent complexes that are
staggered 60° with respect to cach other.

322 (MeN)2f MnyOofcao ) sl MeCN ) ;( H:0), -
{NOs) - 2110 (2)

Complex 2 crysiallises in the monoclinic space group
C2e, with the 1etranuclear manganese cluster lying on
an inversion centre. Table 3 contains selected bond
distances and angles for 2. Fig. 3 shows the cluster and
the atom labelling scheme. The asymmetric unit con-
sains half of the cluster, one tetramethylammonium and
two nitrate counter jons and onc latlice water. The
cluster contains a [Maps-OR]® core (M.
2MniMI) in which the four Mn atoms lie in 2 diamond
shaped plane with Mn(l)-- -Mn(2) = 3.546(2} A being
considerably fonger than Mn{2) - -Mn(2) = 2.773(2) A.
This is due 10 the latter pair being bridged by two y-
G*" atoms (Mn(2)-0(1) = 1.844(3)}(2) A and Mn(2-
O(1) = 1.837(5) A), wheraus (ke former pair are bridged
by the wo atom N-O moicty of the cao™ ligand
(Ma(l)~N(3) = 2.436{6) A and O{2)-Mn(2) = 2.003(5)

Fig. 2. Hydrogen bonding of [Mnymcoe)]* cations alternating with disordered nitrate aniops (H-boods dashed, mctbyl protons omitied for

clarity).
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Fig. 3. Crystal structure of 2 with atom Jabelling schemne {thennal cllipsoids shown at 30% probability). Hydragen atoms, counter ions snd lattice

waters omitled.

A) and 2 single 1y-0%" atom (Mn(1)-0(1)=2.07%5)
A). The p0?~ atom lies 0.190(6} A out of the plane
defined by the four manganese atoms. On the periphery
of the [Mny{p;-0)** core are four chelating cao ~
Ligands (two of which are vnique) which lie roughly
coplanar with the core. In the axial positions of the
metal coordination spheres are six terminal water
molecules, two each on Mn{l) and Ma(1") and one
each on Mn(2) and Mn(2), and two terminal acetonitrile
ligands, one each on Mn(2} and Mn(2).

“The two Ma(lI) atoms (Ma(1) and Mn(}') are thus
seven coordinale in an approximale pentagonal bipyr-
amidal arrangement. The carbonyl oxygens (O{9) and
D(17) and oxime nitrogens (N(3) and N(11)) of two
cao” bigands and one -0~ ion {O{1)) make up the
pentagonal plane of the bipyramid, whercas the spices
are filled by the two axial wates (O{18) and O(19)). The
five anples around the plane are 68.4(2)°, 6R.5(2),
73.9(2)°, 14.6(2)" and T4.6(2)°. The sum of these angles
being 360° atiests to the planarity of the cor rdination
environment. The non-coordinrting nitrile groups of the
1wo ¢ao” ligands chelaling cach Mn{il) ion are bent
slightly away from the plane of the (Mna(j5-0)2)** core.
Mn(2} and Mn{2'} were assigned us Mn(l11) jons on the
basis of the significant Jahn-Teller clongation in the
direction of the axial water and acetonitrile lipands
Mn(2)-0(20)=2.2968) A and Mn()-NQRD=
2.372(9) A. where the average equatorinl bond dis-

tance = 1.92 A), as expected for a high-spin Mn(111) (d%)
in near-octahedral geomelry.

A complex neiwork of hydrogen bonding exists
between the clusters and the intercalated waler snd
nitrate anions. [nspection of the cluster shows that there
are several sites capable of hydrogen bonding, and the
cluster packing is determined by the hydrogen bonding
inteructions, Broadly speaking there ate two intersecting
hydrogen boading networks. Firstly, a sheet in the ab-
plane is formed by hydrogen bonding interactions
between adjacent clusters (perpendicular to the plane
of the clusters) via the terminal walers, the nitrate
anions and the intercalaed water molecule. Secondly,
unother sheet network is formed in the ac-plane by
hydrogen bonding beiween the tenninal amine and the
nitrile groups of the cao” ligand on adjzoent clusters.
The terramethylsmmonium cations pack between the
sheets in the ab-plane,

The network in (he ah-plane involves multiple hydro-
gen bonding interactions and can be broken down into
two types of intersecling chains. The tetminal water
oxygen atom O{19) on Mn(2) hydrogen bonds to two
symmelry relaled nitrate anjons {O(39) - O{52™)=
3.072). O(19)- - -O(53) == 2.63(2) A and
O(52") - O(19) - -O{53) = 124.9(7F) which in 1w
both hydrogen bond to a symmctry relatcd O(19) on
an adjacent cluster. The pattern thus formed is a stepped
chain of custers {Fig. 4(a)). In.addition another chain in
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(b

Fig. 4. (n} The sicpped chain cction of 1be hydrogen bond nctwork (dashed) of T in the ob-planc. (b) Second part of the hydrogen bonded neiwork
(dashed) of 2 in the gh-plane. {c) Hydrogen bonded network (dashed) of 2 in the or-plonc.
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this plane exists that involves hydrogen bonding from
the water O((R) coordinated to Mn(2) 10 both a nitrate
anion (O{18)--O(43%) w» 2.86(3) A) and a disordered
water (average O---O distsnce =2.9(1} A) which in
turn hydrogen bond to their symmetry related partners
(nitrate-water average O---Q distance =234 A),
which then also hydrogen bond 10 O(18) on the adjacent
cluster (Fig. 4(b)). The water conrdinated to the central
Mn(l) also hydrogen bonds 1o the neasby nitrate anion
that is also hydrogen bonded to O(18) ((X(20)- - 0{d3) =
2.82(2) A).

The sheet in the ac-plane (Fig. 4(¢)) is set up by the
terminal umines and nitriles of the two unique cao™
Yigands, 50 that the amine on onc cluster hydrogen
bonds to the nitrile on the adjacent cluster
(N(@8)- - N(&F) = 3.00(1) A, N(8)~H(8B) - N{") =
149.4° and NQ6--N(14°)=3.031) A, N(Q6)-
H(16B). - ‘N(14%) = 152.9°). Ali hydrogen bonds in the
plane ure direcled parallel to the c-axis direction, The
wopology of this shest is (4,4). Viewed parallel to the ¢-
axis direclion the sheats undulate due to the plapes of
adjacent clusters in the g-axis direction being on an
angle of 31.48(3) te cach other (mean planes of Mn
atoms). The terminal amine on one of the cao™ ligands
also hydrogen bonds o a nearby nitrate anion
(NGB --043") =2.90(2) A, N(R)-HEBA)--0@3") =
175.°) and correspondingly the other amine hydrogen
bonds to the disordered lattice water molecule with an

Tl e LT RS TR TR S L A L,

12 D1, Pricc ot of 1 Polybedron 22 (2003) J65- 124
b
6] o
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Fig. 4 (Continund)

average distance of 2.79(7) A. Thus the amine groups
also parlicipate in the hydrogen bonded network in the
ab-plane.

3.3, Magnetism

3.3.1. [Mny(mcoe)s ]NO-2H:0 (1)

In Fig, S(a) it can be seen that the magnetic moment,
per M, decrenases a little from 9.5 at 300 K 160 ~9p
at ~ 100 K. then more rapidly to reach a shoulder value
of 5.5up at 5 K before reaching 4. 7ug at 2 K. The
uncoupled (g = 2.0) value for §) = 5/2, S; = 4/2, 3= 512
is 9.70up and thus very weak antiferromaymetic coupling
is cccurring. The 2 K value is suggestive of 4 Sr=2
coupled ground stule bul, since J values arc small, there
will be many Mg energy levels populated becuuse of
their close spacing of a few am™', The crossover of
relevant St levels oocur at the following x values where
a=Jd) 32 and Jyy is negative:

S‘|=3 a<04
S;=2 0d<a<0s
‘T“—' “>0-S

The spin Hamiltonian employed is that commonly
used for a kinear trimer:

Hoa =21\ (S, - S3+ 5 §,)=,,8, - 8,
The field-dependent theamodynamic form of suscept-
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10.00

.00 -

400 1 —
[ "0 20 an 40 50
[ T/K

Fig. 5 (a) Plot of ohaerved oy date for complex 1 (2-300 K, H » ]
T). Caleulated lines are abtained using the parameter sets fa) to {e) (e
texl) ane given. (a) v L AB) o {0} =, {b) Pl of observed jir
daty for complex t in region 2-50 K with culculated limes for
paranmeter sets (a) - |} T y (8) = (see text)

ibility was employed {17.18.41). Wide ranges of para-
meter values were explored in Urying to fit the whole
susceplibility dsia between 2-300 K. The region 12-120
K was the hardest to reproduce. Using yype of 300 x
107 % cm® mol ', the following three sets gave quile
good fits:

8) g=199, Jp=—-102 em™', Jz= -0.53 cm~),
e =052, Sy =] ground;

b) ga200, Jz=m ~1.16 cm™'. J3= —0.58 om~,
x=0.50, St =1 or 2 ground;

c) gm202, Ja=—159 ecn”}, Jyn= —067 cm”',
a =042, Sy=2 pground.

Fit (c) was better than () und (b) between 10-120K
but worse below 6 K (Fig, 5(b)). It is possible that the
small discrepancy below 6 K arises through irimer—
tritner interactions. Varinble Geld magnetisation iso-
therms (7= 2-20 K, #f = 0-5 T) were measured to help
to identify the St ground state, Saturation in A is not
completceven at 2 K ond S T,

Calculation of the M versus } plotsat 2K and 0-5T
using the parameter sets (3) to () gave the worst
agreement for set (g} with calculated A values being

7.00
a.00
500
4.00
2.00
2.00
100
.00

M/ NS

olooooznooosoouomooosodoo
H{ Qe

Fig. 6. Plots of isothermul (2, 3. 4 K) magnouisution data v, Geld, M,
for complex 1. Celeuluted limes (-~ 2 K, = 3 K, -+n++d K] use
prmmcier Aot {a} given in the text and the spin Humiltonian given,
which docs not include ero-fickd splitting terms,

bigger than observed at all temperature and field
combinations. Sets {(a) and (b) gave similar caiculated
values and showed pood agreement for the three
temperatures with fields between 0-1.5 T but with
caleulated Af values greater than those observed above
1.5°T (Fig. 6). N is interosting to note that the 2 KI5 T
calculated values of M are significantly greater than
4NF anticipated for 57 =2 Jowest in energy because of
thermal population of the St =3 and Sr=1 Zeeman
levels close by. En summary, the & value appears to be
dose to 0.5, the crossover point of Sr=1 and 2. The
discrepancies between observed and calculated M values
above fitlds of 1.5 T are most likely because of zero-field
splitting eflects combined with Zeeman effects from
closely spaced Sy levels. There is not an isolated St
grou d state for complex 1 and so lurther aticmpis to
calculate D values have not been made, Plots of
observed M versus H/T (K). cither isothermal (2-20
K) or isofield [17,18], show non-superposition of the
lines and arc thus indicative of zero.ficld splitting
cffccts. Weak trimer—trimer effects may also play a
minor part in the higher field regimes.

The Jy» value for 1 of ~ =1 em™1, which resulls (rom
Mo(1I)-O-N{R)-Ma(11) superexchange pathways can
be compared with the related nioximato- and dimethyl-
glyoximato-bridging in the work of Birkelbach et al.
[38.39] in which J;; was +4.7 cm™ ! (with Jja = 3.0
e~ ') The difference in signt of J12 results from the net
elfects of the ferromagnetic and antiferromagnmetic
contributions 1o Jy2 which, in wurn, will be influenced
by subtle coordination differences on the Ma(El1) and
Mn(l1) ceatres and, 1o & lesser degree by the terminal
binding groups. These structural differences have been
described above in Section 3.2.1.

3.3.2. (MeN)2fMn,Osfcao) o MeCN) 3 HiO)g )
(NOp}2H:0 (2)

Two fresh samples were measured and very similar
Herr (per M) data were oblained when measured in a
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Fig 7. Piot of observed gy <nta for complex 2 (2-300 K, H= [ T}
Rest-fil calewintad line obtained vsing the parumeler set pivem in the
ext.

10.00

Y

0 10000 20000 30000 40000 S0000
H/ Qo

Fig. 8. Plois of isothermal (2, 3, 4 K} magnetisation daty vs. ekl H,
for complex 2. Caleulnted lines (- 2 K, — 3 K. - --- 4 K) use the
paramcies sl given in the text and in Table 4. The kinks in the
caleulatsd conves reileet the number of cakeubated points wsed in the
plotting routioe.

field of 1 T and dispersed in Vaseline 1o prevent
torquing. The moment decreases, pradually, from
B.65uy &t 300 K (o reach a plateau value of ~7.8py
between 5010 K., then more capidly reaching 6.85y at
2 K and still decreasing (Fig. 7). The spin-only value for

twoe Mnflll) {($ =2) plus two Mn{ll) (§=512) of p=
10.86y is bigger than the observed value at 300 K. Thus
antiferromagnetic coupling is occurring. The “butterfly’
erranuclear  arrangement of  spins, with twe
Mn(111){2.2") in the body positions and two Mn(I1)1.1°}
} at the wingtips wus emploved in the {~2/5,-5;) spia
Hamillonian [17,18,41] with the spin centres numbered
as follows.

S=2
u-u'r\

Mokt )—0f Or—— Mal(l)
Se51 S=52
M)

§=2

‘The Kambe vector coupling approach has been
described for this spin combination [17.18,41]. There
are 110 possible spin states with S, the total spin of the
cluster, varying from 0 10 9. We usc the field-dependent
thermodynamic form of susceptibility, in combination
with matrix diagonalisation methods, to fit the suscept-
ibility data.

The best-fit 1o the data is obtamed for the parameter
selg= 188, Jom =25 em™ ", Ji3= —460cem ™, 2=
Jiv Tz = 18.4, J14 =2 0. These parameters also give good
agreement with the 2, 3 and 4 T magnetisation isotherms
{Fig. 8). Intercstingly. the ground stale under these
conditions. viz x > 6, Ji; and Jy, negative and with J;,
large, is made up of the six degenerate levels S7=0, 1.2,
3, 4, 5 and they correspond 1o S); = 0. Introduction of a
1iny Jaq value of —0.02 cm™! has only a miniinat effect
on the qunlity of fit. Larger Joy values such as +0.i
an™ ', which correspond 1o splitting wn of the six Sr
lewels, lead to much poorer fits, Thus,»  1nol have zn
isolated St ground level in 2 and plots of' M versus £/
temperature, much used by Hendrickson and Christou
[17.18] to show zero-fiekd splitting of isolated ground
states, yield isoficld Jines il superimposed on cach other
thus indicating a lack ol zero-fictd splitting.

Table 4

Comparison of J values (e ™) and ground spin states for Mo{11Mu(lil}; planar rhomboida) cores where May = Moy = MuofIll) at body sitcs

Cluster Jua Jia xa Jiolha g Ground Sy Beferences !
2 25 —46.0 164 16§ 9-3° .

MO 0,0CH, y(bipry)s * -1 -3.12 1.59 LI 2 142)

MOAOCCPhWOEL): ~1.50 — R0 1.§9 147 2 143]

[MiO20CH; 1 pdmHJKCI10:); * +020 +405 204 L84 B+l 10

M (O:CCH D pdmHL)- 2.5H,0 +0.58 +435 294 139 9 117)

[Mudhp)eBra{ H:0)]Br;- 400 - 47 +4.42 943 1.4 L [1%)

' bipy = 2,2"-hipyridine.

® pdmiH ~ = monoanion of pyridine.2.6-dimethanol.
¢ hmp~ = anion of 2-hydroxymethyipyridine.

¢ Six degenennte levels,

* ‘This work,
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The J values and ground Sy states lor other recently
reporied  Mn(i)2Mnil1f}; plunar-thotuboidal com-
pounds are compared with those of 2 i Table 4. The
first three compounds have py-oxo bridges and Ji4
(bodv—body Mn(1H)-. -Mn({111)) is much more negative
for complex 2 than for the others. The ps-phenoxo
bridged compounds containing pdmH™ and hmp~
ligands show ferromagnetic Ji2 and Jy3 values possibly
becuuse of the nature of the orbital overlap involving the
phenoxo oxygen, These J values lead to targe Sy ground
state values wilh ncgative zero-fickd splilling, Such
features are prerequisites for single-molecule magnetic
{SMM) behaviour and this was confirmed for these
molecules by observing frequency dependent out of-
phase componen!s yy. We would predict that complex
2 should not exhibit SMM behaviour because of a lack
of zero-field splitting. Meusurements of the AC yy
values versus temperature (2— 10 K oscillation lrequen-
ctes 10, 50, 100, 250, 500, 500 Hz; AC field amplitnde
3.5 Oc) showed no maximum in this texnperature range
and thus 2 docs not display SMM behaviour.

4. Suppleroentary muterial

Cryslallographic data for the structural analysis have
been deposiled with the Cambridge Crystallographic
Daw Centre. CCDC Nos. 1909372 and 190373, Copies of
this information may be ohtained free of charge from
the Director. CCDC, 12 Union Road, Cambridge, CB2
IEZ. UK (fax: -+44-1223-336033; c-mail: depos-
i@ocde.camac.ak  or  www:  hup/fwww.cede.cam.
ac.uk).
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APPENDIX 3: CRYSTALLOGRAPHIC

INFORMATION

CD-ROM

The code for each crystal structure gives the file stem for each of the SHELX-97

refinement files on the attached CD-ROM.

CHAPTER 2

Compound File stem
[Mn(dca)(H20)] dp4_dos
[Mn(dca)(NOs)(terpy)l dpl4v2
{(Mn(dca)(H20)(terpy)](dca)}, dpl13v2
CHAPTER 3

Compound File stem
[Mn(salen)(dca)], dp07v2
[Fe(salen)(dca)], tc01
[Mn(sal-o-phen)(dca)], dp44
[Fe(sal-o-phen)(dca)l, dpl7
[Mn((%)-saltch)(dca)l, dp27

[Fe((zx)-saltch)(dca)]n db02v2
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CHAPTER 4

Compound File stem
[Mn(acenH)(dca),) dp09v8ba
[Fe(acenH:)(dca)] dpl0v2a
[Mn(actchH)(dca);] dpl6v2
[Fe{actchH>)(dca),] dpl5
trans-{Mn(acenH;)>(dcnm),] dpllvda
CHAPTER 5

Compound File stem
PhyP[Co(dca);NO3}-MeCN dpO6abs
PhyP[Ni(dca);NO,]-MeCN dpl8ov2
PhsP[Co(dca)Br,] dp36vl
CHAPTER 6

Compound File stem
{[(Mn(p-OH)(n-OAc);)'HOAc-H,04}, dp29av5
CHAPTER 7

Compound File stem
[Mn,60,6(OMe)s(0Ac)15(MeOH);3(H,0)3])-6H0 dp24v2
[Mn(u-OMe)(u-OAc)z] dp26
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CHAPTER 9

Compound File stem
[Mns(mcoe)s]NO;3-2H,0 dp41v2

(MegN)2[MnyO2(can)s(MeCN)2(H20)6(NO3)4-2H0 dp21atst
[Ni(cao0)2(H.0).] dp01v3

[Cu(mcoe)(MeOH),]

dp9dos






