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Abstract

Structural and magnetic studies of citrate cootibnaclusters are presented for
reaction systems involving cobalt(ll), copper(linda nickel(ll). The cobalt(ll)
compounds incorporate cubane structural motifs @inatof particular interest for the
generation of single molecule magnet (SMM) behavidthe product family includes
a Cq SMM cluster, a CoSMM cluster and a 3D network of linked SMM unité.
new route to the erinaceous {Cduster crystals is reported, which allows further
investigation of the hydration dependent magne&baviour of the samples. The
structures of a range of copper(ll) cluster sizesdescribed, including a monomer,
dimers, trimers and a tetramer. Correlations betwstructure and magnetic
properties are discussed, including the importamicairal role of the citrate ligand.
Two types of citrate-based copper(ll) dimers amshto undergo unusual structural
transformations at high pressure. Initial resoftshe development ofd34f systems
based on cobalt(ll) and copper(ll) are describadluding a discussion of reaction
methodology. Finally, a brief examination of thekel(ll) citrate system includes an
overview of the complicated synthetic conditionkert considers the magnetic

properties of the nickel(ll) analogue of the,Ctuster.
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1.0 — Introduction

1.1 — Magnetism

Any moving charged particle creates a magnetidfig]. In the context of atoms the
magnetism is created by the spin of the electrbpslectron movement around the
nucleus within the orbitals, and in some cases lglear spin, in which case the

nucleus itself has an overall net spin (such asdgeh).

There are five main magnetic states of matter [@]adiamagnetianaterial all of the
electron spins are paired and so the overall netispgzero. This results in a weak
repulsion to an applied magnetic field. All atoraied molecular compounds exhibit
diamagnetic behaviour to some extent.p@amagnetianaterial has an attraction to
an applied magnetic field due to interaction of #éxternal field with one or more
unpaired electrons within the material. The intdoan between paramagnetic atoms
or molecules with their surrounding neighbours givese to the bulk magnetic
properties of the material (Figure 1-1). In theeafparamagnetisneach unpaired
electron has no effect on any other electronssiméighbours and so the spins are in
random directions. The spins can be easily chaniged uniform direction by
application of an external magnetic fieldrerromagnetismoccurs when adjacent
spins are aligned parallel and in the same directwhich results in a large net
magnetic moment, even with no applied fieldntiferromagnetisnoccurs when the
spins are parallel but face in opposite directiomsich leads to a cancelling of the
spins and hence a zero magnetic moment. A speeasg of antiferromagnetic
behaviour results in the last main clatsrimagnetism Here the spins are still
aligned in an antiparallel arrangement, but the@spi each direction are of different

magnitudes and so the substance has an overalletagroment.

/NNt vttt

Paramagnet Antiferromagnet Ferrimagnet Ferromagnet

Figure 1-1— The arrangement of spins for a paramagneteardihagnet,

ferrimagnet and ferromagnet.



(The following section is summarised from [3], [4])

The magnetic susceptibility) is the quantitative response of a magnetic neltési
an applied magnetic field) and is related to the magnetisatid) {sia the equation

dM .
=— Equation 1
X dH q

If the applied field is weak then the magnetic spsibility is essentially independent
of the magnetic field such that

X= % Equation 2

The magnetic susceptibility consists of two compase the diamagnetic
susceptibility £°, negative) and the paramagnetic susceptibjityf{ositive).
x=x°+xF Equation 3
Diamagnetism is a property of matter and is alwanesent, even in paramagnetic
compounds. x° is essentially independent of temperature and fiétength and so
can be estimated based on the compound formulahw§gg or by using Pascal’s

Constants (sincg’ is additive).

The classical model considers the spins to beyfnextating vectors (Figure 1-1) that
can adopt a minimum energy orientation on the apptn of a magnetic field.
However angular momentum is quantised in nature smdhe quantum model is
modified such that a state with total spin anguEmentumsS has &+1 sublevels
with spin quantum numberss. These sublevels are all degenerate in the abs#nc
an applied field unless there is coupling with oteecited states (as in the case of
Zero Field Splitting (ZFS), see later). The apgiocn of a field leads to a Zeeman
splitting of the sublevels, with the energy of eémkel given by the equation

E, =mgpAH Equation 4
wheref is the Bohr magneton artd is the magnetic field. This is the first order
Zeeman effect where the splitting is proportiomaHt However the application of
the magnetic field may also lead to the mixing odumnd and excited states in the
second order Zeeman effect that is proportion&i’to The energy of the leval can

be expressed as the power series

E =EQ+EYH+EPH?+... Equation 5



where the first term is the energy in zero fiele second term gives the energy in an

applied field and the third term refers to the iat¢éions with excited states.

Under the classical approach, the magnetisati@asaimple in a fieldH) is related to
its energy E) by the equation

M = _dE Equation 6
dH

but since the quantum mechanical model has an gspagrtrum for the molecul&(
with n =1,2,3...) there is a microscopic magnetisatiay) {or each energy level with
i = dE,

" dH

The sum of the microscopic magnetisations weigliethe Boltzmann distribution

Equation 7

for the occupation of the energy levels gives tleemmscopic magnetisatioMj and

the fundamental equation of molecular magnetism

NZ—(;E_?exp(En /KT)
nz —expE, /kT)

n

M = Equation 8

whereN is Avogadro’s numbeiT is the absolute temperature don the Boltzmann
constant. This equation is difficult to apply, lBp expanding the energies as a power
series and assuming thatkT << 1, Van Vleck proposed the simplified equation

N> [(EP)? /KT - 2E1expE” /KT)

M = Equation 9
> —expE\? /KkT) a

n

where E is the energy of leval in zero applied fieldE® and E® are the first

and second order Zeeman coefficients. The Vankvéguation can be simplified
further (including an assumption tHat are linear witlH) to give the Curie Law
Ng®B? .
=———S5(S+1 Equation 10
X307 (S+1) q
whereSis the spin ground state agds a constant known as the g factor (~2). Under

the cgsemu system of units the Curie Law convelyi@pproximates to

2
X =%S(5+1) Equation 11
The Curie Law is only valid when the approximatigsed in the simplificationH/kT

<< 1) is applicable, which is under conditions véhéne applied fieldH) is not too

9



large and the temperature is not too small. IfuhkieH/KT is large, such as when
large fields are applied, the magnetisation teogsatds a saturated valukld) that
occurs when the magnetic dipoles of the sample@reletely aligned.

M., = NgsS Equation 12

It can also be useful to consider paramagnetismgusie magnetic momeni)(given

by the equation

Us =[97S(S+1) + L(L+1) Equation 13
whereSis the total spin quantum number dnd the total orbital angular momentum
quantum number (note that this formula applies tdree ion). The orbital
contribution becomes significant if an electron ¢eve orbital angular momentum.
This occurs if the orbital that the electron ocesptan be transformed into an exactly
equivalent and degenerate orbital by rotationththcase of an octahedral ligand field
an electron in dyq orbital can contribute to orbital angular momentuinereas an
electron in argy orbital can not. Under the Russel-Saunders cog@cheme, in the
A and E states the orbital angular momentum is cjueah by the crystal field, whereas
in the T state some residual orbital momentum ramaiThere is therefore no first
order orbital contribution expected for octahediil* (o) or C* (d°). However for
Co?* (d') there is a significant orbital contribution sinttee T ground term results in
first order spin-orbit coupling. This gives a largplitting of the energy levels, and so
the population of the levels and the magnetic mdrbenome temperature dependent

(the Curie Law is not obeyed).

When considering a magnetic molecule, a clustet epins ofS has a total number
of magnetic states given by the equation

Number of cluster spin states (@S +1)° Equation 14

For a copper dimeg = 1/2,C = 2 and so there are 4 states in total, whiclSaré® (1
level) andS = 1 (3 degenerate levels withy = +1, 0, -1). Th&s=0 andS= 1 states
are separated with a difference in energy df (the interaction energy). For
ferromagnetic coupling is positive and th& = 1 state is lower in energy, conversely
for antiferromagnetic coupling is negative and th8 = O state is lower in energy.
The magnetic properties of the molecules are medelising effective exchange

parameters)j between spin centres.

10



It is clear from the cluster spin state equatioat thince the number of spin states
varies to the power @&, for clusters with large numbers of spin centhesé will be a
very large number of spin levels. On increasirg\talue ofC, eventually there will
be so many spin levels that they will merge intcoatinuum. Consequently in the
study of molecular magnetism there is interestymttsesising ever larger clusters (or
joining smaller clusters together) in order to istgate the changeover from
molecular behaviour (with discrete levels) to butkagnetic behaviour (with a

continuum of levels).

1.2 — Magnetostructural Correlation

Control of cluster topology is a major objectivetie synthesis of spin clusters due to
correlation between structure and magnetism. Qogiddetween the spins of the
metal centres in a cluster usually occurs via symrange pathways provided by the
coordinating atoms of the ligand species (oftengexy. The orbital overlap between
the two metal centres and the intermediate ligdnthas therefore very important in
determining the nature of the coupling interactioisgure 1-2 shows that when the
bridging angle between two metal centres is 180& tbpin coupling is
antiferromagnetic, while at 90° it is ferromagnetitt is therefore desirable to have
‘orthogonal steps’ in the cluster structure to mage the total spin, since a sizable
cluster with numerous metal ions is not particylarseful for generating a large spin
ground state if antiferromagnetic exchange domsated the spins simply cancel

each other out.

Figure 1-2— Orbital diagram illustrating the effect of bridg angle on the spin

coupling between metal centres (M) via superexcharsing ligand atoms (L), with

antiferromagnetic coupling at 180° and ferromagnetiupling at 90° [2].

11



At some point between 180° and 90° there must lohamgeover in the coupling
behaviour. It is possible to study a family ofateld structures in order to determine
magnetostructural correlations, such as Table 1kiclwshows the relationship
between the bridging angle and coupling constanplanar hydroxo-bridged copper
dimers. The relationship is linear in this castéhvei changeover angle of 97.6° [5,6],
while a similar linear relationship has been obsdrwith alkoxo-bridged copper
dimers with a changeover in coupling at 998 7]. It can also be useful to employ
computational chemistry to model magnetic inteardiover a much wider variety of
structural conditions than are accessible expettallgn8,9,10]. Magnetostructural

correlations are therefore very useful for the gsialof magnetic clusters.

Complex dCu-0-Cu- deg 27, cm™’
[Cu(bpy)OH],(NO,), 95.6 (1) +172
[Cu(bpy)OH],(CIO,), 96.6 (2) +93
[Cu(bpy)OH],80,-5H,0 97.0 (2) +49
[Cu(eaep)OH],(CIO,), 98.8-99.5 (3) -130
f-[Cu(dmaep)OH],(ClO,), 100.4 (1) =200
[Cu(tmen)OH],(CIO,), 102.3 (4) -360
[Cu(teen)OH],(CIO,), 103.0 (3) -410
[Cu(tmen)OH],Br, 104.1 (2) =509

Table 1-1— A study of planar hydroxo-bridged dimers illasés the changeover from
ferromagnetic (positivd) to antiferromagnetic coupling (negatijeat a bridging
angle of ~97° [5].

1.3 — Single Molecule Magnets

A Single Molecule Magnet (SMM) consists of a cehtesige spin metal-oxo core,
which is surrounded by organic ligands to form scdéte molecular species. It has
the characteristic property that the molecule nstais spin orientation even in the
absence of an external magnetic field. If the mdke possesses a large spin ground
state § as well as an Ising type magnetic anisotrdpy(@) then this gives rise to an
energy barrier that lies between the ‘spin-up’ aspin down’ configurations as
shown in Figure 1-3 [11]. This is the result ofr@d-ield Splitting (ZFS) of the
ground state caused by spin-orbit coupling of theugd and excited states, which

splits theMs levels in the absence of an applied field [3,4].

12
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Figure 1-3— The ZFS of thd/s levels for arS = 10 system with energy barri¢E
between thens = -10 andns = +10 states. The dark red arrow shows a shortcut

through the barrier via Quantum Tunneling of theghletisation [11].

The size of the energy barrieAE) varies with the spin (S) and axial zero-field
splitting parameter¥) via the equations

AE = S|D| {for integer spin} Equation 15

AE = (S — ) D| {for half-integer spin} Equation 16
This energy barrier will therefore oppose the nexgation of the magnetisation, and
so if the height of the barrier is large in compan to the available thermal energy,

the resulting relaxation of the magnetisation wélslow [11,12].

The relaxation rate can be investigated by ac ntageasceptibility measurements.
Ac measurements are used to examine the dynamietilslity (Equation } of a
sample by applying an oscillating magnetic fiel@dhe dynamic susceptibility is a
complex quantity with real (dispersion) and imagynéabsorption) components that
are dependent on the angular frequenrcy @zv) of the ac field.

x(@) = x'(a)-ixY"(«) Equation 17
The relaxation process follows an Arrhenius law dothermal activation process to
overcome the energy barrier with

T =T1,exp@E/KT) Equation 18

where 7 =(w)™. So from an Arrhenius plot of lj(versus (IT) the energy barrier

(AE) can be determined from the gradient of the lijzg.13]

13



As the ac magnetic field frequency becomes close¢héo relaxation rate of the
molecules the observed in-phase susceptibijity reduces. Therefore the out-of-
phase component/'() will increase. For measurements where therenly one
relaxation process operating, a graph’odgainst temperature will show a peak at the
temperature wherev=(r)". If the switching frequency of the applied fieisl
increased, the peak should be shifted to a highmpérature [14]. This effect is

demonstrated in the data obtained for the first SMM
[MN120:2(MeCQ,)16(H20)4].2MeCOH.4H,0 [15], which is shown in Figure 1-4.

50 F . .
¢ 7 *® e o

- 4
L, 40 .
(=]
= .
4
_ 30t
E
L}

20f
Lol L]
.}g °

1o,

0 1 - 1 ra—| i 1 a L a 1

5 10 15 20 25

TEMPERATURE  (K)
Figure 1-4— The frequency dependegitpeaks seen in the ac susceptibility
measurements for the SMM [Mi©12(MeCQ;)16(H20)4].2MeCOH.4H,0 [16].

A single molecule magnet will also display magredten versus field hysteresis loops
as shown in Figure 1-5. These often have charstitesteps in the loop due to
Quantum Tunnelling of the Magnetisation (QTM) thgbuthe energy barrier (see
Figure 1-3) [17]. QTM is the result of transveraaisotropy which gives a
superposition of states of both sides of the bam¢h a tunnel splitting. The axial
anisotropy (described by the term of the spin Hamiltonian) splits thma; levels,
while the transverse anisotrofdy {erm) mixes thens states (as do the higher terms of
the spin Hamiltonian). The application of a magndeld will alter the relative
energies of then states. QTM is only possible when the energyléesa both sides
of the barrier are aligned and can therefore oobupat certain points as the field is

swept, thus creating steps in the hysteresis |d&@M hysteresis is temperature and

14



sweep rate dependent, and the loops broaden opaséwy the temperature or on

increasing the sweep rate of the magnetic field.

Figure 1-5— Magnetisation versus field hysteresis loops otegkfor the SMM
[MN1,0:2(MeCQ,)16(H20)4].2MeCOH.4H,0. The steps in the loops are due to
guantum tunnelling of the magnetisation [17].

The initial proposal for the application of SMMs svior high density data storage
with each molecule representing one bit, howevisr ibw appears less likely due to
the technological limitations for addressing indivél molecules and in obtaining
functionality at non-cryogenic temperatures. Mpremising future applications of
SMMs include quantum computing, MRI contrast agertd magnetic refrigeration
[12,14].

1.4 — Summary of Relevant Literature

The definitive experimental evidence for SMM beloavi is the observation of a
frequency dependent signal in the out-of-phase oo of the ac magnetic
susceptibility, together with temperature and swesp dependent hysteresis loops.
It should be noted that the majority of literattB&Ms are identified only by ac
measurements since in many cases the hysteregis tmour at temperatures below
the limit of commercial SQUID magnetometers [11].

15



In the field of single molecule magnets an objext¥ considerable importance is the
synthesis of new clusters possessing greater lmare the re-orientation of the
magnetisation [18]. Efforts to increase the barnieight have targeted the synthesis
of clusters containing larger numbers of metal igenin order to increasg the use of
metals with a large anisotropy to incre&seor by using a directed synthesis approach
towards specific cluster geometries [19]. A largenber of metal centres do not
guarantee a large molecul& one approach is to have a cluster topology that
provides ferromagnetic interactions such as a rotal cubane structure that can

promote ferromagnetic interactions via superexchang

Metal-oxo cubane structures often appear as staladlements in clusters produced
by self-assembly from complex inorganic reactiostemns. This is illustrated by the
work of Aromi et al. [20] on the cobalt-pivalate system that offenside variety of
products including Co Caq,, Co;, Cas, Co; and Caqg clusters. The authors propose a
reaction scheme based on the assembly of smaltlberuunits and stepwise addition
of cobalt(ll) ions to form cubane units. These ttaan be further enlarged, eventually
allowing the formation of stacked, face sharingatid tri- cubane units. The use of
pivalate in conjunction with 8-hydroxyquinaldinevgs a discrete cubane with
isostructural products using nickel(ll) or cobd)t(21]. In this case both cubanes
show overall antiferromagnetic coupling. The spegeometry of the cubane has a
marked effect on the nature of the interactionsllastrated by magnetostructural
correlations such as those of nickel(ll) cubanedibicrowet al [22]. Ni; cubanes
can function as SMMs, such as the cluster famibporeed by Yanget al [23] which
haveS = 4 ground states and exhibit interesting exchdrge features. Exchange
bias has also been studied in detail for dimengliof cubane SMMs [24]. The effect
of cubane structural geometry on cluster magnetsmalegantly illustrated by the
ferrous cubes synthesized by Osbi@l [25]. Here théd parameter can be tuned by
adjusting the bite of the coordinating ligand aeade the local geometry at the Fe(ll)

centres.
SMM research has extensively investigated mangaclesmiistry in order to utilize

the large single ion anisotropy of Mn(lll) to obitaa large barrier to the reorientation

of the magnetisation4g). Another promising candidate with a large singla
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anisotropy is Co(ll), although in comparison to ldased SMMs, the field of Co(ll)

SMMs is at early stage of development. Slow rdiaraof the magnetisation has
been observed in a mononuclear Co(ll) SMM [26]nudlear Co-Ln-Co clusters

(where Ln = Gd, Tb, Dy, Ho) [27], a metal-oxo cubd@8], heptanuclear disks [29,
30], a cubane-based octanuclear cluster [31], #naclear phosphonate cage [32],
spherical Co-W/Mo clusters [33] and a large;£duster consisting of three metal-
0XO0 cubanes in a triangular arrangement [34]. Rcedurther work on the synthesis
of cobalt-sodium phosphonate cages was reportddding a variety of cage sizes

with early indications of slow relaxation in someamples [35].

The Murrie Research Group has a long-standingasten the chemistry of cobalt(l1)
and nickel(ll) with the citrate ligand [C(0CO,)(CH,CO>), = cit'] that can promote
cubane formation [36]. The family of nickel(ll)tate products and their syntheses
will be discussed later in Chapter 5. In 2003, Muset al reported a hexanuclear
cobalt(ll) citrate SMM [NMg]sNa{Coq4(cit)sCo(H.0)s].}.11H,0O which consists of a
central {Ca(cit),}® cubane with two peripheral cobalt(ll) centres (Seztion 2.2)
[37]. The cobalt(ll) citrate cubane [C(NH]s{Co4(cit)4}.4H,0O was recently reported
to have a non-magnetic ground state [38]. Sinsecitbane has the same structure as
the core of the GoSMM and due to the close correlation of structame magnetic
properties, we would have expected the discrete (@} ® cubane to function as an
SMM. Hence, we synthesised our own samples to durifivestigate the magnetic
properties, and observed SMM behaviour, both bysusceptibility and hysteresis
measurements as we had anticipated (see Sectipri38]L The cobalt(ll) citrate
cubane has also been reported as a structural isiuretwork compounds [40, 41]

which will be discussed later (Sections 2.2 and.2.3

Since the discovery of the first SMM, Mn[15], a topic of interest has been the
synthesis of increasingly large SMM clusters ineortb investigate the proposed
transition between the quantum behaviour of srdadtrete SMM clusters to classical
behaviour at greater sizes, the largest SMM redaidedate being the Mp wheel

reported by Tassiopoulost al [19(a)]. Another approach is to use small SMM
clusters as building blocks and link these togetbdorm extended arrays. These are
particularly attractive since the overall architegetis similar to a classical magnet, but

the structural subunits already possess interestiagnetic properties such as Ising
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type anisotropy and exchange coupling patterns thay favour a large spin.
Wernsdorferet al. have shown that intermolecular interactions in imed of
manganese SMMs gives quantum behaviour that isrdiit to the individual SMM
cluster [24(a)]. Related work by Tir@t al. on a three dimensional exchange coupled
network of manganese SMMs linked by weak intermdbac interactions has
demonstrated that quantum tunneling of the magateiis can be controlled using
exchange interactions [42]. Therefore, it can éensthat linking SMM units into a
coordination network can be used to create novenetac behaviour that may not

otherwise be accessible.

The first examples of linked SMMs were based on thMn, SMM
[Mn4(hmp)Bry(H20),]Br2.4H,O (Hhmp = 2-hydroxymethylpyridine), which has a
double cuboidal metal-oxo core [43]. The labile (Mnsites of this mixed valence
SMM offer terminal ligands that are easily exchahf@ bridging ligands, making it
an ideal candidate for the synthesis of networkso et al. reported a 1D chain of
Mn, clusters bridged by chloride ions that display@vsmagnetic relaxation of the
magnetisation and metamagnetic behaviour [44]. aShkaet al. reported a family of
three 2D networks of Mpwith dicyanamide (dcn) linkers [45] that demontrthe
changeover from single-molecule magnet behaviouclassical long range canted
antiferromagetic order, due to the differences he Mn, orientation within the
lattices. One of the 2D networks also showed cemphagnetic behaviour, as the
results suggested a canted antiferromagnetic avidlersimultaneous slow relaxation
of the magnetisation, and therefore had propebgteeen the limits of the SMM and
classical regimes. Miyasal al. have also reported the YIBMM linked into a 3D
network [46] using a Mn(ll) linker [Mn{N(CN}¢]* which displays long range
ferrimagnetic ordering. The MSMM has therefore been studied as the discrete
cluster and as the complete dimensional set ofZlDand 3D networks. In Section
2.3 a set of linked SMMs based on the cobalt(Itfaté cubane subunit will be
described, which is only the second example ofrnglsi molecule magnet to be

studied in this manner.

The synthesis of 84f SMM clusters is desirable due to the large spoh amsotropy
contributed by the lanthanide ion. Chapter 4 atersi the addition of lanthanide ions

to the cobalt(ll) and copper(ll) reaction systemthveitrate. The linear Co-Ln-Co
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cluster [LLCo,LN][NO3] (where Ln = Gd, Th, Dy, Ho and - (S)P[N(Me)N=CH-
CsHs-2-OH-3-OMe}) is currently the only reported type of cobalt{#pthanide(lll)
SMM [27]. The syntheses use a specially desigigaohdl to fulfill the coordination
requirements for both types of metal centre witliea cluster. The gadolinium(lil)
centre provides a large spin contribution while tlegromagnetically coupled
cobalt(ll) centres provide significant anisotropythis generates an energy barrier
AE/kg = 27.2 K with7o = 1.7%10" s, which is a respectable size for such a relativel
small cluster. The first example of d-8f SMM was a CgDy, cluster reported by
Osaet al.in 2004 and had an energy barrier@flks = 21 K with i, = 2.7%10%s [47].
This was followed by a CuDycluster reported by Mogt al.in 2006, with an energy
barrier4E/ks = 47 K with o= 1.1x10" s, which is a remarkably large value for such a
small number of metal centres [48]. Other examplekide a CgDy; SMM with a
structure consisting of three corner sharing cubdnA8], and a CuDycluster with
antiferromagnetic coupling between the copper amdhbnide centres leading to a

high spin ferrimagnetic cluster with SMM behavi¢b0].

1.5 — Analysis Technigues

1.5.1 — Infrared Spectroscopy

Infrared (IR) spectra were recorded on a JascoR-4100 equipped with a Pike
Technologies MIRacle ATR. The Attenuated Total IBghnce (ATR) attachment
allows the measurement of an IR spectrum by crgskive compound into close
contact with the sample plate using an anvil orcr@w thread. The spectrometer
beam is diverted through the attachment such thhas a zigzag path along the
sample plate and reflects off of the compound intact with the plate (Figure 1-6).
The compound therefore absorbs and reflects theoppate wavelength as the beam

passes, thus allowing collection of the spectrum.
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MIRacle — High Throughput and
Efficient Optical Design

Figure 1-6— The IR spectrometer beam path through the AT&latnent [51].

The use of an ATR attachment for the measurementRotpectra has several
advantages over the traditional technique of dspgrthe sample in a pressed KBr
disc. Much less sample is required since only allsAiTR plate must be covered,
and this is very useful due to the low yields oftarcountered from crystallisation
trials. In some cases the spectrum of a singlstakyifted from vial using a needle
could be obtained by careful positioning on the AdlIRte combined with increasing
the number of scans to reduce the background ndiskeed, it is possible to compare
the spectra of individual crystals with a powdesaghple of the bulk material. The
sample can also be recovered after the measuremieiot) is obviously very difficult
after pressing a KBr disc. The reflectance spettisl also obtained from the pure
sample that has not been altered in any way, wikiagmportant for sensitive samples
such as those that are dependent on the leveldohtign.

1.5.2 — Electronic Spectroscopy

Electronic spectra were recorded a Shimadzu UV-B@%pectrometer. Solution
samples were measured in a 0.1 cm cell unlessvatdeestated. For measuring the
solid state spectra of the compounds, the sampdes dispersed in KBr discs. The
disc was mounted in the sample beam of the speetssmwith a manually adjusted
attenuator in the reference beam. For samplesureshsit low temperature using a
Displex cooler, the KBr disc was mounted in the glenholder using cryogrease.
The spectrometer sample compartment was removetharidisplex sample windows

carefully positioned in the spectrometer beam. auoal attenuator was again used in

20



the reference beam, and the equipment coveredightaexclusion fabric material.
The samples were measured at the minimum temperétoit of the equipment at
~20 K.

1.5.3 — X-ray Diffraction

The principal crystallographic details for the nbgempounds reported can be found

in the Appendix. The X-ray diffraction studies tbie majority of the product crystals
were collected at 100 K on a Bruker APEX Il diffameter using Mo K radiation.
Weakly diffracting samples were collected at 1000k a Rigaku R-Axis Rapid
diffractometer with an image plate area detectangudMo Ka radiation. The
structures were solved using SIR92 or SUPERFLIP mafihed using full-matrix
least-squares refinement orf Eising CRYSTALS. The atoms were refined
anisotropically with the exception of hydrogen asonwhich were placed
geometrically and refined as riding groups. Ifuiegd, the identities of bulk samples
were confirmed by powder diffraction on a Bruker difractometer using Cu &

radiation.

Single crystal X-ray diffraction studies at highepsure were carried out in
collaboration with the University of Edinburgh. fummary of the procedures are

given below, however for full details refer to [52]

. All€N SCrEW

Upper plate
Backing seat with anvil

Tungsten gasket
Backing seat with anvil

Guide pin

Lower plate

Figure 1-7— Exploded view of the Merrill-Bassett diamond diceill [53].
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High-pressure experiments were carried out withoaifred Merrill-Bassett diamond
anvil cell equipped with 60@m culet diamonds and a tungsten gasket (Figure 1-7)
[53]. The sample and a chip of ruby (as a pressalierant) were loaded into the
DAC with a liquid hydrostatic medium. The rubydhescence method was utilized
to measure the pressure [54]. Diffraction dataewseilected at ambient pressure on a
Bruker SMART APEX diffractometer with Mo d radiation. High pressure
diffraction data were collected with synchrotrordiegion on a Bruker APEX I
diffractometer at the STFC Daresbury Laboratorystation 9.8 X = 0.4767 A).

1.5.4 — SOUID Magnetometer

Magnetic measurements were made on samples of Ba89 mg consisting of

crystals which were lightly ground to give a randpworiented polycrystalline sample
and loaded into a gelatin capsule. The samples vestrained by compression of the
inverted top half of the capsule. Samples of petslwith a large spin which showed
slow magnetic relaxation, such as those containwotgalt(ll), were restrained using
eicosane wax to prevent torquing of the crystallitd he data were measured using a
Quantum Design MPMS XL SQUID magnetometer and (iagh frequency ac
susceptibility) a Quantum Design PPMS magnetomet8ingle crystal magnetic
measurements were carried out using a microSQUHD [Biamagnetic corrections

have been applied to the data presented.
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2.0 — The Cobalt Citrate System

2.1 — The Cq Cluster [C(NH>)slsfCo4(cit) 4}.4H,0

2.1.1 — Synthesis of [C(NB)3]s{Co4(cit) 4}.4H,0

To a solution of citric acid monohydrate (0.55 ¢6 2amol) in water (50 mL) was
added a solution of Co(N§3.6H,O (0.76 g, 2.6 mmol) in water (50 mL) followed by
a solution of guanidinium carbonate (1.87 g, 10#hat) in water (50 mL). The

solution was then left to stand overnight, prodgca very large yield of purple
crystals, which were air-dried. Powdered samplesewfound to be slightly
hygroscopic and analyse as the pentahydrate. #isalgalculated (found) for
CaH74C04N24O33: C, 24.65 (24.53); H, 4.78 (4.57); N, 21.56 (2).5Belected IR
data (cr): 3330 (m), 3136 (m), 1656 (s), 1605 (m), 1579, (2936 (s), 1426 (m),
1378 (s), 1233 (m), 1082 (w), 958 (m), 923 (m), &49.

The product formed rapidly from the reaction coiotis reported by Hudsoet al.
[1], however working at half concentration produsasnples with a greater number
of large, well-formed single crystals. The rapidrniation of the product is
presumably a consequence of the extensive hydrogeding network present in the
crystal lattice. Further investigation of the clb@g/citrate/guanidinium reaction
system suggests that the stability of the @abane gives little synthetic flexibility,

and the cubane forms regardless of reactant ratios.

It is interesting to note that this discrete cubaae be obtained by simply changing
the tetramethylammonium counterions present in ouWos cluster
(INMey]sNa{Coy(cit)sCo(H.0)s]2}.11H,0) reaction system for guanidinium [2].
This highlights the important role of the countesan such self-assembly reactions
and their ability to vary the product obtainedwas have previously reported for the
Cos citrate reaction system at lower pH [3].

The identity of the bulk sample was confirmed byvder diffraction at 130 K on a
Bruker d8 diffractometer using CuoKradiation. Figure 2-1 shows the measured and

calculated (CSD structure CEHVAN) powder patternd ¢hese are seen to match
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closely. The unit cell dimensions of several singlystals were also confirmed on a
Bruker APEXII diffractometer using Mo & radiation at 100 K [expected (130 K data
from CSD structure CEHVAN) a = 16.1224(8) A, ¢ =30188(11) A, V = 2991.5(4)
A3, found (100 K data) a = 16.09 A, c = 11.55 A, 2890 &.

Actual Intensity

Calculated Intensity
|

Figure 2-1— Powder diffraction pattern of [C(NJ}]s{Co4(cit)s}.4H,0 collected at
130 K (upper) and calculated from CSD structure ¥BN 130 K data (lower).

2.1.2 — Structure of [C(NH)3]s{Coy(cit) .}.4H,0
The {Cay(cit)s}® anion is a cubane wit symmetry that consists of four cobalt(ll)
ions coordinated by four tetradeprotonated cithigi@nds [C(O)(CO,)(CH,COy), =

cit*]. The citrate alkoxide group provides the corbedging oxygen of the cubane,

with the citrate carboxylate arms capping the dflaicentres (Figure 2-2). The
shorta-carboxylate arm of citrate imparts a twisted trigbprismatic geometry to the
six coordinate metal centres. The cubane Co-O+@lying angles are in the range
97.18-99.24° with Co-O bond lengths of 2.090-2.436
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Figure 2-2— Structure of the {Ccit)s}® anion with the structural role of an
individual citrate ligand highlighted on right (®&ue, O red, C grey, H omitted).

The guanidinium counterions create an extensivedgeh bonding network within

the crystal lattice, where each cubane makes ardQrg/drogen bonds [1], as shown
in Figure 2-3. When viewed along the crystallogmapc axis, four of the

guanidinium cations per cluster are seen to arrange square columns that run
though the crystal, while the remaining four arealed around the cubane cluster.
The hydrogen bonding network not only makes thg €dpane the single dominant
product from the cobalt(ll)/citrate/guanidinium s, but unfortunately makes the
crystals so stable and insoluble that they caneotided as a starting material for

further reactions using a ‘building-block’ syntheapproach.

Figure 2-3— Cq, cubane and guanidinium counterion hydrogen bandihown as
one unit cell viewed along theaxis (Co blue, O red, C grey, N pale blue, H osalit
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Related reactions using the methyl and ethyl daviea of guanidinium (Figure 2-4)

did not give any product crystals, with only sotesidues formed after evaporation.
Presumably the bulkier nature of these cationsthant reduced symmetry prevents
the close packing as seen for,@bove and reduces their hydrogen bonding abilities

® ® @
NH, )NJH\ NH,
NHz)J\NHZ NH, H NH, H

Figure 2-4— Structure diagrams of guanidinium (left), megudnidinium (centre)

and ethylguanidinium (right).

2.1.3 — Electronic Spectroscopy of [C(NHsls{Co4(cit) 4}.4H,0
The electronic spectrum of [C(NMH]s{Co4(cit)s}.4H,0 dispersed in a KBr disc at
~20 K is shown in Figure 2-5. The most strikingttee of the spectrum is the large

intensity of the'T; — %A, transition, which is very weak in most octahednapseudo-
octahedral Co(ll) compounds [4]. The cobalt cenirethe cubane havg symmetry
and the highest reasonable symmetry descriptidisisrtedCs;. In Cz symmetry the
ground and excitedT; states and théT, state all split intdE andA states. With
either a’A or “E ground state th8A(*A,) transition becomes allowed, acquiring

intensity by mixing (principally) with th8A(*T,(P)) state.

Extracting the values of\, and B for such distorted species is of limitedueal
However due to the clear appearance of fhe-?T,, °T, transitions, B can be
accurately found. The best fit values/gf= 8150 crit and B = 840 ci reproduce
the energies of all the transitions fairly well Withe exception of théT;- A,
transition which is slightly overestimated. Thss donsistent with its energy being

lowered due mixing with th8A(“T4(P)), state as mentioned above.
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Figure 2-5— Solid state electronic spectrum of [C(N{Co4(cit)4}.4H,0 at 20 K
(a baseline correction has been applied).

2.1.4 — Magnetic Properties of [C(NH)s]s{Co4(cit) 41.4H,0
The magnetic susceptibility of the £duster, measured in a 1 kOe field, is shown in

Figure 2-6. The value gfT at 290 K (11.65 cAmol*K) is consistent with four non-

interacting Co(ll) centres with = 3/2 andy = 2.49. XT shows a gradual increase to a
broad maximum value of 12.7 émol™K at 80 K, then decreases with temperature,
with a more rapid decline below 10 K. This broadximum is typical for Co(ll)
compounds and arises from single-ion spin-orbifppliog. The decrease )il at low
temperature is consistent with the presence ofanmbtecular antiferromagnetic
exchange coupling and the sharp drop below 10 Ktdwero-field splitting effects.
However, due to the large orbital contribution obalt(ll) it is difficult to perform a
quantitative analysis of the susceptibility daethe magnetisation curve measured at
2 K is shown in the inset of Figure 2-6. There mpid increase from 0 to 0.7 T, and
then the magnetisation starts to plateau beforeasing again above 2 MI(NS = 4.8

at 2 Tesla). Clearly, the ground state is magnetgontrast to the previous report [1].
However, the subsequent rise in the magnetisabonea2 Tesla is consistent with the

presence of low-lying excited states, in agreeméiit Hudsonet al [1]
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Figure 2-6 — Temperature dependencexdtfor [C(NH,)3]s{Co4(cit)4}.4H,0

measured in a 1000 Oe field. Inset shows the fiefiendence of the magnetisation
at 2 K.

Ac susceptibility data measured between 130 and 989 is shown in Figure 2-7.
Distinct, frequency dependent peaks are seen inuhef-phase ¥') component of
the ac susceptibility. The observation of suclpeaks is indicative of slow relaxation
and an Arrhenius analysis gives an energy badi#ks = 24 K, andrn = 3.4x10° s
for frequencies between 225 and 1267 Hz. At hidgtesjuencies the plot of InY vs

1/T shows curvature (see Figure 2-8) suggestingffareht relaxation pathway as

seen for Mm, acetate [5].
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Figure 2-7— The in-phase and out-of-phase components adlseisceptibility for
[C(NH.)3]s{Co4(cit)s}.4H,0 shown as/T versusT (upper) angy" versusT (lower).
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Figure 2-8— Arrhenius plot. Colour scheme: blue linear reg@5-1267 Hz, purple
(1997-6997 Hz), red linear region 7997-9997 Hz.
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The SMM behaviour of the Gocluster is confirmed by the observation of
magnetisation versus field hysteresis loops that tamperature and sweep rate
dependent (Figure 2-9). The loops collapse at fietd due to very fast quantum
tunnelling of the magnetisation (QTM) and have am@o coercivity. There is an
effective direct relaxation pathway between theugtbstate levels, which arises from
the strong orbital contribution. It is interestingp note that the SMM
[Mn",Dy" 5 (tmp)(0.,CMes)4(NOs)4]* containing Dy(lll), and hence a significant
orbital contribution to the magnetic propertiess @en found to possess similar fast
QTM at zero field [6]. Single crystal dc relaxatidata was measured in an applied
field of 0.1 T (see Figure 2-10), to avoid the H)=fast tunnelling transition. An
Arrhenius analysis yields the parametdEks = 21 K, andzn = 8x10” s, which are

consistent with those obtained from the ac data@bo

1 1
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Figure 2-9— Temperature dependence of,Gmgle crystal magnetisation versus field
hysteresis loops (upper left), and sweep rate dkpere measured at 1.5 K (upper
right), 0.8 K (lower right) and 0.04 K (lower left)
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Figure 2-10— Arrhenius plot using single-crystal (dc) dat&asured in an applied
field of 0.1 T. Inset shows the magnetisation mieas as a function of time at the
indicated temperatures.

It is interesting to note that after the publicatiof this work [7] a follow-up
publication by Hudson and co-workers [8] reportedaa study of the Gocubane
with a calculateddE/ks = 13 K, andn = 8.4x10" s, which is considerably smaller
than that found by our ac study witl/ks = 24 K, andr = 3.4x10% s. The source of
this discrepancy is unknown; however the ac daawas reported in the follow up
publication [8] was measured over a smaller fregyaiange (10-1500 Hz) and the
few resolved peaks were far less distinct thaneheported in our publication [7].
We are confident in the values we have reportedd[i§ to the consistent ac peak
shape and positions obtained from multiple samfsptea several separate syntheses.
The same sample has been measured on both a QuBetign MPMS XL SQUID
magnetometer and a PPMS SQUID magnetometer gilimgdme results. Crucially,
a single crystal from this synthesis gave an eneagyier ofAE/kg = 21 K, andn =
8x10" s from the independent technique of microSQUIDmégnetisation relaxation

measurements, and these values are consistenbuvitc studies.
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2.1.5 — Cq High Pressure Structural Study
The Ca SMM is a good candidate for high pressure X-rasgtailography studies as

it readily forms large, stable crystals that diftravell. The hydrogen bonding
network is also an interesting feature, as on appbin of hydrostatic pressure all of
the components should interact with one anothed, there are no large flexible
organic regions in the structure that would tenccampress in preference to more
rigid clusters. The Cpocluster magnetic behaviour is consistent withaimolecular

antiferromagnetic exchange coupling at low tempeest (see Figure 2-6) and
pressure induced distortions to the cubane geomewyld provide more

ferromagnetic exchange pathways by reducing thé©@2o bridging angles.

On application of pressure the structure becomespoessed, and the unit cell
dimensions and volume are reduced. Figure 2-Li&trttes the reduction in the £o
unit cell volume. A small increase in volume issetved between ambient pressure
and 1.8 kbar, most likely due to thermal contratsonce the literature CSD structure
CEHVAN [1] was collected at 130K, whereas the puessell data was collected at
ambient temperature. The volume reduces steadiljncreasing the pressure from
1.8 kbar to 21.8 kbar, followed by a smaller rateclvange to 26.4 kbar. It can be
seen from the values in Table 2-1 that the unltacdimension changes the most, with
a smooth decrease of 0.88 A over the measuredupeesmge, while the ¢ dimension
only decreases by 0.22 A with several jumps. Thie eell a length also inherently
has a much greater effect on the unit cell volusiendhe tetragonal Gaunit cell the

length a = b and so the volume V is given by: \&bxt = &c.
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Figure 2-11— Effect of pressure on ¢anit cell volume. 0 kbar data measured at

130 K, all other diamond anvil pressure cell measwants at ambient temperature.

Pressure (kbar) Unit cell dimesions (A) Unit cell
Before  After Average a c volume (A%

0 0 0 16.1224(8) 11.509(1) 2991.5(4)
1.8 1.8 1.8 16.1073(2) 11.5621(2) 2999.73(7
55 6.6 6.1 16.0336(2) 11.4494(2) 2943.37(7
9.1 9.1 9.1 15.9663(3) 11.3454(6) 2892.2(2)
16.4 16.3 16.4 15.5853(3) 11.3753(5 2763.1(1

21.8 21.8 21.8 15.346(1) 11.3195(9) 2665.9(5
25.5 27.3 26.4 15.245(1) 11.292(1) 2624.3(6

Table 2-1— Reduction in unit cell dimensions on applicatdfpressure, measured at

ambient temperature with the exception of 0 kbdr3& K.

An interesting feature revealed by this pressurdysis a phase transition seen at 16.4

kbar at which point two key changes occur. Firdtiye number of water molecules in

the unit cell is reduced, and secondly, half of glsanidinium counterions become

disordered. Figure 2-12 illustrates how the eigiolecules of water in the Phase |

unit cell are located near to guanidinium countgijavhereas in the Phase Il unit cell

only two water molecules are present, and thesdoasted in cavities between the

stacks of cubanes (on tBgaxis of the Cpunit).
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Figure 2-12— Comparison of the Gaunit cells in Phase | at ambient pressure (upper)
and Phase Il at 16.4 kbar (lower), seen alongttheft) andc (right) axes. (Co blue,
O red, C grey, N pale blue, H omitted. Water oxygems are highlighted in green).

Presumably the other water molecules must eithavelethe crystals or become
disordered to the point where they cannot be faaodhplicated by the unavoidable
lower completeness of the pressure cell data). Wditer molecules in Phase | form
part of the extensive hydrogen bonding network etwthe guanidinium and the £o

oxygens (discussed earlier in Section 2.1.2), leivtater molecules in the cavities in
the Phase Il unit cell do not take part in the bgén bonding network. A

consequence of this seems to be that the guamdirdaunterions can become
disordered, as they will be less rigidly held withver hydrogen bonds. This is a very
unusual result as disorder has been created byiagmressure, whereas it would be
expected that high pressure would lead to compmessi the crystal packing and a

more ordered structure.
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Figure 2-13— Guanidinium hydrogen bonding in Phase | (uppad Il (lower) (Co
blue, O red, C grey, N pale blue, H white, Watenad O8 highlighted in green).

Figure 2-13 compares the guanidinium ion compri€dTgN1 N2 N3 that is fixed in

Phase | and disordered in Phase Il. This disocdarbe visualised as flipping the
molecule on the N1 N3 axis so that N2 moves toNB& position and C7 moves to
C9. In the ambient pressure Phase | structuredeojgn atom of N2 hydrogen bonds
to a water molecule oxygen O8, which is in turn dogén bonded to neighbouring
Co, carboxylate oxygens O3 and O7, with a similar regeanent also seen for a
hydrogen atom of N1 (via the symmetry related O&igure 2-13). In Phase Il the
disorder means that N2 can be in the N21 positidwichvthen allows hydrogen

bonding between a hydrogen atom of N3 and thedadboxylate O5. Although this

change also means that a hydrogen of N2 is no fohgdrogen bonded to the
carboxylate oxygen 02, it is facilitated by theatlhydrogen atom of N2 not having
to hydrogen bond to the Phase | water O8 thanmwed in Phase II.
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It is interesting to note that powdered samplesCof were found to be slightly
hygroscopic, with microanalysis results indicatmgentahydrate (see Section 2.1.1).
This additional water could be present in the gapibsitions between the cubanes
(where the water is seen to reside in Phase lgesinwould not be involved in the

hydrogen bonding and so could absorb and desodiyea

When studying the structure of the Grubane itself, it is discovered that the bond
distances and angles change very little betweard®dl. kbar (Table 2-2). This may
be explained by the observation that on increasiegpressure, the square stacks of
cubanes rotate in one sense while the square celwhguanidinium rotate in the
opposite sense, when viewed alongdlaxis. Therefore the structure reorganises due
to the applied pressure but the robust cubane vaitsin largely unchanged. The
biggest difference is observed around the phassitian when the spread of Co-O
bond length values is reduced. The magnetic ptiegeof the Cg cluster are
therefore unlikely to change considerably in thespure range 0-9.1 kbar, but may
alter at 16.4 kbar in Phase ll, if the reductiorbond lengths alters the metal oxygen

orbital overlap. However, since the bridging asglemain similar this change may

be very small.
Pressure (kbar) Co-O-Co Angles () Co-0 Bond Lengths (A)
0.0 97.2(1) 99.2(1) 98.6(1) 2.003(2)  2.136(2) _ 2.090(%)
1.8 97.0(1) 99.0(1) 98.3(1) 2.100(4)  2.139(3)  2.096(3)
6.1 97.0(1) 99.3(1) 98.5(1) 2.097(4)  2.133(3)  2.084(B)
9.1 96.9(1) 99.2(1) 98.5(1) 2.004(3)  2.130(3)  2.078(3)
16.4 97.6(3) 99.4(3) 97.6(3) 2087(7)  2.081(8)  2.082(8)

Table 2-2— Caq, cubane Co-O-Co bridging angles and Co-O bondmlist

0 kbar data measured at 130 K, all other measursnaéambient temperature.

Magnetic measurements at high pressure have nobegst carried out due to the
current technical limitations of the developmerB&UID pressure cell. The most
obvious difference at high pressure is expecteddoobserved in the shape and
position of the peaks in out-of-phase componerthefac susceptibilityx' versusT
plot as in Figure 2-7). However, the sample sizéhe SQUID pressure cell is very
small (in comparison to a normal gelatine capsaled gives only a small signal
which is also masked by the high background of riretal cell. This is further
complicated by the restriction to low frequenciedoly 1000 Hz, and since the £o
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cubane only gives resolved peaks above 130 Hz, the available frequency range
small. This could perhaps be countered by ac meamsnts with a fixed applied dc
field to shift the peaks to higher temperatures (b shift the peaks below 130 Hz to a
temperature that is accessible to the SQUID), hewthis would require an extensive
set of measurements to determine the best measureomditions, and recollection
of the gelatine capsule data under similar apiglds. Application of a dc field to
the metal pressure cell could also increase thé&goaond levels. Due to these
complications and the expected small differencesnagnetic properties, the high
pressure magnetic characterisation of thg c@dane remains for future study.

2.1.6 — Heterometallic Cubane Systems

Note that the formulae given in this section ratethe overall stoichiometry, as the

compounds are not necessarily pure species (s¢éiers2d.6.2).

2.1.6.1 — Heterometallic Cubane Syntheses

Cobalt and Zinc (1:1) - To a solution of citric acid monohydrate (0.2Zg3mmol),
Co(NG;)2.6H,0O (0.19g, 0.65mmol) and Zn(NR.6H,O (0.19g, 0.65mmol) in water
(50mL) was added a solution of guanidinium carben@94g, 5.2mmol) in water
(25mL). The solution was stirred and left to stapobducing a large yield of pale
purple crystals, selected IR data (§m3337 (m), 3137 (m), 1656 (m), 1605 (w),
1536 (s), 1427 (m), 1379 (s), 1233 (m), 1083 (W§9 dm), 924 (m), 848 (m).
Analysis, calculated (found) for, [C(NM]sC0,Zny(Cit)4. 7H,0, CsoH78C 02NN 24035

C, 23.90 (24.01); H, 4.89 (4.79); N, 20.91 (20.88).

Cobalt and Manganese (1:1)- To a solution of citric acid monohydrate (0.27g,
1.3mmol), Co(NQ@)..6H,O (0.19g, 0.65mmol) and Mn(N®.4H,O (0.164q,
0.65mmol) in water (50mL) was added a solution @argdinium carbonate (0.94g,
5.2mmol) in water (25mL). The solution was stirt@ad left to stand, producing a
large vield of dark purple crystals, selected IRad@m®): 3337 (m), 3133 (m), 1660
(m), 1605 (w), 1537 (s), 1426 (m), 1378 (s), 1281, (1078 (w), 958 (m), 921 (m),
847 (m). Analysis, calculated (found) for, [C(BEsCoMny(cit)s.7H.0,
Cs2H78C0MnyN24035: C, 24.22 (24.25); H, 4.95 (4.73); N, 21.18 (2).06
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Cobalt and Nickel (1:1)- To a solution of citric acid monohydrate (0.2Z¢8mmol),
Co(NGs),.6H,O (0.19g, 0.65mmol) and Ni(N.6H,O (0.19g, 0.65mmol) in water
(50mL) was added a solution of guanidinium carben@94g, 5.2mmol) in water
(25mL). The solution was stirred and left to stamebducing a large yield of orange
crystals, selected IR data (jn 3335 (m), 3127 (m), 1659 (m), 1536 (s), 1427,(m)
1377 (s), 1234 (m), 1093 (w), 959 (m), 927 (m), §49. Analysis, calculated
(found) for, [C(NH)3]sCoNi(Cit)s. 7HO, GsoH78C0NioN24O3s: C, 24.11 (24.05); H,
4.93 (4.78); N, 21.08 (20.82).

Cobalt and Iron (1:1) - To a solution of citric acid monohydrate (0.27g3mmol),
Co0SQ.7H,O (0.18g, 0.65mmol) and Fel@H,O (0.18g, 0.65mmol) in water
(50mL) was added a solution of guanidinium carben@94g, 5.2mmol) in water
(25mL). The solution was stirred and left to sta#dcloudy brown solution formed
with a moderate yield of suspended purple/browrstaty, selected IR data (¢
3329 (m), 3140 (m), 1656 (m), 1539 (s), 1426 (M)A (s), 1233 (m), 1082 (w), 958
(m), 923 (m), 848 (m).

2.1.6.2 — Discussion of Heterometallic Cubane Syrdbes

The remarkable structural similarity of the serigfs metal citrate cubanes with
guanidinium [1] presented the opportunity to sysibe heterometallic examples.
Reactions were carried out with a 1:1 mixture dfalbwith zinc, manganese, nickel,
and iron, as described in Section 2.1.6.1. Icadles extended prism type crystals of
similar appearance to those of Geere formed overnight and the reaction solutions
became colourless, suggesting that both metalschadallised out (the exceptional
case being Co/Fe where the solution was cloudy myomost likely due to oxidation
of Fe(ll) to Fe(lll) in water, which could not baduded into the cubane crystal
structure for charge balance reasons). The mixashlt nickel synthesis was
particularly striking as the product crystals werelark orange colour. Figure 2-14
shows samples of pure cobalt, pure nickel and tfie metal mixture crystals.
Grinding samples of purple g@nd green Nitogether in a mortar and pestle was
found to give a similar orange colour to that & fowdered Co/Ni mixture crystals.
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Figure 2-14— Photograph of cubane crystal samples, purplglétt), dark orange
Co/Ni 1:1 mix (centre) and greenNright).

param Co Fe Mg Mn Ni Zn
formula CzHypColNgOg CgHagFeNgOs CsHyMgNeOs CsHaoMnNgOs CsHaoNgN10g CgHagNgOsZn
fw 403.23 400.15 368.61 399.24 403.01 409.67
cryst syst tetragonal tetragonal tetragonal tetragonal tetragonal tetragonal
space group Pisin Piain Piyin Phrin Pda/n Pdan
T(K) 130 130 130 130 130 130
a(h) 16.1224(8) 16.2542(8) 16.1405(6) 16.2890(12) 16.0562(8) 16.1337(%)
c (&) 11.5088(11) 11.5350(10) 11.5809(8) 11.5022(17) 11.6135(12) 11.6460(7)
V(A 2991.5(H 3047.5(3) 3017.0(3) 3051.9(6) 2994.0(4) 3031.4(2)
z 8 8 8 8 8 8
Heale (g cm ) 1.791 1.744 1.623 1.738 1.788 1.795
1 (mm™) 1.210 1.051 0.180 0.927 1.359 1.682
R1[I= 2e(])] 0.0579 0.0815 0.0900 0.0862 0.0487 0.0442
wR2 [T = 2a()] 0.1425 0.1990 02410 0.1973 0.1307 01262

“R1 = E||Fo| = |F|l/EIFo]. 8 wR2 = {Z[w(Fo? — FAPVEIWES N w = V[oMFD) + (@P) + bP] and P = [(FD) + 2(F)N)3

Table 2-3- Similarity of the metal citrate cubane crystailstures [1].

The crystallographic similarity of the metal cigatubane series is highlighted in
Table 2-3. Although this similarity allows the gasynthesis of the heterometallic
examples, it also causes considerable difficultgstablishing the structural nature of
the metal distribution. Assuming a 1:1 ratio bedwehe two metals Co and M, the
possible structures are:

(A) — Cq, packed together with M

(B) — CaM, packed together with Gll3

(C)—CaM:;

(D) — Random mix of CgMy packed together (where x +y = 4)

The situation is complicated still further by tret that due to the high symmetry of
the cubane cluster, the cubanes in (B) and (C)dcbel packed such that differing
orientations of the cubane (with respect to theahatsitions) could create the overall
effect of the two metals being disordered oves#ds, which would appear to be the
same as (D). For this reason, investigation ofhteéerometallic crystals by single
crystal X-ray diffraction has met with very limitesdiccess in determining the metal
dispersion; however it has confirmed the expectaldace structure. Magnetic
characterisation of the mixed metal cubanes is afstmited utility, though the

Co/Zn sample can be used to establish if cases(p)asent.
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2.1.6.3 — Magnetic Properties of [C(NK)s]sC0,Zn,(cit) 4. 7H,0

A comparison of the magnetic susceptibility of thexed metal CgZn, cluster with

the single metal Cocluster, both measured in a 1 kOe field, is showRigure 2-15.
For CaZn, the value ofyT at 290 K (5.70 ciimol*K) is consistent with two non-
interacting Co(ll) centres with = 3/2 andg = 2.47, and is it also approximately half
of value for Ca (11.65 cmimol*K with g = 2.49). On coolingyT shows a gradual
increase to a very broad maximum value of 6.26neofi’K at 100 K, then decreases
steadily with temperature until a plateau betwe@& and 8.89 K withyT ~ 5.83
cm’mol™K, followed by a more rapid decrease with tempegatuThe T curve for
CaoZn, shows some important differences with that of,&Gs the broad maxima in
the curves occur at different temperatures (100& & K) and Cpdoes not display
a plateau at low temperature, although both cudeeshow a similar rapid decline
below 10 K.
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Figure 2-15— Comparison of the temperature dependengd ébr
[C(NH2)3]sCoZny(cit)4. 7H20 (Blue) and [C(NH)s]s{Co4(cit)s}.4H,0 (Red),
measured in a 1000 Oe field.

A comparison of the magnetisation curves measure?l K for CaZn, and Cq is

shown in Figure 2-16. Both show a rapid increasmfO to 1 T, but above this point

the CeZn, curve continues in a smooth curve to a (not sedjavalue oM/NS=4.0
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at 5 Tesla, whereas the Lourve plateaus before increasing again above @eTtal
low-lying excited states (see Section 2.1.4). fiveed metal cubane does not display

such a feature in the magnetisation curve.

0 Y' T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0

H (T)

Figure 2-16— Comparison of the field dependence of the maggaigbin at 2 K for
[C(NH2)3]8C()22n2(Cit)4.7H20 (Blue) and [C(NH)g]g{CO4(Cit)4}.4H20 (Red)

The ac magnetic susceptibility of the &ZZn, cluster is shown in Figures 2-17 and 2-
18. The out-of-phase component of theZdp ac susceptibility displays the onset of
a frequency dependent signal, unlike the distiigbeaks seen for Gabove 130 Hz
(see Figure 2-7). At low temperature the 1267 Hixe appears to cross the 976 Hz
curve (probably an experimental error). The maglatof thg” signal for CeZn; is

also small, with a maximum of 0.40 &€mol™* compared to 1.45 ctmol™ for Ca.

Overall, when comparing the ¢, and Cq clusters it can be seen that there are
differences in the dgT curve shape, magnetisation curve shape ang' amrves.
Consequently it can be concluded that the possitoiecture (A), with Cg clusters
packed together with Zrclusters, is not present since magnetically trosild behave

as a diluted Cpsample, and so would display the same curve shagpsesen for Go
but with half of the magnitude. The cubane clissfermed are therefore definitely
heterometallic in nature, but the locations of th® metals within the cubanes

remains unknown.
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Figure 2-17— The in-phase component of the ac susceptilbdity
[C(NH2)3]sC0Zny(cit)4. 7H0 shown agy'T versusT.
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2.2 — The Cg Cluster {Co,(cit) JCo(H,0)s]}*

2.2.1 — Synthesis of [NMgsNa{Cox(cit) JCo(H0)s],}.11H,0

Original literature synthesis [2] using solvent lagring for crystallisation
CoSQ.7H,0 (2.030 g, 7.2 mmol) and citric acid monohydratés{8 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.62 g) was added until
pH 7.00 was obtained. 16 ml of solution was dduteth 16 ml HO and 0.803g

NaSO, added. 0.4 ml aliquots were layered with 1.6 bQH in narrow tubes. After
1 month, pink rod-type crystals of product formedth colourless salt impurity
crystals and oil. Pink crystals, selected IR data®): 3214 (m), 1551 (s), 1487 (m),
1376 (s), 1237 (m), 1089 (m), 951 (w), 921 (w).eldiof 16% based on cobalt.

Improved ‘superhedgehog’ synthesis using solvent xing for crystallisation
CoSQ.7H,0 (2.031 g, 7.2 mmol) and citric acid monohydraté&s{9 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.70 g) was added until
pH 7.50 was obtained. 15 ml of solution was ddugth 15 ml HO and 0.1875 g
NaSO, added. 1.0 ml aliquots were then mixed with betw#.9-3.0 ml EtOH and
kept in sealed vials. After ten days, pink crystalere produced in characteristic
hedgehog formations. Selected datatEn3221 (m), 1550 (s), 1487 (m), 1380 (s),
1285 (w), 1237 (m), 1091 (m), 1061 (w), 952 (m)3¢eh). Yield of 19.5% based on
cobalt. Unit cell of (NMg)sNa{Cog} confirmed by single crystal X-ray diffraction.

The cluster was previously produced by slow diffasiof ethanol into a neutral
solution containing CB, cit", NMe;", and N4 using solvent layering [2]; however
the small yield per capillary and colourless sapurity crystals were not ideal. We
now report an improved synthesis at higher pH atliced N& concentration that
uses direct mixing with ethanol to obtain the; Cluster as the sole product from the
reaction in under half the time compared to soldsfitision. Improved yields have
also allowed much larger sample sizes to be usethéomagnetic measurements in
this study. The product crystallises in charasteri‘hedgehog’ formations of rod
crystals joined at a point to form a hemispherstasvn in Figure 2-19. The original
synthesis produced hedgehogs of a diameter of sppately 2 mm, and the small

rod crystals required a synchrotron source forlsikgystal X-ray diffraction studies,
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whereas the new synthesis produces much largeersaggehogs’ of 9 mm diameter
which provide individual rod crystals of sufficiéytiarge size to be studied using
conventional lab based X-ray sources.

Figure 2-19— Photographs of 2 mm ‘hedgehog’@oystal formations in a cuvette
(left), enlarged photo (centre) and a 9 mm ‘supdgledog’ in a 16 mm vial (right).

2.2.2 — Structure of [NMa]sNa{Co,(cit) ,/Co(H,0)s],}.11H,0

The structure of the Gaanion is shown in Figure 2-20. The cluster hastral

{Cou(cit)s}® unit where the cubane corner bridging oxygen @vidied by the citrate

alkoxide group, while the carboxylate arms cap r@aining cobalt coordination
sites, with the same structure as;(Gsee Section 2.1.2). The shorter citmte

carboxylate imparts a twisted trigonal-prismatiometry to the six coordinate cobalt
centres, while also providing oxygen coordinatiatess for the two peripheral

[Co(H,0)s]?* units. The cubane Co-O-Co bridging angles aréhénrange 96.46-

100.33° with Co-O bond lengths of 2.070-2.142 Ahaf@e balance of the anion is
provided by one sodium and three tetramethylamnmrmounterions.

Figure 2-20— Structure of the {Ccit)J/Co(H.0)s]5} * anion with the structural role
of an individual citrate ligand highlighted on rigi€o blue, O red, C grey, H
omitted).
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The Cqg clusters pack together within the crystal in arfimg bone’ chain pattern
with the peripheral [Co(kD)s]** units interlaced. Significant hydrogen bonding
occurs between the clusters in the chain via theemmolecules of the peripheral
cobalt centres and the outer carboxylate oxygeiiseoEubane citrates, as highlighted
in Figure 2-21. There is also hydrogen bonding tesser extent between the chains,
which can be seen parallel with the (radxis in Figure 2-21, and more obviously in
Figure 2-22 which views the clusters along the mb@n thea axis. Figure 2-22 also
highlights how the tetramethylammonium counteriares arranged in the rectangular
channels between the chains of clusters. The spdaunterions are located close in
to the Cq clusters and are disordered over two sites, coatéd to the citrate

oxygens and cobalt bound water.

Figure 2-21— Cq; anion crystal packing and hydrogen bonding viealetig theb

axis, with Nd and NMa" counterions omitted for clarity (Co blue, O redg@y, H

omitted).

Note that for convenience in this chapter a fullmpound formula such as
[NMey]sNa{Coq4(cit)s[Co(H0)s]2}.11H,0 is simplified to Na{Cg}. The simplified
formula should be taken to include the {Qit),[Co(H,0)s]2}* anion, three [NMg*
counterions and the fourth counterion stated. &mlmdicated as dehydrated, it
should also be taken to include the total numberdattice water given in the
compound synthesis section.
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Figure 2-22— Cq; anion crystal packing and hydrogen bonding viealetg thea

axis, highlighting the chain like arrangement af tusters with NMg counterions

in the space between them (Co blue, O red, C §fegale blue, Na violet, H omitted).

2.2.3 — Cq Reaction Solution Spectroscopic Study

As part of the efforts to improve the £synthesis and also to explore new product
formation, a spectroscopic investigation of thectieam solution was undertaken. This
followed the superhedgehog experimental synthesssrtbed in Section 2.2.1, but in
this case a sample of the solution was taken atlaegntervals as the pH was
increased over the range 2 to 12. The electrqrectsa of these samples were then

measured, the results of which are shown in Fige28.

Initially the reaction solution at low pH will coaih protonated citrate, and at pH 3
the electronic spectrum consists of one peak aini2orresponding to simple cobalt
species that will be present such as [GAd|*" As can be seen in Figure 2-23, on
increasing the pH this principal peak shifts togen wavelength and increases in
absorbance, while a second broad peak appearsdai@®b nm. The peak shift
indicates the coordination of the cobalt centreshgydeprotonated citrate ligands as
the pH increases (due to the changing crystal 8eldting), and can be more easily
seen in Figure 2-24 which shows the peak shift &mation of solution pH. This
displays a sinusoidal curve centred on pH 7, witlalanost linear increase from pH 6
to 8. It is within this linear region that the sad broad band appears at around 725

nm, and it increases in absorbance with increagihg Comparing the Goreaction
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solution spectra with that of @an Figure 2-5 (Section 2.1.3) the peaks can be
assigned as the principal; (~525 nm) with the appearance of the brdag (~725
nm) suggesting the formation of the cubane unisotution due to the structural
distortion applied to the cobalt centres as disstiggeviously in Section 2.1.3. At
very high pH of 11 and 12, additional small peakpear at 647 nm, but these

samples were unstable and oxidised to dark, clgotitions within a few hours.
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Figure 2-23— pH dependence of the Q@action solution electronic spectrum.
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Figure 2-24— Peak shift (from 512 nm) of the cob$lt peak as a function of pH.
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It is interesting to note that the pH 6-8 regiomiserved as a rapid change from red
to dark purple. Previous studies at pH 6 allowelformation of three products from
solution via control of the counterion [3], theseeirly the double salts
[Co(H20)6][NMey]o[SOy]2.4H,0, [Co(HO)6][NEt4][SOs)2.4H,0, and the 1D
coordination polymer [NB4;[Cox(Hcit)2(H20)4].4H.O. This example demonstrates
how the size of the counterion used not only a$féleé structure, but also whether the
ligand is present in the product, in one case as Huif™ form with the three
carboxylate groups deprotonated and the centrabxglkgroup still protonated.
Removal of the proton from the alkoxy group (whpthys a vital bridging role in the
cubane structure) occurs at higher pH with thg Gaoster accessible around pH 7

using the original literature synthesis [2].

The improved ‘superhedgehog’ synthesis is at adrighi of 7.5, where both peaks in
the spectra are seen to be of higher absorbandéTapeak shift) compared with pH
7. The important role of the counterion appearsirggas with the N&O,
concentration of the literature synthesis a nou2lritwork based on Gaunits is
obtained (discussed later in Section 2.4), whereiets one quarter of the N8O,
concentration, the pure gsuperhedgehogs are formed. Since the peak stift a
increase in absorbance continues at higher pHhdurstudy would be of interest;
however it is found that as the pH increases itobes much more difficult to
crystallise products out of solution, either byvsoit mixing or slow evaporation. The
highest pH that has produced solid product is @8 8actions, which gave either the
3D network or poor quality hedgehog crystals in kyiald.

2.2.4 — Magnetic Properties of Na{Cg

Figure 2-25 illustrates the dc magnetic susceifhilf the hydrated Na{Cg) cluster
[NMe4]sNa{Coq(cit)4[Co(H20)s]2}.11H,0 measured in a 100 Oe field. At 290 K the

value of 4T is 18.05 crfmol*K which is consistent with six noninteracting Cd(ll

centres withS = 3/2 and an average= 2.53. On cooling from 300 K to 120 K the
value ofyT remains reasonably constant, followed by a gradaeatease to a shallow
local minimum of 16.8 cimol*K at 34 K. On further cooling there is a rapid @pd/
curvature inyT indicating ferromagnetic interactions, which pealtsa maximum

value of 18.8 crmol’K at 7.4 K. There is then a rapid decrease at lowe
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temperatures to a value of 15.0°%mol’K at 1.8 K, which is consistent with zero-
field splitting or the effects of intermolecularté@@rromagnetic exchange. The field
dependence of the magnetisation at 2 K shows aedse from 0 to 0.5 T followed
by a gradual curve until 3 T after which there H@w increase. The magnetisation is
not saturated at 5 T withl/NS = 12.3. The dc magnetic characterisation is cbest
with our previously reported data [2], however mistcase the maximum il is

more pronounced as a result of measuring in a smeghiplied field.

For comparison, the discrete £8MM cubane ([7] - see Figure 2-6 in Section 2.1.4)
shows a gradual increase ji on cooling with a maximum at 80 K followed by a
decrease which becomes more rapid below 20 Ks firoposed that the magnetic
coupling within the Cpcubane is antiferromagnetic in nature (consistetit the y T
curve of Figure 2-6), but that the exchange intéwas are weak (consistent with the
literature study of the metal citrate cubane sdfigysand so the spin arrangement can
be approximated as two spin ‘up’ centres and twia &own’ centres for ease of
discussion (see the pictorial representation oufei2-30 in Section 2.2.5). 1t is
suggested that each peripheral spin ‘up’ Co(l)treenf the Cg cluster can couple
ferromagnetically to the neighbouring Co(ll) centfethe cubane, transforming the
two spin ‘down’ centres into additional spin ‘upérdres, thus generating the overall
ferromagnetic behaviour observed as a peak ipTheurve for the Cgcluster. This
hypothesis will be discussed further in Section3.2

The magnetisation curve of ¢ancreases rapidly from 0 to 0.7 T with a plateau

around 2 T before a further increase indicating phesence of low-lying excited

states, however such features are not evideneimtmgnetisation curve of Na{go
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Figure 2-25— Temperature dependence®ffor hydrated Na{Cg measured in a
100 Oe field. Inset shows field dependence ohtlagnetisation at 2 K.

The high frequency ac susceptibility data of Na{lds shown in Figure 2-26. The
out-of-phase component in the range 130-1997 Hwslibe onset of a peak as had
been observed previously at low frequency [2]. efdestingly, this new study has
revealed the presence of an unusual step-likeguidbetween 2.5 and 3.5 K at high
frequency. Above 2997 Hz thé curve separation reduces and the step becomes
more pronounced until 6997-9997 Hz where the cuaresvery close together. The
magnitude ofy" increases with frequency and so the curves docrmds. An
equivalent measurement of the ,C&MM displays distinct peaks at all frequencies
between 130 and 9997 Hz (Figure 2-7 in Sectiom®.Eigure 2-56.

The presence of a frequency dependent signal inutief-phase component of the ac
susceptibility suggests that some form of slow xa&li@n of the magnetisation is
occurring. It is proposed that the step-like @ates the result of two overlapping
signals, with the onset of the peak-like featurgilatted to a cluster relaxation
process. This feature is thought to be obscurémvatemperatures by a second signal
that increases below ~3.75 K which is possibly ttumtermolecular interactions (see

comparison in Figure 2-57 and discussion in Se@i@rb).
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Figure 2-26— The in-phase and out-of-phase components adlseisceptibility of
hydrated Na{Cg} shown asy'T versusT (upper) angy" versusT (lower).

To investigate further, single crystal measuremeveese carried out using a micro-
SQUID in order to look for magnetisation versuddi@ysteresis loops. As can be
seen in Figure 2-27, with a sweep rate of 0.14 nhy&eresis loops are observed at
0.5 K, which widen on cooling as expected. The fospow a small dependence of
the sweep rate and broaden slightly on increasiagdte, as would be expected for a
single molecule magnet with an Ising type easy arisotropy. The curves display a
‘leaning’ orientation that would suggest intermallc interactions, most likely the
result of hydrogen bonding between the clustersticodarly in the area of
neighbouring peripheral cobalt units which are mgead together due to the herring
bone packing of the Galuster in the crystal (see Section 2.2.2). Tiserdte Cg
cubane SMM hysteresis loops collapse at zero faklé to very fast quantum
tunnelling of the magnetisation (Figure 2-9), blubw a larger sweep rate dependence

compared with the Na{G$ measurements.
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Figure 2-27— Temperature (upper) and sweep rate (lower) dbgpere of single
crystal magnetisation versus field hysteresis ladgsydrated Na{Ceg}.

The hydrated Na{Cg¢ cluster has therefore been shown by ac and raster

measurements to be single molecule magnet comgdicdily intermolecular

interactions.
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2.2.5 — Hydration Dependent Magnetic Properties dila{Cog}

Magnetic measurements were made on fresh sampieass c.a. 22 mg consisting of
crystals lightly ground to give a randomly orientealycrystalline sample and loaded
into a gelatin capsule. The sample was restratyedompression with the inverted
top half of the capsule. After measuring the frégfdrated sample, the capsule was
removed and placed into a vacuum system (rotaryppamd oil diffusion pump
attached to a stainless steel manifold) at ambe@mperature followed by evacuation
for one hour, reaching a final pressure of 2%1drr. The capsule was then re-inserted
into SQUID and re-measured. This process was thpaated with a further two
hours of dehydration, to bring the total vacuumyaieation time to three hours.

Figure 2-28 compares the dc magnetic susceptilfithe hydrated Na{C$ cluster
with dehydrated samples measured after 1 hour dralis in vacuum. At 290 K the
value of yT is 16.8 cmimol*K which is consistent with six noninteracting Cd(ll
centres withS = 3/2 and an average= 2.44. The high temperature curve shape of
the dehydrated sample is similar to that when hedraas in both cases the value of
xT remains reasonably constant on cooling from 3000KL20 K, followed by a
gradual decrease. In the case of the 3 hour dateimeasurements, this gradual
decrease continues on cooling and there is no gealkeen for the fresh sample. The
data collected after 1 hour of dehydration in th@cuum shows intermediate
properties, as the curve does not decrease adyrdq@bbw 100 K, and still shows
minor remnants of the peak seen at 7.4 K in thly fudrated data. The minimum
value of T at 1.8 K for the fresh hydrated sample is 15.Cnsoi’K, which is
reduced to 11.0 ctmol*K after 1 hour of vacuum dehydration, and finaty.21
cm®mol™K after 3 hours. TheT curve shapes observed are consistent with those
previously reported for the hydrated [NMNNa{Co,(cit)4/Co(H20)s]2}.11H,O and 3
hour dehydrated [NMgsNa{Coy(cit),/Co(H.O)s]2}.7H,0 [2].

On dehydration the field dependence of the magtédis at 2 K shows a curve which
is reduced in magnitude as time in vacuum increg&egure 2-29). There is
significantly more curvature at lower fields wheehgldrated and a larger gradient at
high field compared with the fresh sample. The metigation is not saturated at 5 T
with M/Ng = 8.75 after 1 hour and/Ng = 8.05 after 3 hours.
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Figure 2-30— Pictorial representation of the proposed colbbptiéntre spin

orientations in the discrete €oluster (green), the hydrated &duster (blue, where x
= 5) and the dehydrated, polymerised; Closter (red, where x = 4). x = number of
water molecules coordinated to the peripheral ¢dbatentre.

The hypothesis for the nature of the spin inteoasti in the cobalt(ll) citrate
compounds is shown in Figure 2-30. It is suggested there is a ferromagnetic
interaction between the peripheral cobalt(ll) cerand the neighbouring cobalt(Il)
centre of the cubane unit. In the case of the digdr Na{C@} cluster, these
ferromagnetic interactions could overcome the weakiferromagnetic exchange
within the cubane such that all six spin centrethefcluster couple ferromagnetically.
This would result in an increase in th€ curve, consistent with the peak feature
observed for hydrated Na{Go On dehydration it is proposed that the clustarsld
polymerise via the peripheral cobalt(ll) centreddom chains with two linker units
between each cubane, as shown in Figure 2-3(heléxchange interactions between
the linker cobalt(ll) centres and neighbouring cubacobalt(ll) centres remain
ferromagnetic in character, then the overall efféect combination with the
intracubane exchange) could be antiferromagnetia\aeur, which is consistent with

the downwards curvature observed ingheurve for dehydrated samples.
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The hydration dependence of the magnetic behasiorast prominent in the out-of-
phase component of the ac magnetic susceptibpity ( Figure 2-31 illustrates how
the onset of a frequency dependent signal in theobphase susceptibility is
transformed into distinct peaks after dehydratimnlf hour. An Arrhenius analysis of
the peak positions gives an energy barrier to ¢ogientation of the magnetisation of
AE/kg = 28 K with ip = 8.2x10° s for 28-1267 Hz. Further dehydration to threerbou
total vacuum time shifts the peak positions to argiemperatures, including that for 5
Hz which can now be seen in the temperature rangesaible with the SQUID. An
Arrhenius analysis for 28-1267 Hz gives an incrdassergy barrier ofE/ks = 31 K
with o= 5.3x10°%s. This energy barrier is higher than that presfpveported {E/ks

= 26 K with 1o = 8.2x10°s) [2], however the new value should be more atelwdae
to the larger sample sizes and greater range ofunead frequencies. It is proposed
that the appearance of the distinct peaks on daligdris the result of a reduction in
the second (overlapping) low temperaty'e signal that was proposed earlier in
Section 2.2.4. If the second signal is the restiihtermolecular interactions, then it
would be expected to alter significantly on polyisation of the clusters. The
apparent shift of the/' peaks on dehydration is both interesting and usdusw\
lattice solvent dependent magnetic behaviour hss laéen observed for manganese
based SMMs, which was attributed to varying degreds intermolecular
antiferromagnetic exchange interactions mediatedhbyhydrogen bonding network
andn-stacking (observed in the crystal structure offtlly solvated form) [9].

The dehydration of the Na{Gpcrystals is accompanied by a striking colour an

from hydrated pink crystals to dark purple dehyeldatrystals, and so an investigation
of the changes in the electronic spectrum wasezhout. The fresh, hydrated crystals
were ground and pressed into a disc of pure méatefihe spectrum was measured
and the disc placed under vacuum for dehydratiateuthe same conditions as for

the SQUID capsule. The spectrum of the dehydmdisziwas then re-measured.

By comparing the two spectra of Figure 2-32 it banseen that the major difference
is the large reduction of tH&\, peak (14x1®cm?) on dehydration. There is also a
small shift and broadening of ti&; peak (19x1®cm™). The water combination
peak (~5x18cm?) indicates the amount of water present (as coefiriny equivalent
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measurements on Co(ll) doped silica gel — FiguB3R-and can be seen to decrease
considerably on vacuum dehydration. The overalfiilarity of the two spectra (in
particular the similar intensity) shows that théalb centres remain octahedral, and so
the colour change is not due to the peripheral ltaemtres changing to tetrahedral
coordination (this being a possible hypothesisesiaanix of octahedral pink cobalt

with tetrahedral blue cobalt would produce a pugaleur).

1.4
c
9
IS
o
[%]
Q
<
30 25 20 15 10 5
Energy (10°cm™)
c
i)
=
o
[%2]
Q0
<

30 25 20 15 10 5

Energy (10° cm™)

Figure 2-32— Electronic spectra of hydrated (upper) and dedtgd (lower)
Na{Cog}. Insetis enlarged region of water combinati@mé located at far right of

full spectrum. A baseline correction has beeniafpl
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Figure 2-33— Hydration dependence of the electronic spectti®o(ll) doped silica
gel. Black line is dehydrated tetrahedral coortiama red line is hydrated octahedral
coordination. Note that the dehydrated tetrahedcdll) spectrum has a greater
intensity, but a smaller water combination peakxt@® cmi') compared with the

octahedral Co(ll) spectrum.

The electronic spectra provide useful clues as latvis occurring at the molecular
level during the dehydration process; however glsiarystal X-ray diffraction study
of the dehydrated crystals would be the optimuratsm. Unfortunately all attempts
to date have been unsuccessful due to extremely gffaction of the crystals that
have been placed in the vacuum. As previously imeed, significant improvements
have been made to the crystal size and qualityglienthe diffraction of the hydrated
crystals is still comparatively weak on lab-baséttattometers. Diffraction studies
of the dehydrated crystals have proven unobtainabléab equipment even though
the crystals remain intact (as shown in Figure P&4d appear of good quality by
microscopy study. Related powder diffraction expents investigating changes in

unit cell dimensions and sample crystallinity ha®o been unsuccessful for similar
reasons.
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Figure 2-34— Photograph of hydrated pink crystals (left) dadk purple dehydrated
crystals (right) of Na{Cg}.

We note a recent report by Camgbal. of a 1D chain of cobalt(ll) citrate cubanes
linked by octahedral cobalt(ll) centres [10], whishares many common structural
features with our Na{C# cluster. Interestingly the 1D chain has beenvamndo
undergo a thermally induced single-crystal-to-®nglystal cross-linking to form a
2D network by coordination through the periphemalbalt(ll) centres, as determined
by single crystal X-ray diffraction. The processolves water egress and therefore
bears many similarities to the behaviour of NaflColndeed, due to the previously
mentioned close proximity of the peripheral colinhtres of Na{Ceg within the
crystal packing, linking the discrete clusters inthains is the hypothetical
explanation for the hydration dependent behaviduhe sample. If these polymer
chains form with varying lengths throughout thestay by local reorganisation, this
could explain why the crystals do not diffract Xssaafter dehydration even though
the crystals remain intact. The linking of thestlrs into chains via the peripheral
cobalt(ll) centres could possibly explain the reihrcin the intensity of thé&T; - ‘A,
transition seen in the electronic spectrum on dedti@h. The peripheral -OCo{B)s
units haveC,, symmetry which is non centrosymmetric, and if @mybration these
were to become linking trans -OCo®),O- units these would haves, symmetry

which is centrosymmetric and so the intensity wdaddeduced.

One key difference of the Na{Gobehaviour compared with the thermally induced
results of Campet al.[10] is that although a pink to purple colour chars observed
by heating samples of Na{Gjo we have found so far that they do not shgivpeaks

in the ac susceptibility as in samples from vaculehydration, however this may be
due to decomposition of the sample at the tempesitrequired to drive the water
fully out of the SQUID capsule.
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2.3 — Alkali Metal Analogues of Na{Cg}

Due to the location of the Naounterions close in to the golusters in the crystal

structure, studies of similar syntheses with otikali metals of different sizes was of
interest. Li, K*, Rb" and C$ analogues of the Na{Gpreaction (Section 2.2.1) were
carried out to investigate possible differencesciystal packing. These used the
literature synthesis with the addition of the vasametal sulphate salts in place of
NaSO,. Solvent layering was used for crystallisation s the literature [2].
Unfortunately these experiments were of limitedcess. The Liexperiment oiled,
and the Rband C$ experiments gave very few crystals, most of whigte small
blocks of salts (IR showed no citrate peaks) witllyoca handful of very small
hedgehogs. Although the'kexperiment produced a reasonable yield, the hedgeh
obtained were so small and delicate that they sird@integrated when any attempt
was made to harvest them. Clearly these wereegagsilile routes to these compounds

given the quantities required for analysis, andtmoscially, a viable SQUID sample.

Fortunately, experiments using the novel superhealgisynthesis (increased final pH
of 7.50, Y literature salt concentration) were sgstul and have given large
hedgehogs using LiK*, Rb" and C$ salts. These experiments provide crystals in
good yield. Interestingly, products were also oted using M§" and C&" salts,
however the hedgehogs were extremely small andalejiand so no further analysis

was feasible.

For direct comparison with the following sectiotisg temperature dependence of

for the hydrated and dehydrated NagEmeasured in a 1000 Oe field is shown in
Figure 2-35. The features of th& curves are similar to those seen in 100 Oe in
Figure 2-28, with the hydrated data displaying akpat low temperature around 7.4
K, which in this case is less distinct and more lkk plateau. The dehydrated data
after 1 hour in vacuum shows a decreasing curvenarthat temperature with a small
peak feature at 2.9 K. In the more linear regiohigh temperature, the value of at
290 K is 18.10 crimol’K for the hydrated sample and 16.89%mml'K for the
dehydrated sample.
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Figure 2-35— Hydration dependence of th€ curve of Na{Cg}, measured in a 1000
Oe field. A comparison of the fresh hydrated sanfplue diamonds) with the

dehydrated sample measured after 1 hour (red teghi vacuum.

2.3.1 — Lithium Analoque

2.3.1.1 — Synthesis of [NM&;Li{Co 4(cit) /Co(H,0)s],}.16H,0
CoSQ.7H,0 (2.030 g, 7.2 mmol) and citric acid monohydraté&s{8 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.93 g) was added until
pH 7.50 was obtained15 ml of solution was diluted with 15 ml,8 and 0.145 g
Li,SO, added. 1.0 ml aliquots were mixed with 3.1-4.06t®H or layered with 5.0
ml EtOH. Small pink hedgehogs formed in moderagidy selected IR data (chr
3209 (m), 1549 (s), 1487 (m), 1378 (s), 1287 (2BA(m), 1090 (w), 1060 (w), 952
(w), 923 (w). Analysis, calculated (found) foggH104C0sN3Os4Li: C, 23.97 (23.78);
H, 5.81 (5.59); N, 2.33 (2.33).
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2.3.1.2 — Structure of [NMg]sLi{Co 4(cit) JCo(H,0)s],}.16H,0

The Li{Cog} is structure is very similar to that of Na{go Both structures are in the
Pna2; space group and have unit cell dimensions of 8.893(3), b = 14.3843(18), c
= 21.691(3) A for Naand slightly longer dimensions of a = 23.240(5¥, b4.527(3),
c = 22.523(5) A for Li. The packing of the Goclusters in Li{C@} is the same

‘herring bone’ pattern as previously seen for NajC{Figure 2-21), with the
tetramethylammonium ions filling the channels betwéhe clusters when seen along
the a axis, as shown in Figure 2-36. The Li{§@ubane bridging angles are in the
range 94.43-101.37° with Co-O bond lengths of 22Pd&F4 A, which are broader
ranges than those found for Na{gf¢Section 2.2.2).

Figure 2-36— Cluster packing in Li{Cg} crystal structure, viewed along tlaeaxis
(Co blue, O red, C grey, N pale blue, H and lattie¢er omitted).

The diffraction study was complicated by the fdwttthe crystal used was multiple
twinned, a problem previously encountered withghdium version. The Lications
could not be found in the structure due to theialselectron density and the fact that
they were likely to be disordered over severalssiike the sodium analogue.
However due to the similar positions of the tetrdigammonium counterions in the
two structures it is likely that the Lions could be present in same regions as tfe Na
seen in Figure 2-22. Multiple twinning of the dials was a particular problem with
Li{Co¢} and they proved to be relatively unstable, ashinita few weeks the

hedgehog formations shattered and were reducedristalline carpet of shards.
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2.3.1.3 — Magnetic Properties of L{Cgt
In Figure 2-37 the value off at 290 K for Li{Ca;} is 17.5 cnimol™K, and it remains

reasonably constant on cooling to 100 K, after Wia@radual decrease occurs that is
indicative of antiferromagnetic interactions. Tdexrease is almost linear between 50
and 24 K, with a region of increasing downward atuve centred on ~8 K, which is
followed by another rapid linear decrease fromt8.7..8 K. Although there is no
prominent peak or plateau as seen for the hydided@€og} it is interesting to note
that the region of the curve with the greatest geaaf gradient occurs at similar
temperature. Overall, the Li{Gp T curve shape resembles the dehydrated Ng{Co
rather than the hydrated Na{galata of Figure 2-35.

The magnetisation curve of L{Gp(Figure 2-38) is also similar to that of Na{g}o
The magnetisation is not saturated in a field of With a value ofM/NS = 9.74,
which is of a magnitude closer to the dehydratedCdgl data. By contrast the
Li{Co¢} out-of-phase ac susceptibility data shown in Feg2-39 has the onset of a
frequency dependent signal that was previously $eethe hydrated Na{Gg, and

there are no distinct peaks present.

This apparent mixture of similarities may be expdal by the fact that this sample
was restrained in eicosane wax to prevent torqafnpe crystals. It is possible that
the heat from the molten eicosane and the heafittgecsample to ensure that the wax
was evenly dispersed may have partially dehydrétedsample before it was fully
sealed from the air. This may have affected thesueceptibility without being
sufficient to cause a colour change or the appearahy”’ peaks. Measurements of
Na{Cog} in eicosane wax have also shown similar effeei) a reducegT curve. It
should also be noted that as previously mentionésleiction 2.2.5, the application of
heat to Na{Cg} did not give ¥' peaks, which could be due to decomposition of the

sample or shattering of the crystals due to theshatk.
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Figure 2-39— The out-of-phase component of the ac susceptibor Li{Co g}.

2.3.2 — Potassium Analoque

2.3.2.1 — Synthesis of [NM&;K{Co 4(cit) JCo(H,0)s]-}.14H,0

CoSQ.7H,0 (2.030 g, 7.2 mmol) and citric acid monohydrété&s{8 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.93 g) was added until
pH 7.50 was obtained15 ml of solution was diluted with 15 ml,8 and 0.230 g
K>SO, added. 1.0 ml aliquots were mixed with 4.1-5.06t0OH or layered with 5.0
ml EtOH. Small pink hedgehogs formed in low yieddhng with fine colourless salt.
Hedgehog crystals, selected IR data 8219 (m), 1551 (s), 1486 (m), 1377 (s),
1288 (w), 1239 (m), 1091 (m), 1058 (w), 951 (m)2 9@).

The potassium analogue of the NafEsuperhedgehog synthesis was the least
successful at producing crystals. The hedgehagdtons obtained were very small
(approximately the size of the Na{gohedgehogs produced using the original
literature synthesis), and the rods appeared veughr and of poor quality by
microscopy. There was also a significant probleith wery finely divided colourless
salt impurities which tended to coat all surfacégdeed it was not uncommon for the
hedgehog to be partially submerged in a heavyssepension layer. Collection of

the crystals without the salt impurity was veryfidiilt, and even after water washes
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the microanalysis still suggested the presence alf, swith a formula of
[NMe4]sK{Co4(cit)4)[ Co(H20)s]2}.14H2,0 . Ya([NMe&y] . SOy). Analysis, calculated
(found) for G7H108C0sN328050 KSp 125 C, 24.27 (24.07); H, 5.67 (5.22); N, 2.49
(2.92). A single crystal X-ray diffraction study was attetegh, but was unsuccessful
as the diffraction was very poor due to the lowsta quality. Due to the problems

with the product crystals no further analysis @ Ki analogue was carried out.

2.3.3 — Caesium Analoque

2.3.3.1 — Synthesis of [NM@&;Cs{Coq(cit),/Co(H,0)s],}.16H,0
CoSQ.7H,0 (2.030 g, 7.2 mmol) and citric acid monohydratés{8 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.93 g) was added until
pH 7.50 was obtainedl5 ml of stock solution was diluted with 15 mj®and 0.478
g CsSO, added. 1.0 ml aliquots were mixed with 4.8-5.8EtDH or layered with
6.0 ml EtOH. Pink hedgehogs/rods formed in moeeyild, selected IR data (€
3226 (m), 1550 (s), 1487 (m), 1379 (s), 1287 (B8 (m), 1090 (w), 1059 (w), 951
(m), 923 (w). Analysis, calculated (found) fogsB104C0sN3054Cs: C, 22.40 (22.41);
H, 5.43 (5.41); N, 2.18 (2.54).

2.3.3.2 — Structure of [NMg];Cs{Coq(cit)/Co(H,0)s],}.16H,0

The caesium analogue crystallises inBma2; space group with unit cell dimensions
of a = 23.049(13), b = 14.6342(8), ¢ = 20.9420The a and ¢ dimensions are smaller
than those of Na{Cg§ and the b dimension is longer, giving an ovenatit cell
volume of 7063.81 Athat is smaller than the Na{govolume of 7205.24 A The
Cos cluster packing is the same as that for thé Bad Li analogues, but the

counterion positions are different. The'@sunterions are located close in to thg Co
clusters as seen previously with Naut in this case they are disordered over three
sites rather than two, and the larger €an coordinate to a greater number of the
oxygens of the cluster. The tetramethylammoniuns iare also in new positions,
with the greatest difference seen for the pairaofsiat the top of the channels in
Figure 2-40 which are shifted towards the clusteesy close to one of the Csites.
Within the cluster the Cs{Gp cubane bridging angles are in the range 95.86d1101
with Co-O bond lengths of 2.074-2.134 A.
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Figure 2-40— Cluster packing in Cs{Gpcrystal structure, viewed along tlheaxis

(Co blue, O red, C grey, N pale blue, Cs pink, id kattice water omitted).

2.3.3.3 — Hydration Dependent Magnetic Propertiesf@s{Cos}

The T curves for both hydrated and dehydrated Cgf@oe shown in Figure 2-41.
At 290 K the value ofT for Cs{Ca;} is 17.2 cnimol*K when hydrated and 16.8
cm®mol*K after one hour of dehydration in vacuum. Botives once again display
a relatively constant region between 300 and 1560llkwed by a decrease on further
cooling, which becomes more rapid and linear betw&® and 24 K. A very broad
feature is seen at lower temperatures (which issnpoominent in the hydrated data)
with a rapid decrease ipl below 8 K. The reduction in thgl curve at low
temperatures on dehydration is not as great aséwt for Na{Cg and this may be
due to the larger number of lattice water molec{désrather than 11) resulting in less
water removal in the same vacuum time. The Cgf@wgnetisation curve of Figure
2-42 shows a reduction in magnitude on dehydratiath an unsaturated value of
M/NSG = 11.3 when fresh and/NgS = 8.45 after 1 hour in vacuum.

The onset of a frequency dependent signal in theobphase component of the ac
susceptibility for the hydrated Cs{go(Figure 2-43) is transformed into distinct
peaks on dehydration (Figure 2-44). There is amaty with the greater magnitude
of the dehydrate/' peak at 1267 Hz which could be due to an instrdad@mror (see
Figure 2-18). An Arrhenius analysis of 130-1267 diiees an energy barrier dE/kg

= 22 K with o= 5.7x10%s, which is smaller that found for Na{gafter 1 hour.
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2.3.4 — Attempted Rubidium Analoque

2.3.4.1 — Synthesis of [NM#&{Cou(cit) JCo(H,0)s],}.18H,0

CoSQ.7H,0 (2.030 g, 7.2 mmol) and citric acid monohydrété&s{8 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.93 g) was added until
pH 7.50 was obtainedl5 ml of stock solution was diluted with 15 mj®and 0.355
g RSO, added. 1.0 ml aliquots were mixed with 4.3-5.1EtOH or layered with
5.0 ml EtOH. Large, chunky hedgehog crystals farnre good vyield, selected IR
data (crif): 3229 (m), 1550 (s), 1486 (m), 1378 (s), 1287, B39 (m), 1091 (m),
1054 (w), 951 (m), 922 (w). Analysis, calculatédufd) for GoH12dC0sN4Os6: C,
25.19 (25.16); H, 6.34 (6.08); N, 2.94 (2.96).

The rubidium analogue of the superhedgehog syrthmsived to be an exceptional
case. The product crystallisation required sevesdks longer than others in the
series, and the hedgehogs formed were noticeafigretit to the naked eye. Figure
2-45 illustrates how the hedgehog formations comdisnuch larger rectangular rods
rather than the much finer needle-like rods seeleedor Na{Cos} in Figure 2-19.
Also visible are some colourless salt crystals, énmv due to the large size and robust

nature of the hedgehogs the separation of the tagonet difficult.

Figure 2-45— Photograph of the hedgehog crystals obtained the rubidium

synthesis, seen in a 16 mm vial.

Microanalysis revealed that the product crystalsewet the expected Rb{Goand

were in fact the GCg¢ cluster with charge balance provided only by
tetramethylammonium counterions, with the formula
[NMe4]4{Coq(cit)4[Co(H0)s)2}.18H,0. This result was initially surprising, and it
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was thought that the absence of rubidium in thelpcomust have been the result of a
subtle solubility effect in the crystallisation gbbn. To investigate this possibility,
further experiments were carried out using the ioaig literature synthesis of
NMes{Cog} at pH 7 [2], which was modified to include addiial RBSO, for
crystallisation. As mentioned in the introductionSection 2.3, such experiments had
previously shown major problems with salt impustend very low hedgehog yields.
To reduce the salt impurities, bulk addition of Ht@/as used to rapidly precipitate
the salt, which was then removed by filtration. eTiitrate was divided into aliquots
in sealed vials for crystallisation. It was foutitht the yield of hedgehogs was
improved, although the formations were still venyadl and delicate. This approach
was therefore not an improvement over the origiapbrted synthesis of NME0g}

[2] which gave hedgehogs of a similar size.

Modified literature NMg{Cog} synthesis

CoSQ.7H,0 (2.031 g, 7.2 mmol) and citric acid monohydr&até&s{9 g, 7.2 mmol)
were combined in solution in 10 mhL&. NMeOH.5H,0 (~4.67 g) was added until
pH 7.05 was obtained. 15 ml of this stock solutieas diluted with 15 ml O and
1.411 g RBSO,.7H,O added. The solution was mixed with 120 ml EtQH t
precipitate excess salt that was separated batidtr and the filtrate divided into 5 ml
aliquots in sealed vials. Small pink hedgehogss, selected IR data (&hn 3210
(m), 1550 (s), 1486 (m), 1378 (s), 1287 (w), 1289, (1091 (m), 1058 (w), 950 (m),
920 (w).

2.3.4.2 — Structure of [NM@]_é{COé(Clﬂé[CO(H20)5]2}18H20

From the initial indexing of the unit cell by siregtrystal X-ray diffraction it became

apparent that the structure was considerably éifieto those seen in the rest of the
series. The unit cell dimensions included a loxig ahich presented a problem due
to the proximity of the diffraction spots to oneoéimer on the detector image. The
diffraction was also very weak for lab based eq@ptmand so the full dataset was
collected using a synchrotron source. Even sodiffi@ction remained weak and to

low angle. It was discovered that the rod cry$tain the hedgehog used for the
diffraction study was single, and did not suffee tiwinning problems found for the

Na{Cog} family, which is interesting given the large siakthe crystal and the overall
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similarity of the joined crystal formations. Thaiucell dimensions for NMgCoe}
are a = 23.0160(17), b = 24.4060(18), ¢ = 57.22&(#jth a volume of 32146 Aand
so it is much larger compared to Nafavith a = 23.093(3), b = 14.3843(18), c =
21.691(3) A and a volume of 7205 .A

In this case there are no alkali metal ions localede to the clusters as they have
been replaced with much bulkier tetramethylammonians and so a new packing
arrangement is required. Figure 2-46 illustratess the clusters are arranged in
square formations of chains in NMEog} as opposed to the parallelogram
formations seen for Na{Gp in Figure 2-22. This has interesting consequerice
the hydrogen-bonding between clusters, which noly oocurs within the layers of
clusters in thea b plane which are separated from each other by dbeterions, as
shown in Figure 2-47. Within the layers the clustadopt a similar ‘herring bone’
pattern to that seen for Na{go(Figure 2-48 compared to Figure 2-21). The
NMe4{Cog} cubane Co-O-Co bridging angles are in the rarjd®100.44° with Co-
O bond lengths of 2.022-2.153 A, which are broadeges than those of Na{glo
which has Co-O-Co bridging angles of 96.46-100.28% Co-O bond lengths of
2.070-2.142 A.

Figure 2-46— NMe{Cog} crystal packing and hydrogen bonding viewed altrepn

axis, highlighting the square arrangement of thister chains (Co blue, O red, C

grey, N pale blue. Hydrogen, Nieand lattice water omitted for clarity).
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Figure 2-47— NMe{Cog} crystal packing and hydrogen bonding viewed altngp
axis, showing the hydrogen bonded layers and thg umit cell b length (Co blue, O
red, C grey. Hydrogen, NMeand lattice water omitted for clarity).

Figure 2-48— NMe{Cog} crystal packing and hydrogen bonding viewed altrer
axis, showing ‘herring bone’ cluster packing (CadélO red, C grey. Hydrogen,
NMe;" and lattice water omitted for clarity).

This is the first time that the crystal structufeNivie,{Co¢} has been determined as
although a synthesis was previously reported [#,drystals obtained were multiple
twinned and of very small size and so were unsla@tétr diffraction studies. It is
interesting to compare Na{Go with NMesCog} since the intermolecular
interactions in the form of hydrogen bonds has brednced from a three dimensional

bonding network in Na{Cg to two dimensional planes in NM§C0g}.
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2.3.4.3 — Hydration Dependent Magnetic PropertiesfdNMe,{Cog}

The temperature dependence gf for hydrated and dehydrated samples of
NMe4{Cog} is shown in Figure 2-49. At 290 K the value f is 19.0 cmimol*K
when hydrated and 17.5 émol'K when dehydrated, which is consistent with six

noninteracting Co(ll) centres wit§ = 3/2 and averagg values of 2.60 and 2.49
respectively. The value gff for both curves remains reasonably constant ohngpo
from 300 to 150 K followed by a gradual decreadgelow this temperature the
hydrated curve shows a gradual decline to shaltmallminimum of 17.2 cfimol*K

at 240 K, followed by an increase (indicative ofréenagnetic interactions) to a
maximum peak value of 17.6 émol*K at 8.9 K before falling away sharply to final
value of 13.7 ciimol’K at 1.8 K. Meanwhile the dehydrated curve charfges an
initial gradual decline to much more rapid decrdaslew 50 K which continues to a
local minimum of 12.1 cimol*K at 5.9 K before increasing in a small, sharp peak
12.5 cnimol*K at 2.9 K, before falling rapidly to 11.0 émol™K at 1.8 K.

Comparing the hydration dependence of giiecurves of NMg{Coe} and Na{Cas}
(Figures 2-49 and 2-35) it can be seen that bothpoands display very similar
profiles. The constant regions from 300 to 150r& llowed by decreases with a
broad peak feature around 8.9 K when hydrated, simall peak around 2.9 K when
dehydrated, although these features are consigenaddre pronounced in the
NMes{Cog} data.

As can be seen from Figure 2-50, the magnetisatiove of NMe{Cog} displays the
reduction in magnitude on dehydration that is tgpiof the Cg family. Neither
curves are saturated in a 5 T field and have vabidd/NS = 11.5 when fresh and
M/NgG = 8.27 after dehydration. When comparing theed#éhce between the hydrated
and dehydrated magnetisation values at 5 T, ibis\d that NMg{Cog} shows a
smaller reduction (3.22), compared to NagE(3.58).
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The out-of-phase component of the ac susceptilidititNMe,{Co¢} changes from the
onset of a signal seen when hydrated in Figure ®5he well formed, distincy”
peaks of Figure 2-52 when dehydrated. The pealtisrcase are far sharper than the
broad peaks found for Na{@p It is also noteworthy that both Figure 2-51 &2
have the same scale and so fheignals are not reducing in size upon dehydrad®n
had previously been seen for Na{foFigure 2-31). These observations are
consistent with the hypothesis of a second oventgpp" signal at low temperature
due to intermolecular interactions, since theseaulshbe reduced in NMgCog} due

to the packing arrangement as two dimensional plarienydrogen bonded clusters
rather than the three dimensional hydrogen bondatgork found in Na{Cg. An
Arrhenius analysis of the peak positions for 2871Bf gives an energy barrier to the
reorientation of the magnetisation#/ks = 31 K with i, = 2.8x10°s. This value is
close to the previously reported value Af/ks = 32 K with i, = 2.1x10° s for
[NMey] 4{Co4(cit)s[Co(H0)s]2}.6H20 [2], and is also close to the Na{§value after

3 hours in vacuum withE/ks = 31 K with 1= 4.1x10°s.

The similarities in the behaviour of Na{goand NMe{Cog} are very interesting
considering the different packing of the cluste&nce both reside in ‘herring bone’
patterns, the consistent curve shapes observegalt@ps to be expected. The
reduction of the intermolecular interactions vialilggen bonds in NMgCog} due to
the layered structure could possibly explain thearmominent ferromagnetic peak
features. Future work could investigate this farthsing single crystal magnetisation
versus field hysteresis loops measured on a midddBQfor comparison with the
‘leaning’ Na{Cas} loops of Figure 2-27. The reduced hydrogen bogdnay also
facilitate the egress of water from the crystaiging larger and sharper ac peaks in a
smaller vacuum time for NM@Coe} compared with Na{Cg}, even though it has
more lattice water when hydrated (18 and 11 respdgl. Probably the most
interesting feature is the coincident values fer énergy barrier, which could indicate
a similar dehydrated species is formed in each, @sn though the overall packing
is different. The proposal of linking the clustémto chains of random length is still
feasible within the layers of NMfCog} structure, and indeed may be easier to

accomplish with fewer nearest neighbours to impedeganisation.
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Figure 2-49— Hydration dependence of th€ curve of NMe{Cog} measured in a
1000 Oe field. A comparison of the fresh hydragaohple (blue diamonds) with the

dehydrated sample measured after 1 hour (red teghi vacuum.

14

12+

10+

. + Fresh
. a1Hr

M (NB)

H (T)

Figure 2-50— Hydration dependence of the magnetisation cafwMe,{Co¢}. A
comparison of the fresh hydrated sample (blue dratepwith the dehydrated sample
measured after 1 hour (red triangles) in vacuum.

81



— 1267
— 976
— 476
— 225
— 130
— 28
—5Hz

¥ (cm 3mol'l)

©c o o o o B B = = B
o N & ()] o o N & o (e0]
| | | | | | | |

o
P
N
w
IN
&
o
~
0

T (K)

Figure 2-51— The out-of-phase component of the ac susceaptibok the fresh
hydrated sample of NMfCog}.
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Figure 2-52— The out-of-phase component of the ac susceaptibok the dehydrated

sample of NMg{Cog} measured after 1 hour in vacuum.
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2.4 — The 3D Network {NaCox(cit) ,/Co(H,0)3]-(H,0),5.3H,0

We have a particular interest in cobalt citratenciséry, which often features the

cobalt(ll) citrate cubane {C¢cit),}® as a structural unit, and has itself been shown to
be a single molecule magnet as [C@¥H{Co4(cit)s}.4H,O (Section 2.1) [7]. The
large number of carboxylate oxygen atoms aroundthside of this cubane provide
coordination sites that make it an ideal candidfde linking into networks.
Previously in Section 2.2 the g&MM was discussed, which consists of the
cobalt(ll) citrate cubane with two peripheral oadhal cobalt(ll) centres
[NMey]sNa{Coq4(cit)s[Co(H20)s5]2}.11H,0 [2]. Campcet al. have reported a 1D chain
of cobalt(ll) citrate cubanes with peripheral oeadial cobalt(ll) centres {Gs
[Coz(cit)a(H20)134} 2.15HO which can be transformed into a 2D network
[Co(H20)6){Cs2[C0g 5(Cit)4(H20)q]} 2.3H0O by crosslinking [10]. We now report a 3D
structural network of cobalt(ll) citrate cubaneskkd by octahedral cobalt(ll) centres
{NasCoq4(cit)4]Co(H20)3]2(H20)15.3H,0O thus completing this dimensional set of
networks. We note that a 3D network based on t@hatubanes with citrate has
been reported by Xiangt al. [11] [KCos(cit)(Hcit)(H.0),].8H.O, however the
bonding between cubanes differs due to the tetrahedordination of the linking
cobalt(ll) centres. We would also stress thas ibmly since our recent report of the
SMM behaviour of the discrete Caitrate cubane [7] that the significance of this
family of linked networks has become apparent, Whaclds further value to both
existing magnetic characterisation and measuremgattto be reported (1D ribbon,
2D net). Lin et al. have reported a 3D net of cobalt(ll) cubanes [12],
C0y(CH30)4(CH30OH)4(dcn), however these do not include citrate ligands tred

discrete cubane subunit has not been shown toitunas a SMM.

2.4.1 — Synthesis of {N&o4(cit) /Co(H,0)3],(H,0),5.3H,0

CoSQ.7H,0 (2.031 g, 7.2 mmol) and citric acid monohydraté&s{9 g, 7.2 mmol)
were combined in solution in 10 mhb&. NMeOH.5H,0 (~4.80 g) was added until
pH 7.50 was obtained. 15 ml of solution was ddutath 15 ml HO and 0.375 g
NaSO, added. 1.0 ml aliqguots were then mixed with 12-&l EtOH. After 7

months in a sealed vial, pink crystals were producevery low yield. Selected IR
data (crit): 3226 (m), 1543 (s), 1382 (s), 1294 (w), 1241, (b®91 (m), 954 (w), 922
(m), 851 (m).
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2.4.2 — Structure of {NaCo(cit) JCo(H,0)3],(H,0)151.3H,0

The structure of the 3D network is shown in Fig2+&3. Coordination to the cubane

for linking can occur on either thecarboxylate of-carboxylate oxygen sites of the
citrate ligand. In this case, the linking octaftadrobalt(ll) centres are coordinated
only to thep-carboxylate sites. Two citrate ligands of the anub have two linkers
coordinated, and the other two citrates coordirate linker each. Each linking
centre connects to three carboxylates of neighgorubanes in a T formation, with
the other three sites filled by water moleculesont Figure 2-53 it can be seen that
when viewed along tha andb axes the cubanes are arranged in crosslinkedschain
The parallelogram shaped channels between the <haia filled by sodium
counterions that are coordinated to cubane oxygews water molecules. In the
network, the cubane Co-O-Co angles are in the r@6ge7-99.76° with Co-O bond
lengths of 2.049-2.135 A, which is similar to thisalete Cq cubane SMM which has
Co-O-Co angles in the range 97.18-99.24° with Cloe®d lengths of 2.090-2.136 A.

The variety of available coordination sites surmding the cubane provides the
flexibility for the synthesis of the different cabnation networks. The discrete £0
SMM cluster has two peripheral octahedral cobalt@entres attached via-
carboxylates on opposite sides of the cubane.hénlD and 2D networks [10] the
peripheral centres are coordinated to bothotfoarboxylate ang-carboxylate sites,
while our 3D network features onptcarboxylate coordination. In the structures of
the Cgq cluster family and the 1D, 2D and 3D networks, plaeking arrangements
result in ‘bands’ of cubanes and peripheral/linbetahedral cobalt(ll) centres that are
separated by the counterions (see Figures 2-53,, 222, 2-46, 2-48). In the
tetrahedral linker 3D network [11] each citrate thie cubane has two linkers
coordinated only through thg-carboxylates, with a much more regimented
rectangular packing arrangement of the cubanesighdissimilar to the octahedrally

linked cases.
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Figure 2-53— 3D network structure, shown as an enlarged feagrupper right),
viewed along cubane chains (upper left) and semmgéal (lower left) anda (lower
right) crystallographic axes (Co blue, O red, Cygk¢ and N& counterions/water

omitted for clarity).

2.4.3 — Magnetic Properties of the 3D Network

Figure 2-54 illustrates the dc magnetic suscejtitolf the 3D network measured in a
1 kOe field. On cooling from 300 KT shows a very gradual increase to a maximum
of value of 19.7 crfimol*K at around 120 K, followed by a gradual decrease t
minimum of 18.4 crimol K at 20 K, then increases rapidly to 22.1°omol*K at 1.7

K. The increase below 20 K is indicative of feragnetic coupling. The high
temperature behaviour is similar to the discretg €dane which shows a gradual
increase iryT on cooling, with a maximum at 80 K followed by ecdease, however
at temperatures below 20 K th& curve decreases, in contrast to the 3D network.
Like Caq, the Cgq cluster also displays a broad maximum and decreasew

temperature.

85



16 14+

14 ] 121 8

Y

N
1
*

M (NB)

2T (cm’mol'K)
o B
| |

[e2}
1

N
PR

r
|

(=
o .
o
o
-
o -
o
-
o
o
[ *]
o
o
N
o -
=]
W
o -
=1

T (K)

Figure 2-54— Temperature dependence/dffor 3D network measured in a 1000 Oe

field. Inset shows field dependence of the magagtn at 2 K.

The field dependence of the magnetisation of then8Wvork at 2 K reaches a value
of MINB=13.6 at 5 T. No hysteresis was observed at F#tther investigation was
carried out using a single crystal measurement oniao-SQUID, the results of
which are shown in Figure 2-55. With a sweep t@ mT/s hysteresis loops are
seen below 0.6 K. These broaden on further coolitl, a step feature appearing at
0.1 K which is distinct at 0.04 K. In the caseaofingle molecule magnet with an
Ising type (easy axis) anisotropy, increasing theep rate of the magnetisation
should increase the width of the hysteresis lodgewever, inspection of the sweep
rate dependence of the 3D network reveals thahcreasing the sweep rate the loops
narrow, suggesting an easy plane magnetic anigotrdjne step feature in the loop
also disappears at higher sweep rates. For cosgpatihe discrete Ga@ubane SMM
hysteresis loops collapse at zero field due to Wasg quantum tunnelling of the
magnetisation. The G&MM hysteresis loops do not show fast quantum eLliimgj,
but they are complicated by the presence of intexoutar interactions and display

only small sweep rate dependence.
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Figure 2-55— Temperature (upper) and sweep rate (lower) dbgpere of single

crystal magnetisation versus field hysteresis |dopshe 3D network.

The ac susceptibility data of the 3D network isvehan Figure 2-56. The out-of-
phase component in the range 130-1997 Hz showsnbet of a peak that is similar
to the curve shape gf' seen for the hydrated gacluster (Figure 2-57). At higher
frequencies in the range 2997-9997 Hz the netwdrlcurves show an unusual
crossover in the region of ~3-4.5 K. The shapethef y" curve plateau at the
crossover is reminiscent of the high frequency beha of the hydrated Gocluster

which displays a step-like plateau between 2.5&BK. At frequencies above 2997
Hz the Cgy" curve separation reduces and the step becomesprmreunced until

6997-9997 Hz where the curves are very close teget@rucially, the curves do not
cross as the magnitude gf increases with frequency unlike the behaviour olexe

for the 3D network. By contrast, the £8MM displays distinct peaks at all
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frequencies between 130 and 9997 Hz (Figure 2-5RK).is suggested that the
crossover in the 3D network curves is caused bgcarsl overlapping” signal, in a
similar manner to that discussed earlier for the €uster (Sections 2.2.4 and 2.2.5).
Similar effects to the hypothetical intermolecuilateractions of the Gocase would
be expected to be present in some form in the 3Wark due to the similarity of the

structural components.
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Figure 2-56— The in-phase and out-of-phase components ddtsisceptibility
shown asy'T versusT (upper) angy" versusT (lower), with inset expansion of 130-
1997 Hz.

A crossover of y" curves has been seen for the 2D ;Mmetwork
[Mn4(hmp)Bry(OMe)(dcn)].¥2H,O.2THF reported by Miyasakat al. [13] that
displays complex magnetic behaviour between thédiwf the SMM and classical
regimes. However, for the manganese network aflsmed frequencies 50-1488 Hz
underwent the crossover, unlike in this 3D cobattwork where it is observed only at
higher frequencies. For the 2D Mnetwork, a plot of the frequency dependence of
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"' revealed peaks indicative of a changeover betw®en different relaxation
pathways, however a similar analysis of the datatlie 3D cobalt network did not

give any analogous peaks.

Comparing this 3D network with octahedral linkeosthat of Xianget al [11] with
tetrahedral linkers it is found that th@ curves are similar as they both show no
major slope between 300 and ~50 K and an increatmvb20 K. However an
interesting difference is that the net with octahédinkers does not display the
reported antiferromagnetic decrease between 43 28h& which is seen using
tetrahedral linkers. The tetrahedral linker naejsorted to display hysteresis loops at

2 K, however these appear to be extremely narrow.

In summary, the structure and magnetic properties movel three dimensional
structural network based on single molecule magolealt citrate cubane subunits has
been determined. This completes a dimensionaifséiscrete cluster and 1D, 2D and
3D linked networks that are accessible due to theety of coordination sites
provided by the citrate ligand. The network digpléerromagnetic interactions at low
temperature, and magnetisation versus field hysteteops that are temperature and
sweep rate dependent consistent with an easy-piaagnetic anisotropy. This
highlights the changeover from the single molecubgynet behavior of the discrete
Cos cubane to long range ordering by linking theseusiib into a 3D network. Ac
susceptibility measurements show an unusual cressiivat may be the result of
overlapping signals from several relaxation pathavayFuture work will include

specific heat capacity measurements to investigaignetic ordering.

Section Compound AE (K) 7o (s) | M/INB at5T
2.1.4 Co, 24 3.4 x 1¢° 6.78
225 | dehydrated Na{Cd 28 8.2 x 10° 8.75

2.3.3.3 | dehydrated Cs{C9 22 5.7 x 1¢F 8.45

2.3.4.3 | dehydrated NMgCog} 31 2.8 x 10° 8.27
2.4.3 3D network - - 13.6

Table 2-4— Comparison of selected magnetic data for comg@based on Cobalt(I1)
citrate cubane units (data shown for 1 hour of vacdehydration).
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Figure 2-57— Comparison of the out-of-phase component oathsusceptibility
shown asy” versusT for [C(NH>)s]s{Co4(cit)4}.4H,0 (top),
[NMe4]sNa{Caq(cit)4[Co(H20)s]2}.11H,0 (middle) and
{Na4Coq4(cit)4[ Co(H20)3]2(H20)15}.3H,0 (bottom) with the proposed region affected
by a second overlapping signal highlighted.
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3.0 — The Copper Guanidinium System

The study of the copper guanidinium system wasaibed by a heterometallic

experiment that was based on the Claster synthesis.

Copper and cobalt heterometallic synthesis

To a solution of citric acid monohydrate (0.55 ¢ Pamol) in water (50 mL) was
added a solution of Co(N§3.6H,O (0.38 g, 1.3 mmol) and Cu(N}R.3H,0 (0.31 g,
1.3 mmol) in water (50 mL) followed by a solutiohguanidinium carbonate (1.87 g,
10.4 mmol) in water (50 mL). The solution wasrstir and then left to stand. After
three hours pink prism crystals appeared (singystar XRD confirms Cg cluster
unit cell). These were collected by filtration atfg remaining blue solution slowly

evaporated, giving large numbers of blue crysttiés ane month.

This experiment highlights the remarkable abilifytiee guanidinium ion to template
specific dominant products. In the space of habnescobalt(ll) was separated from
the dark purple solution by crystallisation as @ cluster, leaving a blue solution
that on slow evaporation gave crystals of a novapper(ll) dimer
[C(NH)3]4{Cuy(cit),}.H,O (Section 3.1) after a month. Once again the dyein
bonding ability of the guanidinium ion is an imgaont factor, since the rapid removal
of cobalt from the solution as the very stable erstluble Cq crystals is responsible
for the ease of separation of the two metal specig@his straightforward metal
separation is most dramatically illustrated by tiwdours of two types of product
crystals as shown in Figure 3-1. The technique alss found to be robust, and was
able to prove the presence of cobalt in a cobadpeo mixed metal species prepared
by Marta Martinez-Belmonte (Price Research Group) sample was treated with
acid to remove the bound oxalate ligand, followeddudldition of citric acid and
guanidinium carbonate, which produced small, pelkngated prism crystals of €o

overnight.

Figure 3-1— Photographs of the crystals of [C(N4ls{Co4(cit)s}.4H-0 (left) and
[C(NH3)3]4{Cux(cit),}.H 20 (right) from the heterometallic synthesis.
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3.1 — Copper Citrate Dimer [C(NH,)3]1{Cu(cit),}.H,O

3.1.1 — Synthesis of [C(NK)s].{Cu(cit),}.H,O

To a solution of citric acid monohydrate (1.09 & 5nmol) in water (50 mL) was
added a solution of Cu(N{3.3H.,O (1.26 g, 5.2 mmol) in water (50 mL) followed by
a solution of guanidinium carbonate (3.75 g, 20/@at) in water (50 mL). The

solution was then left to stand uncovered. Aftendnth of slow evaporation, a large
yield of blue rectangular crystals formed, seledidata (crit): 3315 (m), 3140 (m),
3093 (m), 1676 (s), 1650 (s), 1603 (s), 1577 (8#6L(m), 1429 (m), 1371 (s), 1291
(w), 1245 (s), 1133 (m), 1069 (m), 950 (w), 92Q )2 (m), 742 (m). The crystals
were collected by filtration and recrystalliseddigsolving in minimal water and then
slowly evaporating the solution. The powdered dampsed for analysis were found
to be slightly hygroscopic and analyse as the duigd calculated (found) for
Ci16H36CWN12016: C, 24.65 (21.54); H, 4.65 (4.63); N, 21.56 (2).32

Somewhat unusually for a guanidinium product, thigper citrate dimer was found to
be water soluble, thus allowing recrystallisationtle product in this case. This
solubility also explains why the copper citrate dimonly crystallises on slow
evaporation in the mixed metal separation whemsai$ first discovered. The pure

copper synthesis described above was used to gersaraples for further analysis.

3.1.2 — Structure of [C(NH)3]{Cu,(cit),}.H,0O

The copper citrate dimer crystallises in tRAbca space group and consists of two
copper centres bound by two citrate ligands as shmwFigure 3-2. The central
alkoxide group of the citrate bridges the two copgntres, with further coordination
by the B-carboxylate groups to impart a distorted squaengd geometry, with a
notable twist towards tetrahedral. The Cu-O-Culdirig angles are 95.1@&nd the
bridging Cu-O bond distances are 1.92 and 1.93Ak interesting feature of the
structure is the alignment of each of the&arboxylate groups towards one of the
copper centres, with a long contact distance 08 A6 This is considerably longer
than the bridging bonds, though as will be discddater, the long contact plays an

important structural role.
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Figure 3-2— Copper citrate dimer structure (left) and bndgplane view (right), (Cu
orange, O red, C grey, H omitted, long contact lghited in green).

The guanidinium counterions are arranged in colutimsugh the copper citrate
dimer crystal, as had previously been seen in thecGbane structure (compared in
Figure 3-3), and are involved in hydrogen bondinghwthe citrate carboxylate
oxygens. An examination of the crystal latticeg(ife 3-4) also reveals that the
citrate alkoxide oxygen and-carboxylate oxygen of the dimer units are hydrogen

bonded via intermediate water molecules.

Figure 3-3— Column arrangement of the guanidinium counteriarthe Cq (left)
and copper citrate dimer (right) crystal lattidepwn as unit cells viewed along tbe

anda axes respectively (Co blue, Cu orange, O rede@,d\ pale blue, H omitted).

94



Figure 3-4— Hydrogen bonding between copper citrate dimersvater (Cu orange,
O red, C grey, N pale blue, H white, guanidiniundtogen bonding omitted).

3.1.3 — Magnetic Properties of [C(NHK)s]l{Cu(cit),}.H,O
The dc magnetic properties of the copper citrateediare illustrated by Figures 3-5

and 3-6. Figure 3-5 shows the temperature depeerdeiy T measured in a 1000 Oe
field. This gradually increases on cooling fronD30 ~50 K at which point the curve
plateaus, reaching a maximum value of 1.16°woi'K before decreasing at
temperatures below 10 K. The magnetisation cuhava in Figure 3-6 increases
steadily between 0-1 T, followed by a gradual cuha obtains a final value dM/NS3
=212at5T.

TheyT curve data was fitted using CAMMAG, using a dnmodel @ = -2JSS,) for
the coupling between the tw® = 1/2 centres. The best fit was obtained usimg th
parameterg = 2.16 and) = +86.5 K and this reproduces the curve reasonably
over the temperature range 300-10 K, as shownguar&i3-5. The increase gf on
cooling is indicative of ferromagnetic coupling Wween the two copper centres of the
dimer, and the maximum par and the magnetisation curve are consistent Wik d

ground state.
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Figure 3-5— Temperature dependence@ffor [C(NH,)s]4{Cux(cit),}.H,O measured
in a 1000 Oe Field, with the curve fit shown aga@line § = +86.5 K,g = 2.16).

2.5

2.0

1.5+

M (NB)

1.0+

0.5+

0.0

15 20 25
H (T)

3.0 3.5 4.0 4.5

Figure 3-6— Field dependence of the magnetisation at 2 K for
[C(N H2)3]4{CU2(Cit)2}. H 0.

96

5.0



The ferromagnetic interaction determined by the me#g measurements is in
agreement with structural considerations, as tidgiorg angles of 95.T6are below

the ferromagnetic to antiferromagnetic changeov87& seen in previous studies of
planar hydroxo-bridged dimers (Section 1.2) [2,3There is a linear relationship
between the value ofland the bridging angle for hydroxide bridged disn@] and a

linear relationship is also observed for alkoxideddpes, with an offset in the
changeover angle to a smaller value of 9%334]. The bridging angle of the copper

citrate dimer is therefore smaller than both of#heritical angles.

However, care must be taken with comparisons tostiegi experimental
magnetostructural research, since by their veryreahese studies focus on families
of compounds with closely related structures. @liiph the behavioural trends may
indeed be consistent over many families of compsusdch as the relation between
bridging angle and R the studies cannot easily determine the effe@ cdbmponent
part of a distortion on the overall magnetic chaaaof the full compound structure.
Combination of different studies also presents gheblem of chemical differences
between the product families, which may have cocagibns such as intermolecular

interactions or other unidentified effects.

Instead it may be useful to consider computatiabadlies of the systems where the
effect of a variety of distortion types can be istvgated on the same structure system.
Relevant publications to the research in this araptclude a report by Het al.
which considered the effect of structural and cloainiparameters on magnetic
coupling in hydroxo-bridged copper(ll) dimers [5Ftudies by Ruizt al. modelled
both hydroxide and alkoxide bridges, compared #wilts obtained by the various
computational methods available against real erpmrtal values [6] and also
considered the effect of coordination by countesipfi. These papers used Density
Functional Theory (DFT) with a broken symmetry aygmh to investigate the effects
of the copper environment, non-bridging ligands @O, core geometry distortions
including asymmetric bridging. The general conidos of these papers are relevant

for the distortions observed in the novel coppgdimers throughout this chapter.
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The modelling studies [5,6,7] suggest that the dimation environment of the copper
centre is important and that a distortion from squplanar towards a tetrahedral
geometry (as found in the copper citrate dimer)uced the antiferromagnetic
contribution. Increasing the electronegativitytioé non-bridging groups was found
to enhance ferromagnetic coupling, and in this dithe copper centres are bound by

the electronegative oxygen atoms of the citratnidy

The geometry of the bridging oxygen group was disoed to have a great effect on
the magnetic coupling, with an out-of-plane displaent of the bridging group
biased towards ferromagnetic interactions. Thecadiery of this important

contribution to the magnetic properties highlighitee utility of computational

methods, since previous experimental studies [2jlccaot determine this effect,
particularly due to the uncertainty in the positiohthe hydrogen of the bridging
ligand obtained using X-ray diffraction. The hygem position can also be affected
by interactions with counterions [6]. Inspectiohtlee copper citrate dimer reveals
that thea-carboxylate long contact pulls the attached altexgroups away from the
bridging plane (Figure 3-2) and so this is likely increase the ferromagnetic

character.

Unsurprisingly the DFT studies found that a small-@Cu angle is the most

important factor to favour ferromagnetic couplinged Section 1.2). Again, the
copper citrate dimer has a small bridging angle tduthea-carboxylate long contact

pulling the attached alkoxide groups further aparhe magnetostructural features of
the copper citrate dimer are therefore consistatit both the experimental results
[2,4] and theoretical modelling studies [5,6,7].
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3.1.4 — Copper Citrate Dimer High Pressure Structual Study

A high pressure single crystal X-ray diffractiorudy of the copper citrate dimer
crystals was carried out. Table 3-1 illustratesrdduction in the unit cell volume as
the pressure is increased. In this case the eflicdength elongates on increasing

pressure while tha andb lengths contract.

Pressure Unit cell dimensions (A) Volume
(kbar) a b c (A3
Ambient | 11.716(7) 14.713(9) 17.93(1) 3092(3)
3 11.5200(4) 14.4315(7) 18.012(3 2994.5(5)
11 11.2728(8) 13.868(1) 18.219(4 2848.2(6)
22 11.1332(5) 13.4098(7) 18.367(2 2742.1(4)

Table 3-1- Effect of pressure on the unit cell dimensions of
[C(NH2)3]4{CU2(Cit)2}.H20.

Table 3-2 shows the effects of the applied pressarthe bridging structure and the
long contact distance. This reveals that the loogtact distance between the
carboxylate and the copper(ll) centre decreasesiderably on application of
pressure, with a reduction of 0.22 A at 22 kbar parad to ambient conditions. It is
interesting to note that the citratecarboxylate groups of the stacked dimers are
arranged approximately aligned with the crystaldginicb axis (horizontal green axis
in Figure 3-3), which is seen to undergo the largeduction in Table 3-1. On
increasing the applied pressure, the Cu-O-Cu brigigingles are reduced, with a
change of 1.2 over the 0-22 kbar range. The Cula-O7 bond distas seen to
elongate with increased pressure (Figure 3-7).s Ehthe bridging bond that forms a
coordination ‘loop’ between the citrate ligand ahd copper centre Cula via the long
contact (Figure 3-2). The Culb-O7 distance vanatsdoes not display an overall
trend. These features can be explained bytbarboxylate bending over to shorten
the long contact, which pulls the connected alkexgdoup further out from the Cu-
Cu plane, lengthening the bridging bond Cula-O7 pramtlucing a more acute
bridging angle.
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Pressure Cu-O-Cu Angles (°) Cu-O Bond Lengths (A) a-CO, Long Contact
(kbar) Cula-O7-Culb Cula-O7 Culb-O7 Cula-O5
Ambient 95.16(9) 1.934(2) 1.924(2) 2.628(3)
3 95.0(2) 1.938(4) 1.919(4) 2.567(4)
11 94.4(1) 1.942(3) 1.922(3) 2.470(3)
22 94.0(1) 1.956(3) 1.917(3) 2.407(4)

Table 3-2— Effect of pressure on the Cu-O-Cu bridging stiretand the:-
carboxylate long contact of [C(N}]s{Cuz(cit)2}.H 20.

Since the Cu-O-Cu bridging angles become more asuter pressure, it would be
expected that the dimer exchange interactions wbatme more ferromagnetic in
character. Future work that would be of interesfudes a magnetism study under
high pressure to observe changes in magnetic balraas a result of altering the
bridging angles and bond lengths. Unfortunately #tudy was not possible within

this research timeframe.

3.1.5 — Copper Citrate Dimer High Pressure Electroit Spectroscopy

A colour change of blue to green was also obseatddgh pressure, which may be
the result of the changing coordination environmehtcopper centres due to the
decreasing long contact distance. To investigatéhdr, electronic spectra were
measured at ambient conditions and at high pressisreshown in Figure 3-7. A
preliminary analysis of the results suggests thettenic spectra differ due to a
change in the coordination number, as the spectppears to change from two
allowed transitions in the pseudo-tetrahedidqf 4-coordinate unit to (mainly) a
single allowed transition in the 5-coordinate W@4,) (i.e. in Dyq symmetry the E-

B, and A — B; transitions are allowed, and @y, only the E— B; transition is
allowed). It was found that on increasing the pues, the maximum in the peak at
640 nm is shifted to 670 nm and then an abrupt ghaakes place to a high energy
phase that could involve a coordination changeroAtn temperature the main effects
in the electronic spectra could be explained iim&rof monomer copper units,
suggesting that the crystal-field interaction is renamportant than the copper
exchange coupling in the 0-64 kbar range. Thera iband at around 320 nm
(probably a charge transfer band) that moves tbdnignergies upon increasing the
pressure. The visible colour change is due toréldection of the absorption in the
550-700 nm region at high pressure. (See alsodBegi2.3)

100



Ambient pressure in the DAC

Absorbance

. N PR R B RS I S
300 400 500 600 700 800 900 1000

Wavelength/nm

Absorbance

300 400 500 600 700 800 900 1000

Wavelength/nm

Figure 3-7— The electronic spectra of [C(NH]4{Cuy(cit),}.H 0O measured in a
diamond anvil cell (DAC) at ambient pressure (upped at 54 kbar (lower). (See
also Figure 3-13 in Section 3.2.3)
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3.2 — Hydroxy Bridged Dimer [C(NH,)3l{Cu ,CitfC(NH ,),NH],(OH)}

Based on the interesting copper citrate dimer &iracalready seen in the copper

citrate guanidinium system, it was considered tdrest to investigate higher reaction
pH values. This was achieved by the use of addititNaOH, which is a stronger

base than carbonate and also provides the oppiyrtorincorporate bridges.

3.2.1 — Synthesis of [C(NK3;|{Cu ,citf C(NH ,),NH],(OH)}

Original synthesis

To a solution of citric acid monohydrate (0.55 ¢6 2amol) in water (25 ml) was
added a solution of Cu(NP3H,0O (0.63 g, 2.6 mmol) in water (25 ml) followed by a
solution of guanidinium carbonate (1.87 g, 10.4 o water (25 ml). To the
resulting blue solution was added NaOH (0.52 gnfiol) and a darkening of the
colour of the solution was observed (pH = 13.78he solution was then left to stand
uncovered. Dark blue crystals appeared within boer and a very large vyield
formed overnight. Selected IR data (§m3350 (m), 3189 (m), 1630 (s), 1558 (s),
1425 (s), 1402 (s), 1251 (m), 1076 (m), 909 (mB @&). Analysis, calculated (found)
for CoH21CuNgOs: C, 21.18 (21.29); H, 4.15 (4.15); N, 24.70 (27.74

The formation of the hydroxy bridged dimer was elaterised by a sudden darkening
of the solution to a deep royal blue. Although syathesis above was the first to
produce the novel dimer, for experimental reasdra will be discussed later, a

carbonate free synthesis was also developed.

Carbonate free synthesis

To a solution of citric acid monohydrate (0.55 ¢6 2amol) in water (25 ml) was
added a solution of Cu(NP3H,0O (0.63 g, 2.6 mmol) in water (25 ml) followed by a
solution of guanidinium nitrate (1.27 g, 10.4 mmialwater (25 ml). To the resulting
blue solution was added NaOH (~0.56 g). The prodowned extremely rapidly
from solution and so to obtain the highest qualitystals the NaOH was added very
gradually until the solution colour change pointdhpmst been reached. This
effectively reduced the amount of product formed #re lower concentration gave a
slower overnight crystallisation that produced aydayield of well formed crystals.
The identity of the product was confirmed by singigstal X-ray diffraction.
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3.2.2 — Structure of [C(NH)3|{Cu,Cit[C(NH 5),NH],(OH)}
The novel dimer [C(NB3{CucitfC(NH.).NH],(OH)} crystallises in thePnma

space group and has the structure illustratedgnrgi3-8. In this case, a hydroxide

bridge and two terminal guanidine ligands haveaegdl one of the citrate ligands of

the copper citrate dimer discussed in the previ&etion 3.1.2.

Figure 3-8— Hydroxy bridged copper dimer structure (leftfldmmidging view (right),
(Cu orange, O red, C grey, H omitted, long conaghlighted in green).

A search of version 5.29 of the Cambridge StruttDetabase reveals this to be the
first structure with guanidine directly bound totmansition metal ion (however
guanidine derivatives bonded to transition metasiare known). It is also interesting
to note that both the protonated (guanidinium cexon) and neutral (guanidine
ligand) forms are present in the same product, hign guanidinium counterion
(Figures 3-9) bisected by the vertical mirror plaoie the dimer (Figure 3-10).
Considering the pKof guanidine is 13.71, and the reaction solutibhip 13.74, the
Henderson-Hasselbalch equation (pH =, pKlogio{[Base]/[Acid]}) reveals that the
two forms are present in solution in approximategual concentrations as
[Base]/[Acid] = 1.07.

NH, NH

PN

NH; NH, NH; NH,

Figure 3-9— Structure diagrams of guanidinium (left) andrgdae (right).
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Figure 3-10— Hydroxy bridged copper dimer structure, illustrg location of the
guanidinium counterion on the vertical mirror playiehe dimer (Cu orange, O red, C

grey, N pale blue, H white).

In comparison to the copper citrate dimer of Sec8dl, the hydroxy bridged copper
dimer has larger bridging angles with Cu-O(citra@e) = 95.68, Cu-O(H)-Cu =
96.77, and the Cu-O bond distances are longer at 1.95Q@itrate) and 1.94 (Cu-
OH) A. The removal of the second citrate givesoaerall curved structure and
bridging as seen in Figure 3-8, and thearboxylate now has a long contact to both
coppers centres with a distance of 2.74 A. Thisvem structure gives a very
interesting crystal packing, where the dimers amadinterions adopt a tubular
arrangement within the crystal as shown in Figw&l3 This is a result of the
hydrogen bonding between the dimers, where thedggar atoms of the NHyroups
of the guanidine ligands hydrogen bond in pairdhiea-carboxylate oxygen pair of
citrate, while the3-carboxylate oxygen bonds with the plgroup hydrogen atoms of
the guanidinium counterion, as highlighted in Feyd-12. Hydrogen bonds also
occur between the tubular chains via the hydrokiddge hydrogen atoms and the
carboxylate oxygens, and between the hydrogen atdrgsianidine ligands and the
citrate B-carboxylate oxygens. A consequence of the extensydrogen bonding
network is that the product crystallises very rapidjiving large crystals that are

insoluble once formed.
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Figure 3-11— Hydrogen bonding within dimer chains (blue) ahdrs contact region
between chains (yellow), shown in front and endaien. Highlighted boxes
indicate the hydrogen bonds between neighbouringléwm chains (Cu orange, O red,

C grey, N pale blue, H omitted for clarity).

Figure 3-12— Detail of hydrogen bonding between dimers viargdine and

guanidinium (Cu orange, O red, C grey, N pale btiemitted for clarity).
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3.2.3 — Comparison of Citrate Based Dimer Electroii Spectra

The dark blue colour indicative of the changeovenmf [C(NH;)s]4{Cux(cit),;}.H,0 to
the nitrogen coordination of [C(N#$]{Cucit[C(NH2).NH],(OH)} was investigated
by measurement of the electronic spectra. A coisparof the solid state spectra of
the two dimers is shown in Figure 3-13. The praduygstals were dispersed in a KBr
disc and spectra collected at room temperatureastdwith Displex cooling to ~20
K. The room temperature spectra show indistin@rlapping peaks, but the cooled
spectra reveal three peak features as would becexpéor distorted square planar d
copper centres. The peak positions for [C{N{Cux(cit),}.H,O are approximately
621, 672 and 740 nm, compared to 568, 604 and 716 for
[C(NH2)3{CuCit[C(NH2).NH]>(OH)}. The peak positions are therefore shifted to
lower wavelength (higher energy) in [C(ME{Cu.CitfC(NH2).NH]>(OH)} which is
consistent with a larger crystal field splittingedto the nitrogen coordination of the
copper centres by the guanidine ligands.

3 3
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(] (]
e 27 g 27
3 3
5 157 5 157
[%] [%]
Qo Qo
< 1A < 1A
0.5 0.5
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Figure 3-13— Electronic spectra of [C(N#]4{Cux(cit).}.H-0 (left), and
[C(NH2)3]{Cucit[C(NH2).NH]>(OH)} (right), measured at room temperature (blue)
and at ~20 K (red).

3.2.4 — Magnetic Properties of [C(NH)3]{Cu ,Cit[C(NH ,),NH],(OH)}
The dc magnetic properties of the hydroxy bridgeded are shown in Figure 3-14.
The value ofyT at 290 K is 0.83 cAmol’K and on cooling T remains reasonably

constant until 200 K, at which point a long decnegsurve begins which eventually
approaches 0 cimol'K at 0 K. The curve was fitted using a ahenodel @ = -
2JSS) in CAMMAG, with the best parameters found tode 2.16 and) = -27.8 K

which can be seen to be in good agreement oveethgerature range measured.
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The observed antiferromagnetic coupling betweerctdpper centres is perhaps to be
expected considering that the bridging angles is tase of 95.65 (citrate) and
96.77 (OH) are very close to the expected changeoveregaht 95.8(alkoxide) and
97.6 (hydroxide) [2,3,4]. However this comparison @nplicated by the non-planar
bridging and presence of two unequal bridging amgled bond lengths in this dimer.
The DFT modelling studies [5,7] suggest that sudtinge distortion of the GO,
core should reduce the antiferromagnetic charactére calculations also show that
the effect of asymmetric bridging is slight, anch d@ estimated using an average of
the two bridging angles. The DFT models therek®em to suggest ferromagnetic
contributions, also favoured by the replacementinéte oxygen coordination by the
more electronegative guanidine nitrogen, howevesgéhcomponents must be minor
compared to the dependence on the bridging argkso interesting to note that the
DFT studies show that in antiferromagnetic examfiese is a remarkably large spin
delocalisation from the metal centres onto theaunding ligands. Since the hydroxy
bridged dimer ligands have already been shown tankelved in an extensive
hydrogen bonding network (Figure 3-11) it is poksithat the observed magnetic
behaviour is complicated by intermolecular intemts, or indeed that the DFT

model may not be applicable to this case.
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Figure 3-14— Temperature dependencecdffor
[C(NH2)3]{Cucit[C(NH2).NH]>(OH)} measured in a 1000 Oe field, with the fit
shown as a red lind € -27.8 K,g = 2.16).
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3.2.5 — Hydroxy Bridged Dimer High Pressure Structwal Study

A high pressure single crystal X-ray diffractionudy was carried out on
[C(NH2)3J{CuCit[C(NH2).NH]>(OH)} due to the presence of the long contact (simi
to that seen for [C(NBs]s{Cux(cit)z}.H,O) and also because of the interesting
packing of the hydrogen bonded dimers. Table 8&wvs the reduction in the unit
cell dimensions and volume on increasing the aggheessure, along with two high
pressure phases with changes to crystal space.gfdafe that the Phase Ill volume
is much larger as there are two different dimexcsgsein the unit cell, compared with

one in the other phases.

Pressure| Phasg Space Unit cell dimensions (A) Volume
(kbar) Group a b c (A3
Ambient I Pnma 15.679(4) 12.699(3) 8.932(2) 1778.48
8 I Pnma 15.6012(9) 12.5198(3) 8.8557(2 1729.78
18 I Pnma 15.434(2) 12.3617(6) 8.7439(4 1668.3
29 Il P2,2,2, 15.083(1) 12.1396(3) 8.7075(3 1594.3p
42 1] P2,/c 16.303(1) 11.9204(5) 17.1330(8) 3030.5}7

Table 3-3— Effect of pressure on the unit cell dimensions of
[C(NH2)s{Cu2citfC(NH2).NH]>(OH)}.

The high pressure crystallography studies reveatlhithin Phase | from 0-18 kbar,
there are only small changes to the hydroxy briddjeter structure (Table 3-4). The
bridging angles alter, with a decrease in Cula-Q1kC(citrate) and decrease in
Cula-06-Culb (hydroxide). The Cu-O1 (citrate) a@d-O6 (hydroxide) bond
distances remain relatively constant, while theglaontact decreases. Overall, the
changes are smaller than those observed for [@ENKCu,(cit)2}.H20 in Section
3.1.4. The change in symmetry in Phase Il andehhoves the mirror plane seen on
the centre of the dimer in Phase | (Figure 3-8) amdhe four bridging bonds can
therefore have independent lengths (note that glesiumbering scheme is used in
Table 3-4, however the copper centres Cula and @r€lbot symmetry equivalent in
Phases Il and Ill). There are also two differeag contact distances, as the
carboxylate twists towards one of the copper cen{feula) thus decreasing one
contact while increasing the other. Although th&ding structure displays larger

changes in Phases Il and Ill, intermolecular inteoas also play a major role.
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Pressurg Phas¢ Cu-O-Cu Angles (°) Cu-O Bond Lengths (A) a-CO, Long Contact
(kbar) Cula-O1-Culb Cula-06-Cullh Cula-O1 Cula-O6 Culb-O1 Culb-O6 | Cula-O4 Culb-O4
Ambient| | 95.65(2) 96.77(2) | 1.955(2) 1.938(2) 1.955(2) 1.938(2) | 2.74(3)  2.740(3)
8 I 95.34(1) 96.20(1) | 1.953(2) 1.940(4) 1.953(2) 1.940(4) | 2.7293)  2.729(3)

18 | 95.16(1) 95.84(1) | 1.950(2) 1.940(4) 1.950(2) 1.940(4) | 2.701(3)  2.701(3)
29 I 95.1(2) 96.6(3) 1.936(5) 1.920(8) 1.956(6) 1.927(8) | 2.664(7)  2.738(7)
2@ | 96.3(3) 95.4(3) 1.924(9) 1.93(1)  1.911(8) 1.93(1) | 2.680(7) 2.723(7)
(B) 92.6(2) 96.3(3) 1.962(6) 1.88(1)  1.919(7) 1.89(1) | 2.50(1)  2.82(1)

Table 3-4— Effect of pressure on the Cu-O-Co bridging stiretand the:-
carboxylate long contact of [C(N)]{CuCit[C(NH2).NH]2(OH)} (numbers in italics
refer to the hydroxide bridge). Note that two sps@re present at 42 kbar.

The hydroxy bridged dimer has been found to undeagounusual two-stage
polymerisation to form chains at high pressurehwiwwo associated phase changes
(see Figure 3-15). Phase | is present at amb@mdittons up to moderately high
pressures and has discrete dimer units. At 29 Rhase Il is observed, where one of
the B-carboxylate arms of the citrate on each dimer dioates to a copper centre of
one neighbouring dimer, on the opposite side tddhg contact. On further increase
of pressure to 42 kbar Phase Il is observed, wimeome speciegA) both of thep-
carboxylate arms now coordinate to copper centredath neighbouring dimers.
Figure 3-14 shows the new bonds created underuyeess purple, which have a long
contact length of ~2.6 A compared to an equivasaparation in Phase | of ~3.2 A.
In Phase Il each dimer has one bond to the nextrdimthe chain, and in Phase llI,
two bonds to the next dimer in the chain. The ltesfuthis coordination coupled with
the long contact, means that the copper centreseffeetively becoming six
coordinate. The changes can be visualised asuties tof dimers described earlier
being compressed together until the outer dimeedazan coordinate to each other

(i.e. compression in the yellow bond region of Feg8-11).

In addition to the polymer chain where each dimakes two bonds to the next dimer
in the chain,the second specig®) in Phase Ill remains similar to the Phase I
polymer with only one bond to the next dimer in tain. Thex-carboxylate of the

second species leans heavily to one side, makiagCiilb-O4 distance extremely
long compared to Cula-O4 foB) in Table 3-4. The two different polymer chain
species are arranged in alternating bands in th&tatrstructure, as highlighted in

orange and yellow in Figure 3-16.
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Figure 3-15— Hydroxy bridged dimer in Phase | at ambient gues (top), Phase 1l at
29 kbar (middle) and Phase IA) at 42 kbar (bottom), shown in front and end
elevation of polymer chains with long contact shawgreen and pressure induced
bonds in purple, (Cu orange, O red, C grey, N phle, H omitted).

Figure 3-16— Alternating bands of Phase Il dimer polymercpg, viewed along the
b axis. ‘Orange’ dimers have two bonds to nexhm¢hain A), whereas ‘yellow’
copper dimers have one bo?),((Cu orange and yellow, O red, C grey, N paleblu
H omitted).
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An investigation of the magnetic properties at hpggbssure would be of interest in
order to determine the effects of the both theamtslecular changes to the bridging
structure in Phase | and also the intermoleculanghs of the polymerisation in
Phases Il and Ill. Unfortunately the currently italde SQUID pressure cell cannot
withstand the high pressures required for the pelysation, but it may be capable of
measuring the onset of these effects. Such measuats were not possible during
this research, not only due to extensive time suelsure measurements require, but
also because of complications with the hydroxy dpei copper dimer possessing only
a small spin (twdg = 1/2) and antiferromagnetic coupling. Since tBJID pressure
cell is still in early development, investigatiooisthis multiphase dimer may become

practical in the future.

3.3 — Copper Citrate Trimer {Cus(cit) ;Na(OH)}*

A full compound formula for the copper citrate tencould not be determined due to

problems with inconsistent microanalysis resultsiseal by impurities from the
synthesis. The trimer anion formula was determiinech the X-ray crystallography

studies, but a full formula could not be obtaine@ ¢tb disorder in the structure.

3.3.1 — Synthesis of Copper Citrate Trimer

Na" Synthesis- To a solution of citric acid monohydrate (1.095g2 mmol) and
CuSQ.5H,0 (1.30 g, 5.2 mmol) in water (15 mL) was addedngdiaium carbonate
(1.87 g, 10.4 mmol) with rapid stirring, producibgbbles and a darkening of the blue
solution. NaOH (0.43 g, 10.4 mmol) was added g@vian instant dark blue
precipitate (IR of hydroxy bridged dimer) which wasnoved by filtration. The light
blue filtrate was then left to stand uncovered.teAfslow evaporation, hexagonal
needle crystals formed in very low yield, seledRdiata (cnt): 3348 (m), 3127 (m),
1650 (s), 1574 (s), 1440 (w), 1380 (s), 1281 (v}a (m), 1105 (s), 1007 (w).

Li* Synthesis- To a solution of citric acid monohydrate (1.09532 mmol) and
CuSQ.5H,0 (1.30 g, 5.2 mmol) in water (15 mL) was addedngdiaium carbonate
(1.87 g, 10.4 mmol) with rapid stirring, producibgbbles and a darkening of the blue
solution. LIOH (0.25 g, 10.4 mmol) was added gyvan instant dark blue precipitate
which was removed by filtration. The light bludtrate was then left to stand
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uncovered. After evaporation, the residue wasotlissl in 1 ml of water, placed in a
tall, narrow vial, and left to slowly evaporate. wry small yield of blue crystals
formed with colourless residue. Blue crystalseseld IR data (cf): 3339 (m), 3154
(m), 1654 (s), 1577 (s), 1377 (s), 1247 (W), 1248, (LO97 (s), 921 (W), 842 (w).

K* Synthesis- To a solution of citric acid monohydrate (1.09532 mmol) and
CuSQ.5H,0 (1.30 g, 5.2 mmol) in water (15 mL) was addednigiaium carbonate
(1.87 g, 10.4 mmol) with rapid stirring, producibgbbles and a darkening of the blue
solution. KOH (0.57 g, 10.4 mmol) was added givamginstant dark blue precipitate
which was removed by filtration. The light bludtrite was then left to stand
uncovered. After evaporation, the residue wasotlissl in 1 ml of water, placed in a
tall, narrow vial, and left to slowly evaporate. $mall nhumber of blue crystals
formed with a colourless organic residue. Bluestals, selected IR data (¢in 3344
(m), 3118 (m), 1648 (s), 1542 (s), 1437 (w), 1338 1247 (m), 1124 (m), 1070 (w),
905 (w), 842 (w).

A second new product obtained by addition of Na©@Hhe original copper citrate
dimer synthesis (Section 3.1.1) is a copper cittateer. The trimer formation
appears to be pH dependent, in a pH region betwesdnof the two dimers already
discussed. It is also very soluble in water arglires careful slow evaporation to
obtain crystals, although these tend to be in legldyand accompanied by large
amounts of colourless crystals/residue from they \amcentrated solutions. The
trimer crystals are also very unusual in that tfeeyn hollow, hexagonal needles as
seen in Figure 3-17. The crystals also appearystallise from the outside in, with
the central channel becoming increasingly narrowiciv in some cases continues

until a solid hexagonal prism is obtained.

Figure 3-17— Photographs of the copper trimer crystals ithtsig the unusual

hollow hexagonal needle form, which appear to aflise from the outside inwards.

112



The nature of the crystals presents several praylgrarticularly in harvesting a
sample for analysis. Even when carefully colle@ad manually separated from any
colourless impurity crystals present, there remaths problem of residual
concentrated solution remaining inside the needlEs.try and minimise this effect
the needles were gently crushed between two slodetidter paper, but even so
problems with inconsistent microanalysis of the gl® suggests the presence

varying amounts of residual impurities.

3.3.2 — Structure of {Cu(cit) ;Na(OH)}*

The copper citrate trimer crystallises in 88 space group which is consistent with
the shape of the crystals. The'Ndamer structure is shown in Figure 3-18 and this
reveals that the copper(ll) centres are bridgedhbycitrate alkoxide group and each
is bound by oner- and onep-carboxylate arm. The remainirfigcarboxylate arm
completes the coordination of a sodium centre thadlso bound to the alkoxide
groups. A bridging hydroxide is bound at the bwttof the trimer, giving an overall
geometry of a distorted {GNaOs} cubane. The copper centres in the trimer are in a
square-based pyramidal coordination environmeniclwitan be seen in the side
elevation of Figure 3-18.

There are two bridging pathways between the coppedntres of the trimer. The
citrate alkoxide bridge has a large angle with Quig€ate)-Cu = 104.35 but short
bonds of 1.97 A, whereas the hydroxide bridge mmaacute angle of Cu-O(H)-Cu =
75.6& with much longer bonds of 2.54 A. The large ¢éraridging angles would be
expected to tend towards antiferromagnetic couplimgt the effect of the small
hydroxide bridging angles with long bond lengthtess clear.

Similar copper(ll) trimer structures with a centraydroxide bridge have been
reported, but these have tended to be based onclwg ligands with oxygen and
nitrogen donors that adopt a propeller like arramget [8-14, Appendix]. None of
the structures feature a central sodium centreoasdf in the citrate case. The
literature trimers also feature square based pylantoordination of the copper(ll)
centres, but have a shallower bowl shape with widetroxide bridging angles of

over 100 (and shorter Cu-OH bonds) and display antiferrame#ig interactions.
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Figure 3-18— {Cus(cit)sNa(OH)}* anion structure from above (left) and in side

elevation (right), (Cu orange, O red, C grey, Nalati, H omitted).

The trimer structure incorporates the additionalebm the coordinated Nand the
OH bridge on the centr&; axis of the cluster. Analogous syntheses withHLi@hd
KOH were carried out to investigate whether thdedént sizes of metal centres
would result in structural distortions that coulteathe magnetic properties. Small
numbers of crystals were obtained for each, howenbrthe potassium crystals were
suitable for single crystal X-ray diffraction. THE analogue was found to have the
same structure as the Naersion, with differences in the hydroxide bridgend
distances and angles and-B-carboxylate bond distances. Comparison between th
analogues is complicated due to the large R fa¢sas Appendix) that are the result
of disorder within the structures.

The copper(ll) citrate trimer packing consists wbtcontrasting regions. The trimer
units and three guanidinium ions per cluster foremadgonal honeycomb layers that
are rigidly bound by hydrogen bonding (Figure 3:1%he layers are stacked together
such that the trimers are aligned in columns, wingsults in large channels along the
c axis. The contents of the channels are highlgrdered, in sharp contrast to the
highly ordered hydrogen bonded framework. Presiyntie other guanidinium or

sodium counterions and solvent water are disordevethin the channels,

coordinating or hydrogen bonding to the large nuntbeitrate oxygens that are seen
to point inward from the channel walls. The shapehe trimer and guanidinium

hydrogen bonding network is reminiscent of the dwllhexagonal shape of the

crystals (Figure 3-17).
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Figure 3-19— {Cus(cit)sNa(OH)}® crystal packing, illustrating the hydrogen bonding
in the hexagonal layers of copper trimers and gliaim counterions. The three
[C(NH,)3]" per trimer cluster that are involved in the hydmdponding network are

highlighted using a ball and stick representatidth \green nitrogen atoms. The view
along thec axis (upper) shows the large channels, whichrareght to contain the
other disordered counterions (not shown). The \aéwmg theb axis (lower) shows

the stacking of the layers, (Cu orange, O red,&y,gN green, Na violet, H omitted).
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3.3.2 — Magnetic Properties of NaCopper Citrate Trimer

A formula weight was not available for the analysisthe magnetic data since
microanalysis results were inconsistent due to mitips and a full formula could not
be found from the crystallography studies due todlsorder. To address this issue,
CAMMAG was used to simulate @ curve of an equivalent shape to that seen in
Figure 3-20 based on a model of th&ge= 1/2 centres with one positiviefor the
coupling of the spins in the equilateral triangte £ -2J(SS + S+ $1S) ). The
experimentalyT data was then scaled to the magnitude of the aiioul using an
estimated molecular weight of 1700 ghdaliving ag value of ~2.2. The curve fit

following the scaling used the parametgrs 2.18 withJ = 30 K.

From a value of 1.47 ctmolK at 290 K, the/T curve steadily increases on cooling
with a more rapid increase below 100 K. This uplsacurvature continues to a
maximum peak value of 2.24 émol’K at 9.9 K, before decreasing at lower
temperatures. The magnetisation curve of Figuzé Bvels out towards 5 T where it
has a value df//NgS = 3.44, which consistent with a spin ground s&te 3/2. Since

the trimer displays ferromagnetic interactions lestv the copper(ll) centres, the
acute bridging via the hydroxide must dominate otle wide bridging angles

provided by the citrate alkoxide groups, even thotige hydroxide bridge has longer

bonds.
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Figure 3-20— Temperature dependence®ffor the Nd copper trimer, measured in
a 1000 Oe field, with the fit shown as a red lide 30 K,g = 2.18).
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Figure 3-21— Field dependence of the magnetisation at 2 KnieNd copper

trimer.
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3.4 — Related Ligand Systems

The interesting results obtained from the studthefcopper dimers prompted further
investigation of the syntheses using related ligandith the aim of creating
comparable structures or other novel products. fitst experiments looked at
replacing the guanidinium with the derivatives nyghanidinium and
ethylguanidinium. The analogues of the two copgener syntheses using the
reagents of Figure 3-22 (with hydroxide base) ditl produce any product crystals.
This is most likely the result of the bulky mettayld ethyl groups preventing the neat
packing displayed by the counterions in the coplmer structures. The reduction in
the opportunities for hydrogen bonding is also astteration given the important
role that these interactions have been shown tg. pl&uanidineacetic acid was
selected for study in the hydroxide bridged dimgntisesis, in an effort to replace the
terminal guanidine ligands. If this was succestialattached carboxylic acid groups
could provide further copper coordination points tbe sides of the dimer unit in
order to promote the formation of larger clusteténfortunately this reagent proved

to be insoluble and unreactive in the aqueous tiondiemployed.

Figure 3-22— Structure diagrams of methylguanidinium (lefthylguanidinium

(centre) and guanidineacetic acid (right).

The second approach looked at ligands with strastuelated to citric acid. These
were chosen to maintain the five carbon backboneitoic acid, while allowing
investigation of the effect of varying the functedrgroups available for coordination

to the metal centres. The ligands that were ssdeate shown in Figure 3-23.

Tricarballylic acid has the structure of citric @cwith the central alcohol group
removed. Reactions using this ligand were largelsuccessful due to a tendency of
the solutions to precipitate. This is not surmgsigiven the key bridging role the
central alkoxide group has been shown to play engloducts reported, and so the
ligand is likely to form complex polymers. It mag useful in future syntheses with

mixed ligands, in order to promote outward growth form larger clusters in
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conjunction with ligands such as citrate that caapraround and cap, however initial

reactions met with limited success.
(0] OH (@] (0] O
HOwOH Ho)‘\ﬁ/:)‘\%
O OH (6] OH
(0] OH O OH
HOWOH HOWOH
Figure 3-23— Ligand structure diagrams, citric acid (uppé) ericarballylic acid

(upper right), 3-hydroxy-3-methylglutaric acid (lemeft) and 3-methyl-1,3,5-

pentanetriol (lower right).

3-hydroxy-3-methylglutaric acid @2) has the structure of citric acid with the
central carboxylic acid replaced by a methyl grouf-methyl-1,3,5-pentanetriol

(HsL1) is the doubly reduced form of 3-hydroxy-3-mdtiytaric acid. In theory

these ligands should be able to provide the cebtidging alkoxide group and two
terminal oxygens for the copper coordination seethe dimers. Since the dimers
only have a long contact rather than a bond wighoticarboxylate, it was hoped that
new analogous dimers would be accessible, alloianghe resulting difference in

charge balance.

However it was found that reactions using 3-hydr8xyethylglutaric acid or 3-
methyl-1,3,5-pentanetriol with guanidinium carbanbkgad to the formation of a three
dimensional network [C(NE3].Cu(CQ),, the structure of which had previously been
reported in the literature [15]. This proved todeery stable and dominant product,
which would even readily crystallise from the resitlsolution absorbed on a filter
paper. Consequently the copper(ll), carbonate armahidinium ions were rapidly
removed from solution, without reaction or coordioa with the new ligands. As
will be discussed later, the development of carborieee syntheses in alternative
solvents does indeed allow access to comparablel miwer structures using these

ligands.
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3.4.1 — Copper Carbonate Network [C(NH)s],Cu(CO3),

3.4.1.1 — Synthesis of [C(NH3],Cu(COs),
Analogue of the hydroxy bridged dimer synthesis

To a solution of 3-methyl-1,3,5-pentanetriol (0g,06.2 mmol) in water (50 ml) was
added a solution of Cu(NP3H,0 (1.26 g, 5.2 mmol) in water (50 ml) followed by a
solution of guanidinium carbonate (4.70 g, 26 mmoljvater (50 ml). The solution
was then left to stand uncovered overnight produ@nvery large yield of blue
crystals. Selected IR data (¢jn 3414(m), 3334(m), 3173(m), 1649(s), 1569(w),
1497(s), 1302(s), 1055(m), 847(s). Analysis cakadafound) for GHgCuN:;Og: C
15.82 (15.89); H, 3.98 (3.93); N, 27.67 (27.46).

For further magnetic characterisation, the coppebanate network was selected for
study by powder neutron diffraction. A new synikegas required that would allow
for deuteration of the samples. Since the 3-mettB/5-pentanetriol in the synthesis
above acted as a spectator and was not preseheiproduct, it was decided to
investigate the direct reaction of copper(ll), caréte and guanidinium ions. The
reaction was studied as an array of conditions rmogesolution concentrations and
the number of equivalents of carbonate, since these important limiting factors in
the rapid formation and crystallisation of the prod Guanidinium chloride was
found to be the only salt commercially availabletfes fully deuterated form, and so
this was used as the guanidinium ion source. Gg@jppehloride was chosen in order
to maintain common counterions and also to preaagtpossible instances of crystal
defects where a nitrate anion could take the ptdce similarly shaped guanidinium
cation. The optimised reaction conditions are wgiselow.

Direct stoichiometric synthesis

To a solution of CuGI(0.70 g, 5.2 mmol) and guanidinium chloride (09910.4
mmol) in water (5.2 ml for 1 M Cu(ll) solution), waadded a solution of XO; (1.44
g, 10.4 mmol) in water (10.4 ml for 1 M GO solution) under rapid stirring. An
instant blue precipitate formed, which rapidly dar&d on stirring. The very large
yield of crystalline precipitate was collected bligrdtion and washed with copious
water. The identity of the product was confirmgdoowder X-ray diffraction.
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3.4.1.2 — Structure of [C(NH)3],Cu(CO3),
The structure of [C(NB3].Cu(CG;), consists of copper(ll) centres that are linked int

a three dimensional network by carbonate with obalmlance provided by
guanidinium ions. Each carbonate ion binds to twpper centres while the third
oxygen remains uncoordinated. The guanidinium t@ions are located in the
spaces within the copper carbonate framework (showigure 3-24) and hydrogen
bond with carbonate oxygen atoms. The copper@itres have two coordination
geometries in the network, with both square plamatres and distorted centres that

are between square planar and tetrahedral coohinas highlighted in Figure 3-25.

Figure 3-24— Structure of copper carbonate 3D network, viealedgc axis (left)
andb axis (right), (Cu orange, O red, C grey, N palgebH omitted).

Figure 3-25— Enlarged view of the two types of copper coaation environments in
the 3D network illustrating the square planar (Car2) tetrahedrally distorted
geometries (Cul), (Cu orange, O red, C grey).
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3.4.1.3 — Magnetic Properties of [C(NbB)3],Cu(COs),
The previous report in the literature [15] had oodysidered the copper(ll) carbonate

network from a structural perspective, and so aptamwas prepared for magnetic
characterisation. This revealed that the coppeboteate network behaves as a
ferrimagnet, and the temperature dependence ofmihgnetisation in Figure 3-26
shows a notably high ordering temperature of 65 Khe zero field cooled
magnetisation curve is lower than that of the fielobled, with the two curves

merging at 50 K.

An initial rationalisation of the magnetic propedi can be proposed based on
structural considerations involving the two typésapper coordination environment.
It is thought that the crystal behaves as two p#eetrating nets of the two types of
copper ions which couple together antiferromagadyic Since the copper
environments are different there is an incompletecellation of the small orbital
moments and therefore a net moment remains anddimgpound is ferrimagnetic.
Further magnetic investigation of this product veasried out by powder neutron
diffraction on instruments D2b and D20 at the bustiaue Langevin, however at the
time of writing the results of these experimentd hat yet been received or modelled.
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Figure 3-26— Field Cooled and Zero Field Cooled temperatupeddence of the
magnetisation for [C(Nb)3].Cu(CQ)».
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3.4.2 — Copper Triol Dimer {Cuy(H,L1),}HNO3),

3.4.2.1 — Synthesis of {GiiH,L1),}(NO3),
3-methyl-1,3,5-pentanetriol gd1) (0.70 g, 5.2 mmol), Cu(N£».3H,0 (1.26 g, 5.2
mmol) and guanidinium nitrate (1.27 g, 10.4 mmaogrgvcombined in MeOH (75 ml).

NaOH (0.21 g, 5.25 mmol) was gradually added wépid magnetic stirring, which
gave green trailing precipitate and eventually akdgreen solution. For
crystallisation, the solution was filtered and ptfor vapour diffusion in a small vial
placed inside a larger sealed vial containing etherge blue crystals formed in very
low yield, selected IR data (¢t 2726 (m), 1415 (m), 1377 (w), 1354 (w), 1297, (s)
1197 (w), 1155 (w), 1131 (m), 1072 (s), 1041 (w929w), 924 (m), 868 (w), 827
(m).

3.4.2.2 — Structure of {Cu(H,L1),}(NO3),

The copper triol dimer crystallises in tl&2/m space group and consists of two

copper(ll) centres coordinated by two monodepratmh&-methyl-1,3,5-pentanetriol
ligands. The central alcohol group of each ligasddeprotonated and bridges
between the copper(ll) centres. The general appearof the triol dimer is similar to
the copper citrate dimer discussed earlier, with tiethyl group replacing the-

carboxylate of citrate (compare Figure 3-27 witgufe 3-2 of Section 3.1.2). In this
case long contacts occur between the copper ceaticgsitrate counterions located

above and below the bridging plane.

Figure 3-27— Copper triol dimer structure (left) and bridgwvigw (right) also
showing nitrate ions with long contacts highlightedreen, (Cu orange, O red, C
grey, N pale blue, H omitted).
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The removal of thei-carboxylate group from the ligand backbone hasety of
implications for the copper bridging in this tridimer. Since the long contact
between the ligand and copper(ll) centre seenifate is no longer present, the triol
ligand in this case can be disordered over twontateons with the methyl group
pointing up or down relative to the bridging plardote that in Figure 3-27 the dimer
is illustrated with the predominant orientationati(g ~70/30). The result of only
three contact points between the ligand and coppedntres and the orientational
disorder is that coordination geometry is very plaas can seen in Figure 3-28. The
copper(ll) centres are therefore square planardmadot have the tetrahedral twist

distortion seen with citrate.

Figure 3-28— Comparison of the ligand positions relativehte ¢(horizontal) bridging
plane in {Cy(H2L1):}(NO3), (left) and [C(NH)3]4{Cux(cit)s} (right), (Cu orange, O
red, C grey, N pale blue, H omitted, long contaghhghted in green).

In the copper triol dimer the Cu-O-Cu bridging asghre 100.38and the bridging
Cu-O bond distances are 1.90 A. The bridging aisgtkerefore larger than that of
the copper citrate dimer (95.96nd the bridge bonds are shorter. This can dgain
explained by the absence of a ligand long con@stFigure 3-28 shows that the
citrate a-carboxylate contact with the copper(ll) centrelpuhe ligand out of the
bridging plane, which separates the alkoxide briggbxygens and produces longer
bridging bonds and a smaller angle. These effaetsbsent in the case of the copper
triol dimer which has an alkoxide oxygen separatib@.43 A compared to the larger
2.60 A for the copper citrate dimer. The coppgitihg contact distance to the nitrate
ions are 2.73 A compared with the shorter 2.62 fheocitratex-carboxylate.
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The 3-methyl-1,3,5-pentanetriol ligand in the dinmas only the bridging alkoxide
group deprotonated and the terminal coordinatingugs remain as protonated
alcohols. These hydrogen bond to the nitrate miheeighbouring dimer units as
shown in Figure 3-29. The synthesis of the {E14L1):}(NO3), dimer only included
enough hydroxide to deprotonate one of the threehals. A comparable synthesis
with three equivalents of hydroxide per one equmalof ligand did not give any
product crystals. This is interesting, since # thiply deprotonated 3-methyl-1,3,5-
pentanetriol was to form an equivalent dimer theoald no longer be the possibility
of forming such a hydrogen bonding network due hlie temoval of the alcohol
protons. However in this case the theoretical dimeuld have an overall charge of
minus two, so the nitrate counterions would mastlli be replaced by sodium or
guanidinium ions and the opportunity for oxygen dooontacts with the copper
centres would be removed. It is also noteworttat tiuanidinium is present in the
synthesis of the {C4fH,L1),}(NO3), dimer but not included in the product (charge
balance considerations being the most obvious eaptam). Nonetheless, the
hydrogen bonding network via the alcohol hydrogenan important bonding
interaction between the copper triol dimers. FguB-30 shows the packing
arrangement with bands of hydrogen bonded dimgrarated by organic layers of the
ligand backbone. Note that if the dimer unit igeta to include the two ‘bound’

nitrates, then it is has a neutral overall charge.

Figure 3-29— Hydrogen bonding between the copper triol dialeohol groups and
nitrate ions, viewed along tleeaxis with only the predominant ligand orientation

shown for clarity, (Cu orange, O red, C grey, Negalue, H omitted).
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Figure 3-30— Arrangement of the triol dimers into bands gbper centres separated
by the organic ligands, viewed along thaxis with only the predominant ligand

orientation shown for clarity, (Cu orange, O redyr€y, N pale blue, H white).

3.4.2.3 — Magnetic Properties of {Cy(H,L1),}(NO3),

Unfortunately due to the very low yield of the dyedes, it was not possible to obtain

a large enough sample to measure reliable magmetia. From a structural
perspective it is likely that the triol dimer wouttisplay antiferromagnetic coupling
due to the large bridging angles (100)3®at are present [2,3,4]. Since the bridging
and the copper environments are planar in nathegetis no tetrahedral distortion or
displacement of the oxygen bridge that DFT modglbtudies [5,6,7] suggest would
favour ferromagnetic interactions, as was foundhia related copper citrate dimer.
Thus the structural effect of the removal of thigate long contact is likely to have
important consequences for the magnetic propertieshould also be noted that the
bound nitrate counterions may also have an effecthe value of the coupling
constant, as found in modelling studies of the dif@(bipy)(OH)L(NOs),, where
neglecting the weakly coordinated counterions cawselecrease of 34 ¢hin the
calculated 2 value [7].
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3.4.3 — Copper Tetramer
{Cu4(L2),[C(NH),NH] ,(OMe),}.2MeOH.3H,0

3.4.3.1 — Synthesis of {CiL2),[C(NH ,),NH] (OMe),}.2MeOH.3H,0

Previous synthesis and ligand recovery

To a solution of 3-hydroxy-3-methyl-glutaric acids(2) (0.21 g, 1.3 mmol) in water
(6.25 mL) was added a solution of Cu(f$8H,O (0.31 g, 1.3 mmol) in water (6.25
mL) followed by a solution of guanidinium carbond®94g, 5.2 mmol) in water
(6.25 ml). The solution was then covered andtefstand. After 15 minutes, blue
crystals formed in large yield, selected IR datatt 3166 (m), 1570 (s), 1498 (s),
1307 (s), 1056 (m), 849 (s). (Identified as [CAHECu(CO;), of Section 3.4.1)

Due to the expensive nature of the ligand it wasessary to recover it from the
previous synthesis, where it was presumably lefsatution when the copper(ll),
guanidinium and carbonate ions crystallised outha&sdominant network product.
After several months in the sealed beaker, thetisolwas filtered to remove the
carbonate network crystals and the filtrate solvemtoved on a rotary evaporator,
giving small blue crystals and organic residue.ml®f water was added, the solution
was filtered to remove the second batch of inselutlle crystals, and the filtrate
solvent removed again using the rotary evaporatolourless organic residue was
obtained, which for the purposes of the followieggation was assumed to contain 1.3

mmol 3-hydroxy-3-methyl-glutaric acid.

Subsequent copper tetramer synthesis

3-hydroxy-3-methyl-glutaric acid (1.3 mmol), Cu(A)3H.0 (0.31 g, 1.3 mmol) and
guanidinium nitrate (0.32g, 2.6 mmol) were combimedeOH (18.75 ml). NaOH
(0.156 g, 3.9 mmol) was gradually added with rapiggnetic stirring, producing a
change from pale to intense dark blue. For criysétion, the solution was set up for
vapour diffusion in a small vial placed inside agkx sealed vial containing ether.
Blue crystals formed in moderate yield, selectedi#®a (crit): 3339 (m), 3185 (m),
1624 (m), 1553 (s), 1523 (W), 1377 (s), 1277 (M)&(w), 1146 (w), 1097 (w), 984
(w), 919 (w). Analysis calculated (found) fopdHs4CwN1,0:7: C 24.29 (24.45); H,
5.50 (5.30); N, 17.00 (16.88).
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3.4.3.2 — Structure of {Cy(L2),[C(NH ,),NH],(OMe),}.2MeOH.3H,0

The copper tetramer crystallises in ©&'c space group, with a structure that consists

of two offset copper(ll) dimer subunits, as showrFigure 3-31. It incorporates two
trideprotonated 3-hydroxy-3-methyl-glutaric acidydnds which bridge and also
terminally coordinate to the Cul and Cu2 centrdfethoxide ions provide bridges
between the Cul and Cu2 of each dimer subunit,adew bridge between the two
subunits to link them into a tetramer. Each cofiferentre has a terminal guanidine
ligand bound in a similar manner to that seen eaftir the hydroxide bridged dimer
(Figure 3-8 in Section 3.2.2). The coordinatioromgetry of Cul is square-based
pyramidal, while Cu2 is square planar.

Figure 3-31— Copper tetramer structure with only the pred@mirigand
orientations shown for clarity, (Cu orange, O 1€dyrey, N pale blue, H white
(lower) and omitted (upper), long contact interasi highlighted in yellow).
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Figure 3-32— Dimer subunit structure of the copper tetrantedt)(and bridging view

(right), (Cu orange, O red, C grey, N pale blueyrhitted).

For the purposes of comparison with the other prtsddiscussed in this chapter, it is
useful to consider the structure of one of the sgtnynequivalent dimer subunits of
the tetramer, as shown in Figure 3-32. The trideprated ligand (LZ) is disordered
over two orientations (methyl group pointing updmwn) as was previously seen in
the case of the triol dimer (Section 3.4.2.2). Hfsence of a ligand long contact
(such as thar-carboxylate of the citrate) once again leads tmae planar dimer
structure as shown in the comparison with the alrligdroxy bridged dimer in
Figure 3-33. In the copper tetramer the bridgimgles are Cula-O5a-Cu2a =
104.77, Cula-O3a-Cu2a = 101.99With bond distances of 1.93 A (Cula-O5a), 1.92
A (Cu2a-05a), 1.98 A (Cula-O3a) and 1.97 A (Cu2a)O3 These angles are
therefore larger than those found for the hydroxiddged dimer with Cu-O(citrate)-
Cu = 95.68, Cu-O(H)-Cu = 96.77, Cu-O distances 1.95 (citrate) and 1.94 (OH) A.

When comparing these two structures consideratiarst nalso be given to the
interactions occurring with other dimers. The loydr bridged dimer has a curved
structure generated by the citrate ligand, butpibsgition of the guanidine ligands is
due to the tubular packing of the dimers within ¢hgstal and the extensive hydrogen
bonding (Figure 3-11 in Section 3.2.2). In thisrdmer there are long contact
interactions between Cu2 and N14 (2.74 A) whichseahe guanidine ligand to bend
away (seen Figure 3-31 and the bridging view ouF@g3-32). The Cul-O3 bonds
that link the dimer units into a tetramer haveragta of 2.44 A, with bridging angles
of Cula-O3a-Culb = 93.6%nd Cu2a-O3a-Culb = 950@nd equivalently with a

and b reversed).
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Figure 3-33— Comparison of the ligand positions relativette bridging plane in the
dimer subunit of the copper tetramer (left) and\NBR)s]{Cu .citfC(NH2).NH]»(OH)}
(right), (Cu orange, O red, C grey, N pale bluerhitted, long contact highlighted in

green).

The {Cw(L2)7[C(NH,):NH]4(OMe),} species is neutral (since the 3-hydroxy-3-
methyl-glutaric acid has central methyl group iast®f the carboxylic acid group of
citrate), and so no guanidinium counterions arelireq as found for the hydroxide
bridged dimer. The hydrogen bonding network betwibe tetramers is therefore not
quite as extensive, but still involves the (E)arboxylate oxygen atoms, guanidine

ligand hydrogen atoms and includes the latticeesulv

3.4.3.3 — Magnetic Properties of
{Cu4(L2),[C(NH),NH],(OMe),}.2MeOH.3H,0
From structural considerations, antiferromagnatieractions may occur within the

dimer subunits due to the very large bridging asgheolved (104.77 and 101.99

and the planar bridging (much like the triol dimerSection 3.4.2.3). The smaller
bridging angles between the subunits (93.65 an@396may favour ferromagnetic
interactions, but this is complicated by the lorand distances involved (2.44 A).
Problems were encountered with the stability of¢hgstals when removed from the
mother liquor as the samples were observed to eheolpur from blue to green-blue
on standing in air. This could be due to loss ofatlle methanol solvent or
absorption of water by the crystals. A magnetiarabterisation of the tetramer

remains for future work.
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4.0 — 3-4f Reaction Systems

Since a large spin and anisotropy are importanpgnees for the generation of SMM

behaviour, the use of lanthanide ions in clustetisyses is desirable [1,2]. The large
coordination numbers of the lanthanide ions caa h&p to encourage the formation
of larger clusters with more spin centred-48 systems are attractive since they can
be developed from existing synthetic methodologihe cobalt(ll) and copper(ll)
systems described in the previous chapters are gandidates for further studies
including lanthanide ions since the citrate ligatdsre been shown to provide a
variety of coordination sites around the outsidehef product clusters that are useful
for binding additional metal centres.

4.1 — Addition of Lanthanide lons to the Cobalt Citate System

4.1.1 — Discussion of Reaction Methodology

The cobalt citrate system is a particularly atixectarget for study with lanthanide
ions due to the {Cscit)s}® cobalt cubane structural motif that is presenbugh the
product family. This discrete unit has been shdwiflunction as a single molecule
magnet in the case of the Lduster (Section 2.1) and so it is therefore agaid
building block for the synthesis of larger cluster§he citrate carboxylate oxygens
have already demonstrated their capability for imgdadditional metal centres to
form larger clusters in the case of the; Cluster (Section 2.2) and in the 3D network
(Section 2.3).

From a synthetic perspective, the most obviouserauuld involve providing the
{Coy(cit)s}® cubane unit in solution using the £synthesis (Section 2.1.1) followed
by the addition of a lanthanide salt for furthematon. Unfortunately the stability of
the Cq crystals makes [C(NPk]s{Coq(cit)4}.4H,O the dominant product, even in
reactions involving lanthanide(lll) ions. A secoapproach looked at including the
lanthanide salt with the cobalt salt and citricdaai the start of the reaction before the
base was added. This would allow the lanthanije{ns to be present on
deprotonation of the ligand and to compete with tobalt(ll) ions for binding.
Alternatively, the lanthanide salt was added arellipand deprotonated before the

addition of the cobalt salt. A similar approachsweaported for the addition of
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lanthanide(lll) ions to the synthesis of a stablepper(ll) cubane, which was
successful in producingd34f species [3]. Nonetheless, the only crystallinedpod
obtained from  our cobalt(ll) experiments was foundto be
[C(NH2)3]g{Coy(cit)4}.4H,0O. Other approaches investigated include varyimg t
metal to ligand ratio and the use of secondary iogpligands (discussed later), yet
the cobalt cubane crystals remained the only iedlgroduct. It rapidly became
apparent that the syntheses would have to be frie2 @uanidinium counterion so as
not to form the Cp cluster crystals, and so the focus was switchedh& Cg

synthesis (Section 2.2.1).

The addition of lanthanide salts to thegGeaction solutions gave a corresponding
drop in the solution pH. Since the final solutiphl has been shown to be an
important factor in the formation of products froims system (Section 2.2.3), various
methods were devised for control of the pH after ldnthanide salt addition. The

general reaction schemes employed are summarideticags:

(A) - 7.2 mmol Co(ll) salt and 7.2 mmol citric acid werombined in solution in
10 ml HO. The selected base was slowly added until thserede final pH
was obtained. (Gaeference synthesis)

(B) - 7.2 mmol Co(ll) salt, 7.2 mmol citric acid and3nmol of Ln(lll) salt were
combined in solution in 10 ml4®. The selected base was slowly added until
the desired final pH was obtained.

(C) - 7.2 mmol Co(ll) salt and 7.2 mmol citric acid wesombined in solution in
10 ml HO. The selected base was added until pH 7 wasneltand then
3.6 mmol of Ln(lll) salt was gradually added to tkelution under rapid
stirring. If required, additional base was slowlyded until the desired final
pH was obtained.

(D) - 7.2 mmol Co(ll) salt and 7.2 mmol citric acid wezombined in solution in
10 ml HO. The selected base was added until pH 8 wasnebtand then
3.6 mmol of Ln(lll) salt was gradually added to tkelution under rapid
stirring. The resulting solution had a final pH~7.

(E) - 7.2 mmol Co(ll) salt and 7.2 mmol citric acid wezombined in solution in
10 ml HO. The selected base was added until pH 7 wasnebita Ln(lII)
salt (3.6 mmol) and capping ligand (3.6 mmol) weissolved in 10 ml BD,
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followed by deprotonation by addition of base (atis appropriate). The
Ln(lIl) solution was stirred for 15 mins and thesdad dropwise to the Co(ll)
solution. Further base was then added until tlsgeld final pH was obtained.

The reactions were set up for crystallisation bying aliquots of solution of varying
dilution with MeOH, EtOH ofPrOH, and by associated vapour diffusion techniques
If the reactant solutions were found to be miscibith these alcohols, N8O, was
added. Slow evaporation in Petri dishes was aded where appropriate.

The metal salts used were either the sulphatet@at@i Sulphate salts were initially
chosen since this was the counterion originallydueehe synthesis of the goluster

[4], but it was discovered that the lanthanide Batps had a low solubility in the
reaction solutions. Although the nitrate saltsaveruch more soluble, the solutions
had a tendency to form oils when attempts were nadeystallise them. Reactions

using NaHCQ also often formed oils and NM@H.5H,0 was the preferred base.

The experiments involving addition of Gd(lll) sattken suffered from problems with
precipitation, which prevented attempts to obtaysials by the traditional techniques
previously described. Initially this problem hadeb countered to some extent by
either holding the reaction solution pH at a pdawer than that of precipitation, by
adding less Gd(lll) salt than ideally desired, gifitiering the solution and attempting
to crystallise a product from the filtrate. Théelaapproach seemed to be the most
promising, as a product may still have been presethie solution even if the majority
of it had precipitated. Indeed, a lower concerdgrain the solution can lead to slower

crystallisation and better crystals.

However, a problem with this approach was thateless no convenient, routine way
to prove that Gd(lll) was present in the filtrat@lution, or in the precipitate. To

resolve this issue the Gd(lll) was replaced witQlIBr which can be easily detected
by measuring the electronic spectrum. At reacsiolution concentrations the Er(lll)

peaks are visible in the spectrum along with tleabtrCo(ll) peak, as shown in Figure
4-1. The Er(lll) peaks not only show that the kartide ion is present, but also allow
calculation of the concentration present in soltihich is useful in characterising

filtrate solutions. In addition, the absorbancetltd hypersensitive peak of Er(lll)
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(521 nm) relative to the reference peak (654 nndicates the coordination
environment of the lanthanide ion, which is usefudetermining if the ligand has
successfully bound [5]. The increase in the ratibypersensitive peak absorbance to
reference peak absorbance from the uncoordinai@i] Ealt solution peak ratio of ~
2.2:1 to values of between 4:1 and 8:1 suggestttimianthanide ions are indeed
successfully binding to the ligands in the readiorit was thought that if a cluster
could be produced containing Er(lll), an analogpusduct could be obtained using

other lanthanide ions such as Gd(lll).
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Figure 4-1— An example of a spectrum from a reaction sofugiontaining Co(ll)
and Er(Ill) illustrating the clearly visible peakem the lanthanide(lll) ion.

The vast majority of the lanthanide(lll) ions weieund to be removed in the
precipitation, and since the precipitates were @isd, this would indicate a mixed
cobalt(ll)/lanthanide(lll) product. It was thougtitat the precipitation could be the
result of polymerisation through the high coordioat number lanthanide sites,
creating large insoluble species. To try and preteis, additional capping ligands
were included in the reactions in order to reduwe dvailable coordination sites on
the lanthanide ions. The most effective methodwg$ found to involve combining
the capping ligand and lanthanide salt in soluttben adding base to deprotonate the
ligand for coordination before it was added to fit¢ 7 Cg reaction solution. A

variety of capping ligands were trialled includidgylycolic acid, d-mandelic acid,
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bis-tris, acetylacetone and acetic acid (Figure).4-Acetylacetone and acetic acid
could be conveniently included in the synthesisubing their cobalt salts as starting
materials, while diglycolic acid was the most swsfel additional ligand for

preventing precipitation. Even so, no productseaastained from the crystallisation

attempts of the reactions involving capping Iigands

"
2
A

HO.

Q[w

Figure 4-2— Structure diagrams of the capping ligands, diglig acid (upper left),

acetylacetone (upper centre), acetic acid (uppét)id-mandelic acid (lower left)
and bis-tris (lower right).

It was later discovered that the cobalt/lanthampdecipitates redissolved on further
addition of base to the reaction mixture. Thisldondicate the presence of a neutral
intermediate which would be insoluble in water &l to precipitation. On further
addition of base the intermediate could becomeggthonce again and so return to
solution. A consequence of including a greater @amaf base is that the final
solution pH is around 8. Such a high final pH Ipaelviously been problematic for
crystallisation in the standard g£oeaction at pH 7.5, and required the addition of
NaSO, to obtain product crystals. A reference reactiming the standard @o
synthesis with the final pH increased to 8 only eyav few crystals of very poor
quality (Section 2.2.3). Crystallisation at sucighhpH values is therefore very
difficult, possibly due to complex hydroxide spectbat could be formed. Evidence
for this theory is based on experiments wherer disolving the precipitates at high
pH, acid was added to adjust the pH back to 7 fgstallisation. Although the
products present remained in solution (no predipitd as the pH was reduced, the
crystallisation attempts were again unsuccessfggesting that additional hydroxide
species had been retained. Future investigatiothede reactions in alternative

solvents may allow the formation of crystalline guots.
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4.2 — Addition of Lanthanide lons to the Copper Citate System

The addition of lanthanide ions to the copper gdianim citrate system was of
interest due to the ability of the guanidinium ctawion to rapidly crystallise products
from solution. The reaction methodology employeaksvalong similar lines to that
already discussed for the cobalt citrate systerhwithout the use of capping ligands
in this case. The coordinative flexibility disp&d/ by copper in the products of
Chapter 3 is a particularly useful property fortlfigr reactions with lanthanide(lll)
ions, since ligand reorganisation and a varietyaairdination geometries are likely to

be important factors in the creation of new hetestaitic species.

Unfortunately very few crystals were obtained frima heterometallic syntheses, and
those that did form on slow evaporation tendede@ibhcased in excessive colourless
residue, which hampered attempts to separate aachatbrise them. The lack of
readily formed crystals from the reaction systersugorising, however it is possible
that heterometallic species involving citrate, cengld) and lanthanide(lll) ions may
have an overall positive charge, and would theeefat require a positive counterion
such as [C(NK)3]*. However, some novel negatively charged prodwbish include
guanidinium counterions were isolated, includirggdadf product.

4.2.1 — Copper(Il) Monomer [C(NH,)s],{Cu(H Cit) »}

4.2.1.1 — Synthesis of [C(NH;],{Cu(H ,cit) ,}

To a solution of citric acid monohydrate (0.55 ¢6 2amol) in water (25 ml) was

added a solution of guanidinium carbonate (1.82®4 mmol) in water (25 ml)
followed by GA(NQ)3.6H,O (0.59 g, 1.3 mmol). To the resultant solutiorswkbwly
added Cu(N@.3H,O (0.63 g, 2.6 mmol) in water (25 ml). After haif the
Cu(NG;).3H,O was added a white precipitate began to form andigied even after
the full amount of Cu(Ng.3H,O was added. To the solution containing the
precipitate was then added an excess of citric amdohydrate to reduce the pH of
the solution from pH 9 to pH 6 at which point thee@pitate dissolved. Pale blue
crystals of [C(NH)3[{Cu(Hcit),} formed in moderate yield after three weeks ofaslo
evaporation. Selected IR data (§m3349 (m), 3140 (m), 1713 (m), 1653 (s), 1562
(s), 1438 (m), 1380 (s), 1244 (s), 1064 (m), 899 (m
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4.2.1.2 — Structure of [C(NH)],{Cu(H ,cit) »}
The copper(ll) monomer [C(NBE]ACu(Hqcit),} crystallises in thd”2,/n space group

and consists of one copper(ll) centre bound by tlobly deprotonated citrate
ligands with charge balance provided by two guamioih ions. The monomer
structure is similar to that of a literature exaenplith formula [NH]{Cu(Hcit)2},

which has triply deprotonated citrate ligands amgm@nium counterions [6]. A

comparison of the two monomers is given in Figufe 4

Figure 4-3— Comparison of the copper(ll) citrate monomeudtires
[C(NH2)3]A{Cu(Hcit),} (left) and [NHs]4{Cu(Hcit),} (right), (Cu orange, O red, C
grey, N pale blue, H omitted). Ammonium exampl€8D structure JOCNEU [6].

Both structures contain distorted octahedral cqpipecentres coordinated by the
citrate alcohol group, onecarboxylate and ong-carboxylate. The copper geometry
is distorted as a result of the shetarboxylate, which binds with a Ou-O angle of

78° (guanidinium) or 74° (ammonium) relative to thleohol, rather than at 90°. A

Jahn-Teller elongation is seen in both monomensgalbe copper alcohol bonds.

It should be noted that in the literature examplthv@ammonium ions [6], only the
citrate alcohol group is protonated, while in tb&se with guanidinium ions both the
alcohol and the trailing uncoordinat@ecarboxylic acid groups are protonated. In
this structure both of the protons were locatedaseaks in the Fourier difference
map using CRYSTALS. Charge balance arguments basedhe number of
counterions also supports this formulation. Theld® protonation of citrate in the
monomer may be unusual, however [CA¥H{Cu(Hcit),} was formed as a side
product due to excess addition of citric acid te dopper(ll)/gadolinium(lll) system

to lower the pH (amusingly, the ammonium coppertibnomer was also formed as a
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side product in the attempted synthesis of a cgppantimony(lll) citrate [6]).

Additional evidence for thep-carboxylate protonation of the citrate in the
guanidinium copper(ll) monomer comes from the hgerobonding pattern between
the monomers which displays the distinctive carlioxacid hydrogen bonding dimer

motif, as shown in Figure 4-4. This arrangememisseen for the literature structure

of [NH4]4{Cu(Hcit)2} with ammonium counterions and triply deprotonatédate [6].

Figure 4-4— The carboxylic acid hydrogen bonding dimer mséén between the
copper(Il) monomers [C(Nbk]{Cu(Hzcit),}, (Cu orange, O red, C grey, N pale
blue, H white).

It is also interesting to compare the structureha guanidinium copper(ll) citrate
monomer [C(NH)s]{Cu(H.cit),} with the cobalt(ll) and nickel(ll) monomers,
[C(NH)3]A{Co(Hcit)2}.2H,O and [C(NH)s]4{Ni(Hcit) 2}.2H,O [7]. Figure 4-5

reveals that both of the citrate ligands in theadt§h) and nickel(Il) monomers point
to the same side in a ‘cis’ arrangement comparettigdtrans’ copper(ll) monomer
where the two citrates point in opposite direction$his variation in the citrate
ligands positions can be explained by considerrgghydrogen bonding interactions

of the carboxylate groups.
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Figure 4-5— The structures of the cobalt(ll) (left) and rakk) (right) citrate
monomers with guanidinium counterions, (Co blueghdien, O red, C grey, H
omitted). CSD structures Co QEQVAJ and Ni QEQTUB [7

Figure 4-6 shows that in the nickel(ll) monomer tweygen atoms of the three
carboxylate groups hydrogen bond to the hydrogemsatof three guanidinium ions.
Since each carboxylate makes two bonds to a gurmidj clearly all three must be
deprotonated and therefore the citrate has a ¢ealt@ahol group. The cobalt(ll)
monomer has the same structure and packing ascked(h) analogue. In the case of
the copper(ll) monomer only two of the carboxylgteups have a hydrogen bonded
guanidinium ion, with the trailing3-carboxylic acid hydrogen bonding with an
equivalent group on a neighbouring monomer (as seéigure 4-4). Therefore the
carboxylic acid is protonated in addition to thatcal alcohol group of citrate.

Figure 4-6 — The citrate carboxylate hydrogen bonding seghearcopper(ll) (left)
and nickel(ll) (right) monomers, with only one lighshown for clarity (Cu orange,
Ni green, O red, C grey, H white). CSD structureNdiQTUB [6].
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As expected, the guanidinium counterions play apoirtant role in the hydrogen
bonding network of the each of the monomer stresturEach cation has two

hydrogen bonds to each carboxylate (aneonef-) of neighbouring monomer units,

as shown for copper(ll) structure [C(M&lo{Cu(H.cit),} in Figure 4-7 and the
nickel(ll) structure [C(NH)s]4{Ni(Hcit) 2}.2H,0 in Figure 4-8.

Figure 4-7— Hydrogen bonding between the copper(ll) mononiteate carboxylates

and the guanidinium counterions, (Cu orange, OCegkey, N pale blue, H white).

Figure 4-8— Hydrogen bonding between the nickel(ll) mononigate carboxylates
and the guanidinium counterions, (Ni green, O &drey, N pale blue, H white).
CSD structure QEQTUB.
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4.2.2 — The Copper(ll) Erbium(lll) Network
{[C(NH g)glﬁd\lazcn,l&qErg(COE)g(H20)2}.6H20

4.2.2.1 — Synthesis of {[C(Nk)3]s 3dNa,Cu; sEr,(CO3)s(H,0),1.6H,0

Citric acid monohydrate (1.09 g, 5.2 mmol), Cu@BH,O (1.26 g, 5.2 mmol),
guanidinium nitrate (1.27g, 10.4 mmol) and Er@¥J1.26 ml, 2.055 M, 2.6 mmol)
were combined in water (20 ml). NaOH (~1.41 g) weadually added with rapid

magnetic stirring. A precipitate bloom appearegtt2.15 which slowly redissolved
at ~ pH 7.2 followed by a rapid jump to a final @&.90. The solution was filtered
and left to slowly evaporate. Pale blue crystalsnied in low yield, selected IR data
(cm™): 3324 (m), 3116 (m), 1683 (s), 1594 (w), 1478 108 (s), 1339 (s), 1157 (W),
1045 (w), 849 (m), 726 (s). Analysis, calculatedfoufid) for

Ci3.3H47.04C U1 3ERN159003:N&: C, 11.36 (10.96); H, 3.43 (2.64); N, 15.89 (13.33
Only small quantities of product crystals were &alde for analysis, and the formula
given was the best agreement between microanaysisrystallography studies for

this complicated non-stoichiometric network compaun

4.2.2.2 — Structure of {[C(N Fk)}]ﬁql\la2CU£qEr2(CO3)§(HZO)Z}.6H20

The three dimensional copper(ll) erbium(lll) netwarystallises in thém3n space

group. It consists of eight coordinate erbium(téntres that are linked by carbonate
ions to four coordinate, square planar copper(Bptes in plate-like structural
subunits as shown in Figure 4-9. Charge balancdhi® network is provided by
guanidinium and sodium counterions. The sodiummtaions are coordinated by the
carbonate ions and are disordered over octahetialis the centre of the plates and
also over sites on either side of the copper(Iptee (which are occupied in the
absence of a copper(ll) centre at such a poirtemetwork). The central octahedral
sodium centres have an out-of-plane displacemédative to the network carbonate
ions, which has previously been observed for othl&ali metal ions in copper
carbonate networks [8]. Each guanidinium counterias six hydrogen bonds
between the hydrogen atoms of the Ngtoups and the oxygen atoms of three
neighbouring carbonate ions. Such extensive hyrdgpnding explains why the

product crystals are insoluble once formed.
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Figure 4-9— Two views of the plate like structural subunigisén
{[C(NH 2)3]5.3NaCu 33E(COs)g}.6H.0, (Cu orange, Er pink, O red, C grey, N pale
blue, Na violet, H omitted).

The plate-like structural subunits are linked M tmetal centres to neighbouring
perpendicular plates to form cages as shown inr€igel0. Six of the plate subunits
form a cube which has truncated corners (of hexalgsimape) that are occupied by
the hydrogen bonded guanidinium ions. This gives\erall structure (Figure 4-11)
that has the sodalite topology [8]. The inside eafich cage is lined by eight
guanidinium ions that define the triangular facéa aentral octahedron that is filled

by six lattice water as shown in Figure 4-12.

Figure 4-10— The perpendicular arrangement of the plate likmisits to form a
sodalite type cage (left, with nearest cage fackhgalrogen omitted for clarity) and
the guanidinium counterion hydrogen bonding onhieagonal faces (right), (Cu

orange, Er pink, O red, C grey, N pale blue, Ndetjdd white).
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Figure 4-11— The Cu(ll) Er(lll) network structure, viewed atpthe crystallographic
a axis (upper) and along the channels containingigudum counterions and lattice

water (lower), (Cu orange, Er pink, O red, C gidypale blue, Na violet, H white).
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Figure 4-12— The Cu(ll) Er(lll) network structure, highlightirthe lattice water in
the cage centres (red oxygen spacefill) and th®snding guanidinium counterions,
viewed along the crystallographacaxis (upper) and along the channels (lower), (Cu

orange, Er pink, O red, C grey, N pale blue, Ndetjdd white).
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It is interesting to note that a similar carbonassed copper(ll) gadolinium(lll)
network {Cu(COs)1/C(NH>)3]g}.2Gd.2K.40H.HO has previously been reported in

the literature [8], which crystallises in th®3m space group. The overall structural
features of the two networks are similar in appeegaas shown in Figure 4-13.
However, the literature structure differs in thhe tnetwork consists only of (six
coordinate) octahedral copper(ll) centres linked dgrbonate ions, while the
gadolinium(lll) ions are located within the highdysordered contents of the cages. In
some respects this is quite surprising, since tpper(ll) centres occupy sites that
could accommodate larger eight coordinate lanthegtiyl centres (as found in our
erbium(lll) network). It is also surprising thdtet large gadolinium(lll) ions can fit
inside the cages that also contain lattice watsrdfacussed earlier) and potassium
counterions, in an environment that provides comupagly few coordination sites.

No detailed discussion of the network structure pr@asented in the literature [8].

Figure 4-13— A comparison of the unit cells viewed along &hexis in
{[C(NH 2)3]5.3NaCu 3Er(CO3)s(H20).}.6H0 (upper) and CSD structure
WABWEC {Cug(CO3)12C(NHy)3]s}.2Gd.2K.40H.HO (lower) [8], (Cu orange, Er
pink, Gd pale green, O red, C grey, N pale blueyidket, K purple, H white).
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4.2.2.3 — Magnetic Properties of
{[C(NH g)glﬁd\lazcn,l&qErg(COE)g(H20)2}.6H20

The temperature dependence dffor the copper(ll) erbium(lll) network is shown in

Figure 4-14. On cooling from 300 K the curve sh@awgradual decline with a more
rapid decrease below 50 K. This decreasgTins indicative of antiferromagnetic
exchange interactions between the metal centrédseafietwork. ThegT curve shape
is similar to that reported for the 2D erbium(lhetwork {Er(Hcit)HO}, which
exhibits antiferromagnetic coupling, and both neweompounds display linear
relationships in plots gf* vsT [9]. The field cooled and zero field cooled aesvor
the copper(ll) erbium(lll) network sample were aodent. No frequency dependent
signals were observed in the out-of-phase compaotfetiite ac susceptibility, and no

hysteresis loops were observed in magnetisatiorsuneaents at 2 K.
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Figure 4-14— Temperature dependencecdffor
{[C(NH 2)3]5.3NaCuy 3Er(COs)s(H20)2}.6H,0, measured in a 1000 Oe field.
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5.0 — The Nickel Citrate System

The nickel citrate system has previously yieldedaaety of interesting products,

including Ni, Niz, Nig, and Nj; clusters. The Ni cluster
[C(NH)3]g{Ni 4(cit)4}.6H,0 [1] is a cubane that is an analogue of thq €loster
(Section 2.1), and it will be discussed later ict®m 5.3. The Niclusters include an
example containing two distorted nickel tetraheg(dopen’ cubane type structures) in
the cluster [NMg]1o{Ni g(cit)s(OH)2(H20),} [2] that can also be obtained with an
alternative crystal packing due to variation in thenber of lattice water molecule
involved [3]. A second ‘dehydrated’ Ncluster [NMa]1{Ni g(cit)s(OH),} can be
obtained from the reaction by crystallisation af 60rather than ambient temperature.
The application of heat causes reorganisation @fcttrate ligands and the formation

of two nickel cubanes (Figure 5-1) [2].

Figure 5-1— Comparison of the anion structures in [N\MgNi g(cit)g(OH)(H20).}
with ‘open’ cubanes (left) and [NMR{Ni g(cit)s(OH),} with complete cubanes
(right), (Ni green, O red, C grey, H omitted). CSuctures HUPQOY and
HUPQUE [2].

The Nir cluster [NMa]sNag{Ni(cit)s(H.0),} and the Nj; cluster
[NMeg4]sNag{Ni 21(cit)12(OH)10(H20)10} can both be obtained from one reaction
solution via careful control of the amount of cdvemt used for the crystallisation
process (Figure 5-2) [4]. Further work [5] revehtbat reducing the solution volume
by heating rather than slow evaporation favoursfahmation of the Ni; cluster over
the smaller Ni. Variation in the metal to ligand ratio also alled isolation of the
Niy; cluster with different combinations of counterions the form of
[NMe4] 16{Ni 21(Cit)12(OH)10(H20)10} and [NMey]1aNax{Ni 21(Cit)12(OH)10(H20)10}, the

later having also been shown to function as a singdlecule magnet [5].
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Figure 5-2— The anion structures in [NMeNas{Ni 7(cit)s(H20).} (left) and
[NMeg]sNag{Ni 21(cit)12(OH)10(H20)10} (right), (Ni green, O red, C grey, H omitted),
CSD structures XEZFOX and XEFIR [4].

The citrate ligand displays a wide variety of cooation modes in this family of

nickel clusters, leading to a more diverse settfctures compared with the cobalt
citrate system. As an example, Figure 5-3 illussahe variety of binding modes
present in the Nji cluster.

Figure 5-3— The five different binding modes of the citragahd found in
the Np; clusters (modes 5 and 6 are equivalent), (Ni hl&cthite, C line, H
omitted) [5].

150



5.1 — Discussion of Reaction Methodology

The most striking feature of the nickel citratetsys is the assortment of different
products and structures available from reactiondittoms that are very similar in
terms of metal to ligand ratio and final solutioH p~9.2). A delicate balance must
exist in the system, with subtle alterations suelapplying heat or small changes in
the amount of cosolvent being able to alter thedpecod obtained. Even so, it is
common to find more than one type of product ctgstaom these reactions,
particularly in the case of the Nisynthesis [4]. One hypothesis is that several
structural elements exist in equilibrium in solatiavhich can then assemble into the
different products depending on their solubilityden the crystallisation conditions.
This theory is supported by the structure of thg Miuster, which has a central flat
region comprising seven nickel(ll) ions and hyddexbridges that is a nucleus of the
crystallisation of Ni(OH) [5], which has two attached (seven nickel) citrate
fragments. Presumably the anion of the Bluster [NMg]sNas{Ni 7(cit)s(H20).}

may also be present in solution, as it can be obtbby adding less co-solvent [4].

In order to try and isolate the species that magresent, samples of theghind Np;
reaction solutions were made as per the litergjfd and guanidinium salts added in
an attempt to rapidly crystallise the citrate praguas the result of hydrogen bonding
with the counterion. Surprisingly, it was discoegithat the species remained soluble
even after addition of the guanidinium salt, andemt temperature slow evaporation
(Nig synthesis) or mixing with EtOH cosolvent gNsynthesis) was required to effect
crystallisation.  The majority of the product ceist obtained from these
investigations were found to be the,Niuster [C(NH)s]s{Ni 4(cit)s}.6H,O (Section

5.3). However in the Nj system multiple products were obtained.

5.2 — Investigation of the Ni; Synthesis

5.2.1 — Addition of Guanidinium lons to the Nj; Synthesis

Addition of an aqueous solution (15 mL) of NaOH5@) g, 88.0 mmol) to an
aqueous solution (25 mL) of NiS®H,O (10.907 g, 41.5 mmol) gave a pale green
precipitate, which was collected by filtration awdshed with distilled water (3x100

mL). Dissolution of this solid in an aqueous saati (20 mL) of citric acid
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monohydrate (7.985 g, 38.0 mmol) gave a solutioptdf2.94. The pH was raised to
9.20 by the addition of NM®H.5H,0 (12.50 g, 69.0 mmol) and the aqueous solution
concentrated to a volume of 35 mL on a rotary exatpo without heating. Aliquots
of the concentrated solution (1 ml) were mixed vétholution of guanidinium nitrate
(0.043 g in 1 ml water) then mixed with EtOH (3 rahd the solution kept in sealed

sample vials.

Three different types of crystal formed in the siathich were identified by single
crystal X-ray diffraction. The light green blockystals were found to be the ANi
cubane cluster, while the hedgehog formations & geeen plates were identified as
the Ng cluster [NMa]1ofNi g(cit)s(OH)2(H20)2} [2]. The third type of crystal was
formed in smaller numbers and appeared as isotktddgreen plates. These crystals
were very thin and fragile, and when examined usirgplarising microscope were
found to be highly crazed. As a result of this thata collected from the single
crystal X-ray diffraction study was poor. A prelimary structure solution of the
novel {Nig(cit)s(OH)e} ** cluster was obtained and is shown in Figure 5-4.

Figure 5-4— Preliminary structure of the novel {§{it)s(OH)e} ** cluster anion, (Ni

green, O red, C grey, H omitted).

The diffraction data was of insufficient qualitylticate the counterions, though initial
results suggest the presence of guanidinium andirsotbns. Although a detailed
analysis of the structure is not practical, it mgeresting to compare the general
connectivity with the other nickel citrate clustersirstly, by comparison of Figure 5-
4 with Figure 5-1, it can be seen that this noeakter is unlike the previously
reported N clusters in that it does not feature any nickddane or ‘open cubane’
elements. The overall appearance of thes(@il)s(OH)e} 1 cluster with the central
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region and two ‘wings’ is reminiscent of the,Ncluster (Figure 5-2). Indeed, closer
examination of the terminal structure of the ‘wihgs/eals that these are alike in both
clusters. As can be seen from Figure 5-5, thedination of the three terminal nickel
centres is very similar in both clusters, but tlw®rdination by the second pair of
citrate ligands in the fragment is different. he tNp; cluster theB-carboxylate of the
highlighted citrate in Figure 5-5 twists away, asd the ligand pair shares
coordination to only two nickel centres. In theif(git)s(OH)e} ** structure the ligand
pair shares the coordination of a central linecnfr fnickel centres. Each of these two
citrate ligands binds to six nickel(ll) ions (segufe 5-6), which is a novel binding
mode not previously observed (CSD version 5.29yer@ll, these results once again
support the hypothesis that that several structel@hents exist in equilibrium in
solution which can assemble in different ways, sasithe common terminal groups

seen in both of these two clusters.

Figure 5-5— A comparison of the four citrate fragments atend of the ‘wings’ of
the {Nig(cit)s(OH)e} ** anion (left) and the {Ni(cit)12(OH)10(H-O)} ** anion (right).
The similarity in the coordination of the threentémal nickel centres is highlighted in

the truncated view from the nickel plane shown laémeg(Ni green, O red, C grey, H

omitted), Np; CSD structure XEFIR [4].
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Figure 5-6— The novel nickel(ll) citrate binding mode obsain the
{Ni g(cit)s(OH)s} ** anion (Ni green, O red, C grey, H omitted).

5.2.2 — Nickel(Il) Monomer [NMes]{Ni(Hcit) ,}.11H,0

5.2.2.1 — Synthesis of [NM#&,{Ni(Hcit) ,}.11H,0
Citric acid monohydrate (7.99 g, 38.0 mmol) andMil), (3.85 g, 41.5 mmol) were
combined in water (20 ml). The nickel hydroxidsplayed little sign of dissolving or

reacting and so the suspension was stirred rapiuly hotplate and heated to ~100°C.
The solution was cooled and NM&H.5H,0 (~8.23 g) was added but no changes
were observed. The beaker was covered, stirrethighe and allowed to stand for a
further two days. The unreacted nickel residue vessoved by filtration and the
green solution was left to stand uncovered. Gpete crystals formed in large yield
by slow evaporation, selected IR data: 3265 (mB71&), 1487 (s), 1411 (s), 1379
(s), 1281 (m), 1186 (w), 1151 (w), 1068 (w), 95 @&10 (m), 884 (w), 844 (w). A
large sample of the crystals suitable for microgsial was only available after the
solution had evaporated to minimal volume, and rimgults suggest that residual
nickel hydroxide reagent from the synthesis wasqme in the sample. Analysis,
calculated (found) for [NMgs{Ni(Hcit) »}.11H,0.%(Ni(OH)), CogHgo Ni1.29N4O055

C, 35.22 (35.01); H, 8.50 (8.17); N, 5.87 (5.97).

The nickel(ll) monomer was obtained from a reactrefated to the Ni cluster
synthesis, which in this case used commerciallyl@via Ni(OH), rather than freshly
prepared ‘wet’ precipitate. The commercially aabié dry powder nickel hydroxide
was insoluble (as expected) but was also extresiely to react with the citric acid
solution. Addition of tetramethylammonium hydrogidid not appear to have a great
effect, most probably as the vast majority of thekel remained as the insoluble
hydroxide and so was not available for coordinatimnthe deprotonated ligand. By
comparison, in the literature Nisynthesis [4,5] the freshly prepared nickel hyaiex
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precipitate is washed with water and then addettheccitric acid solution while still
damp and is found to dissolve completely afteriagyrfor a few hours. The damp
precipitate must also provide the source of thé dtainterions, since the only reagent
to include sodium ions is the NaOH added to th&etisulphate solution to form the

nickel(ll) hydroxide.

5.2.2.2 — Structure of [NMa]{Ni(Hcit) ,}.11H,0
The nickel(ll) monomer [NMg4{Ni(Hcit) ;}.11H,O crystallises in the®1 space

group. The monomer structure consists of a nitlkeléntre with two bound citrate
ligands (Figure 5-3). The citrate ligands arelyrigeprotonated and coordinate to the
metal with the central (protonated) alcohol groopg a-carboxylate and on-
carboxylate. Charge balance is provided by fotrateethylammonium ions per
monomer, and a large amount of lattice water is giesent, which is a common
feature of the tetramethylammonium nickel citratedocts [2-5]. The octahedral
nickel(ll) centre is distorted due to the shortandth of then-carboxylate arm, with
the a-carboxylate-Ni-OH angles reduced to 80°. Meanevttiep-carboxylate-Ni-OH
angles are 88°, and therefore close to the ideatl@8 to coordination by the longer
and more flexible arm of citrate. This is a comnfeature of this type of nickel
citrate binding, with similar distortions also obgd in the nickel citrate monomers
[NH4]4{Ni(Hcit) 2}.2H,O with ammonium counterions (Figure 5-3) [6] or
[C(NH2)3]4{Ni(Hcit) 2}.2H,0 with guanidinium counterions (Figure 4-5) [7].

Figure 5-3— Comparison of the nickel(ll) citrate monomeustures with
tetramethylammonium (left) and ammonium (right) mt@wions, (Ni green, O red, C

grey, N pale blue, H omitted). Ammonium exampl€8D structure NASDAM [6].
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5.3 — The Nj Cluster [C(NH5)3]s{Ni4(cit) 4}.6H,O

5.3.1 — Synthesis of [C(Nk)s]sfNi4(cit) ,}.6H,0

To a solution of citric acid monohydrate (1.09 ¢ 5nmol) in water (50 mL) was
added a solution of Ni(N§».6H,O (1.51 g, 5.2 mmol) in water (50 mL) followed by
a solution of guanidinium carbonate (3.75 g, 20/8at) in water (50 mL). The
solution was then left to stand overnight, prodgcen very large yield of green
crystals, which were air-dried. Analysis, calcathifound) for GaH7eNi4N24Os4: C,
24.39 (24.49); H, 4.86 (4.65); N, 21.33 (21.01)leBted IR data (cih): 3331 (m),
3130 (m), 1660 (m), 1602 (m), 1580 (m), 1535 (€27 (m), 1378 (s), 1235 (m),
1094 (w), 959 (m), 929 (m), 849 (m).

5.3.2 — Structure of [C(NH)s]efNi4(cCit) 4}.6H,0

The Ni cubane is the nickel(ll) analogue of the,Gxuster discussed earlier in
Section 2.1.2. Both the Nand Caq clusters have the same structure, where the four
metal ions are coordinated by four tetradeprotahatitate ligands with the alkoxide
groups providing the corner bridging oxygen of tubane. The cubane geometries
are similar, with Ni-O-Ni bridging angles in thenge 96.98-99.81° with Ni-O bond
lengths of 2.047-2.112 A, compared to Co-O-Co anghe97.18-99.24° with Co-O
bond lengths of 2.090-2.136 A. The microanalysiggests that the product forms as
a hexahydrate, and so two water molecules maydsept in the cavities between the
cubanes (as discussed in Section 2.1.5) in additiotme four water molecules per

cluster that are involved in the hydrogen bondiatyvork.

Figure 5-4— The cubane structure of the §{¢iit),}® anion, (Ni green, O red, C grey,
H omitted), CSD structure CEHVUH [1].
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5.3.3 —

Magnetic Properties of [C(NHE)3]sfNi(cCit) 4}.6H,0
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Figure 5-5— Temperature dependence@ffor [C(NH,)3]s{Ni 4(Cit)4}.6H20,
measured in a 1000 Oe field, with the fit showmaasd line §; = +5 K,J, =-4 K,g =

2.23)
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Figure 5-6— Field dependence of the magnetisation at 2 K for

300

5.0

[C(NH2)3]g{Ni 4(cit)4}.6H20, with the simulation shown as a red lide£ +5 K,J, = -

4K,g=2.23)
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The temperature dependence of th€ curve for [C(NH)s]s{Ni 4(Cit)s}.6H0
measured in a 1000 Oe field is shown in Figure 5Bis is seen to increase gradually
on cooling from 300 K, with a more rapid increasdolv ~50 K to a peak value of
6.29 cnimol’K at 10 K after which the curve decreases rapidifie curve of Figure
5-6 reveals that at 2 K the magnetisation is nttraged at 5 T, with a value (/NS

= 6.74. No signals were observed in the out-ofsph@omponent of the ac
susceptibility measurements, and so unlike the ltg@haanalogue discussed earlier,
the Ni, cubane does not display single molecule magnegiepties. The Cpcubane
did not have a large peak in tp& curve as seen for Nihowever it did display a
plateau in the magnetisation curve indicative of llying excited states and this
feature is not observed in the;Mheasurements (Compare Figure 2-6 with Figures 5-
5 and 5-6).

It was found that the best fit of th& curve over the temperature range 300-2 K could
be obtained using the numbering scheme shown w&ig-7 with a twa) model @

= 24(SS + S + S + §F) - 2K(SS +S,S) ) for the coupling between the
four Ni(ll) centres. J; occurs across the four cubane faces with bridgimgjes of

96.98 and 98.68°, whil& occurs across the two faces with equal angle9 &19

Figure 5-7— The numbering scheme for the, Niuster, highlighting the bridging

angles of the cubane, (Ni green, O red).
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As can be seen in Figure 5-5, a fit using valueg,cf +5 K, J, = -4 K, g = 2.23
reproduces theT curve shape over the full temperature range medsurThis
suggests that both ferromagnetil) (and antiferromagneticl{) interactions occur
within the cubane. These can be correlated tdotliging angles, with the smaller
pair (96.98 & 98.68°) favouring ferromagnetic exapa and larger pair (2 x 99.81°)
favouring antiferromagnetic exchange. The two exge parameters are also seen to
be of similar magnitude. The fitting parameters riu reproduce the measured
magnetisation curve, although this could be dusetglect of the zero-field splitting of
the excited spin levels that are close to$e0 ground state [1], which are likely to

be populated at 2 K.

Clearly the main difference in the magnetic prapsrbf the cobalt(ll) and nickel(ll)
cubane clusters is that £bas a non-zero spin ground state, wheregss\s = 0.

Differences in the specific cubane bridging geormastrzero-field splitting effects,
and the much greater orbital contribution to thegnadic moment for cobalt(ll), when
taken in combination, are likely to be responsiiolethe unique SMM behaviour of

the Cq cluster in the family of transition metal guanidim citrate cubanes.
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Conclusions

In conclusion, citric acid [C(OH)(CfI)(CH,CO:H). = Hacit] has been shown to
display a rich variety of coordination chemistry feaction systems involving
cobalt(ll), copper(ll) and nickel(ll). This allowthe formation of a wide range of

compounds that are of interest for structural aagmetic studies.

It has been discovered that the {(it),}® cubane subunit is a common structural
motif within the family of products obtained fromet cobalt(ll) citrate system. This
discrete unit has been shown to display single cubidemagnet behaviour in the £o
cluster [C(NH)3]{Co4(cit)4}.4H20. It is therefore an ideal candidate for usehia t
development of larger clusters due to the numevagant oxygen coordination sites

that are available around the outside of the culsabanit.

The addition of two peripheral cobalt(ll) centresthie cubane structure gives thes;Co
cluster [NMe]sNa{Coq4(cit)4/Co(H.0)s)2}.11H,0, which has been shown to be a
single molecule magnet that is complicated by mtdecular interactions. The go
cluster displays hydration dependent magnetic hebawhich can be altered using
vacuum dehydration. The associated crystal cothnge has been investigated
using electronic spectroscopy in order to gainginisinto the processes occurring. A
new and improved synthesis of theg@uster has provided high quality erinaceous
crystals, whilst also allowing access to novel klkaetal ion analogues for
comparable structural and magnetic studies. Tgstalrstructure of the Galuster
[NMe4]4{Coq(cit)4[ Co(H0)s]2}.18H,0 with four tetramethylammonium counterions
has been determined for the first time, which fesgua novel cluster packing

arrangement and yet also retains similar hydradependent magnetic behaviour.

The cobalt(ll) citrate cubanes have been linked iat 3D coordination network

{Na4Coao4(cit)4[Co(H20)3]2(H20)15}.3H,0 using octahedral cobalt(ll) linkers, which is
a rare example of an extended network structursisting of single molecule magnet
subunits. The 3D network displays ferromagnetieractions at low temperature,
frequency dependent ac signals, and magnetisaésuy field hysteresis loops that

suggest an easy-plane magnetic anisotropy.
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The cobalt(ll) citrate system provides a rare ofputy to observe the changes in the
magnetic properties of a structurally related sedécompounds of increasing size,
which illustrates the transition from the quanturarld of discrete SMM clusters to

the ‘classical’ world of long range ordering in teetended network. Comparison of
the structural and magnetic data for the familyeddited products has also allowed the
formulation of hypothetical magnetostructural ctatiens to rationalise the observed

magnetic behaviour.

The copper(ll) guanidinium system has produced twlated dimers featuring
unusual ‘long contacts’ between the citratearboxylate and the copper(ll) centres.
High pressure structural studies have revealed tiatlong contact distance in
[C(NH2)3]4{Cuy(cit),}.H O decreases considerably on application of pressute a
colour change that suggests a change in the cappmyordination number. Similar
studies of [C(NH)3{Cu,citfC(NH2).NH]>(OH)} reveal an unusual two stage
polymerisation at high pressure with associateds@hehanges. Analysis of the
dimers suggests that the long contact plays an ripio role in generating the
structural features that are thought to be respéndior the observed coupling
behaviour of the copper(ll) spins. This is suppdrby structural studies of products
formed using related ligands that have the citbaekbone, but do not include an
carboxylate group. These include the dimer fEWL1),}(NO3), [HsL1l = 3-methyl-
1,3,5-pentanetriol] and tetramer {&U2),[C(NH2).:NH]4(OMe)}.2MeOH.3H,0
[HsL2 = 3-hydroxy-3-methyl-glutaric acid].

The hydrogen bonding of the guanidinium ion is arpoertant part of the crystal
structure for many of the compounds, including aehacopper(ll) citrate trimer
where the {Cu(cit)sNa(OH)}* cluster anions form a hexagonal hydrogen bonding
network with three [C(NK)s]” ions per cluster. This results in large chantieds

run through the structure that are filled with titeer highly disordered counterions.
The coordinative flexibility of copper(ll) is alsan important factor in formation of
the different compounds due to the possibility qtiare planar (four coordinate),
square-based pyramidal (five coordinate) and ochrahésix coordinate) geometries.
This is reflected in the range of cluster sizes iih@ludes monomer, dimer, trimer and

tetramer products.
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Initial work has been reported on the developmédnthe cobalt(ll) and copper(ll)
citrate systems to include lanthanide(lll) ions.nvdstigation of the cobalt(ll)
syntheses to reduce problems with precipitation pasluced reaction solutions
containing both cobalt(ll) and erbium(lll), witheghresults of electronic spectroscopy
suggesting the successful binding of both metas.ioAlthough no product crystals
were obtained in the Co(ll)/Er(lll) syntheses, teats involing Cu(ll)/Er(lI)
produced crystals of a noval-3f network compound.

A central theme in the investigation of these rieactsystems is the role of the
counterion in product selection. By simply altgrihe countercation in our cobalt(ll)
reaction system we can vary the type of productiobtl from a CoSMM, via a Cqg
SMM, to a 3D network. The first product changeogeobtained by altering the type
of counterions, while the second is achieved byustdjg the counterion
concentrations. Studies of the cobalt(ll) systerfower pH have shown that tuning
the size of the counterion can be used to tunesthetural motif of the products,
illustrated by a range of compounds from doubléssal a 1D coordination polymer
(Galloway et al, Ref. [3], Ch. 2). The addition of rubidium sugté for the
crystallisation of the alkali metal analogue of tBe; cluster did not give a product
containing Rb counterions. Instead, a pure tetramethylammominalogue was
produced, which highlights the ability of the coendn to select products via subtle

solubility effects under the crystallisation comatits employed.

The hydrogen bonding ability of the guanidinium mays a key role in the formation
of the product crystals in the copper(ll) systerparticularly when it becomes
incorporated into the cluster structure as themaéguanidine ligand. An extensive
hydrogen bonding network is beneficial for rapigistallisation, although it can also
lead to the preferential selection of a dominarddpct. In the nickel(ll) citrate
system, a diverse family of structures can be abthifrom very similar reaction
conditions. The addition of guanidinium ions proed a dominant Nicluster

[C(NH2)3]s{Ni 4(cit)4}.6H-0, however several additional product crystals Wwermed

simultaneously, which allowed the discovery of avelonickel(ll) citrate binding

mode in the anion {N{cit)s(OH)s}**. Overall, this work highlights the important

role of the counterion in self-assembly reactionditons.
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Appendix — Crystallography

The crystal structures of the novel products regubdre provided on the enclosed

Supporting Information CD. Also included are stdecreference structures, and the

Mercury program installer for viewing the cif filedNote that the structure file names

refer to the section number of the compound. &seSection 1.5.3.

Chapter 2 (Notes - 2.1.2 & 2.2.2 literature structures, 23.& 2.4.2 Rigaku data

collection, 2.3.4.2 Synchrotron data collection)

Compound
Formula
Space Group
a (A)

b (A)

c (A)

a (%)

B (°)

7 (°)

Volume (A%

R (%)
Goodness of fit
Residual (eA®)
Unigue Reflections
Parameters
Restraints

Compound
Formula

Space Group
a (A)

b (A)

c (A)

a(%)

B (°)

7 (%)

Volume (A%

R (%)
Goodness of fit
Residual (eA®)
Unique Reflections
Parameters
Restraints

2.1.2-Cp
Cs2HgoCuN 24036
P4,/n
16.1224(8)
16.1224(8)
11.5088(11)
90

90

90

2991.5

5.79

1.058

1.548 (-0.396)
3430

224

0

2.3.3.2 - Cs{Cg
C42H50C0CsNsOs
Pna21
23.0490(13)
14.6342(8)
20.9420(13)

a0

a0

90

7063.81

5.95

1.037

1.221 (-0.955)
12476

846

1

2.2.2 - Na{Cgq}

CseHo4C0sN3NalOyg
Pn&;
23.093(3)
14.3843(18)
21.691(3)

90

90

90

7205.24

5.65

1.029

0.662 (-0.681)
11940

632

1

2.3.4.2 - NMg{Cog}

CaoH120C0N4Os6

Pbca
23.0160(17)
24.4060(18)
57.227(4)

90

90

90

32146

11.28

1.117
1.426 (-0.801)

31747

1742

0
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2.3.1.2 - Li{Ca}
CazHs0C0sLIN 3035
Pn&;
23.240(5)
14.527(3)
22.523(5)
90
90
90
7603.93
12.31
1.119
1.831 (-1.233)
16947
758
1

2.4.2 - 3D Network
C2_4H64COBNa4052
P1
12.260(5)
12.366(6)
19.101(9)
78.180(16)
84.625(16)
89.511(17)
2821.81
11.85
1.181
2.168 (-1.083)
12280
761
0



Chapter 3 (Notes — 3.1.2 Edinburgh data collection at ambtemperature, 3.2.2
Edinburgh data collection at 150 K, 3.4.1.2 litaratstructure)

Compound
Formula
Space Group
a(A)

b (A)

c (A

a(%)

B (°)

7 (%)

Volume (A%

R (%)
Goodness of fit
Residual (eA®)
Unique Reflections
Parameters
Restraints

Compound
Formula

Space Group
a (A)

b (A)

c (A)

a (%)

B (°)

7 (°)

Volume (A%

R (%)
Goodness of fit
Residual (eA®)
Unique Reflections
Parameters
Restraints

Compound
Formula

Space Group
a (A)

b (A)

c (R)

a (%)

B (°)

7 (%)

Volume (A%

R (%)
Goodness of fit
Residual (eA®)
Unique Reflections
Parameters
Restraints

3.1.2 - Cu citrate dimer

3.2.2 - Hydroxypridged

C16H36CWN1:016 CoH,1CUNgOg

Pbca Pnma

11.716(7) 15.679(4)

14.713(9) 12.699(3)

17.934(11) 8.932(2)

a0 90

90 90

90 a0

3091.42 1778.43

3.32 5.82

1.0554 0.9563

0.76 (-0.55) 0.79 (-0.78)

3153 2577

208 139

0 0

3.3.2 - Na copper trimer 3.3.2 - K coppérimer
C14H20CUNN2g 6014.67 C1aH20C UK 0.6N6O14.67

P3 P3

18.9523(3) 19.1180(4)

18.9523(3) 19.1180(4)

9.4868(3) 9.4773(4)

90 a0

90 90

120 120

2951.03 2999.85

12.65 16.25

1.9066 2.5297

3.80 (-2.21) 3.71 (-2.90)

5741 4078

169 77

0 0

3.4.1.2 - CQNet 3.4.2.2 - Trioldimer 3.4.3.2 - Tetramer
Czﬂ‘|24CUzN12012 C12H26C N0, C21H54CWwN 1,046
P4n2 C,/m C.lc
9.0368(6) 8.4080(10) 22.255(5)
9.0368(6) 11.9850(14) 10.971(3)
12.5364(16) 9.6530(13) 18.817(7)
a0 a0 a0

90 108.331(2) 123.247(9)
90 90 90

1023.77 923.371 3842.32
2.06 4.04 5.94

1.069 1.139 1.040
0.216 (-0.404) 1.203 (-1.028) 1.026 (-0.732)
1187 1670 3864

102 81 253

6 0 0
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Chapter 4

Compound 4.2.1.2 - Copper monomer
Formula CogH1sCN 15008
Space Group P2,/n

a(A) 10.3389(11)

b (A) 10.2557(12)

c (A 11.3067(13)
a(°) 90

B(°) 117.21

v (°) 920

Volume (A% 1066.21

R (%) 5.74

Goodness of fit 0.8889
Residual (e&®) 1.31 (-1.18)
Unigue Reflections 2365
Parameters 160

Restraints 0

Chapter 5 (Notes — 5.3.2 literature structure)

4.2.2.2 - Cu Bretwork
Ci3.34H46C Uy 3ERN16NaO3,
PnB3n
14.7660(2)
14.7660(2)
14.7660(2)
90
90
90
32195
3.25
1.294
0.739 (-0.829)
628
56
0

Compound 5.2.1 - Novel Ni8 5.2.2.2 - Ni monomer %2 - Ni4
Formula C20NgNi4041 CogHs6N4NiO24 CsoHgoN24Ni 4036
Space Group P1 P1 P4,/n

a(A) 11.204(5) 8.5923(3) 16.0562(8)

b (A) 13.606(6) 11.1026(5) 16.0562(8)

c (A 19.912(9) 25.5595(10) 11.6135(12)
a(°) 90.083(15) 85.701(2) 90

B(°) 90.086(16) 88.675(2) 90

v (%) 113.751(14) 79.842(2) 90

Volume (A% 2778.32 2393.2 2993.98

R (%) 30.53 16.36 4.87
Goodness of fit 3.8455 1.5058 1.062
Residual (eA®) 7.06 (-3.07) 7.46 (-2.36) 1.199 (-0.308)
Unigue Reflections 2728 18143 3437
Parameters 285 474 224
Restraints 0 0 0
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Thank you for reading miitch Hiker’'s Guide to Citrate Coordination Chenmst a
trilogy in five parts, now including COSHH analysidostly Harmless. Of course
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Chemistry publishing — more extensive th&pin Clusters and Single Molecule
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propenaland less bleak thaxuclear Reactor Disastersin many of the more relaxed
parts of the Galloway family, thélitch Hiker's Guide to Citrate Coordination
Chemistryhas already supplanted the gre#tusion of Electrons in the Solar Corona
(Ross K. Galloway, 2006) as the standard repositdrgcientific knowledge and
wisdom, for it scores over the older astrophysiagkmn two important respects.
Firstly, it has fewer equations; and secondly € lzage, friendly, full-colour diagrams

printed on the majority of its pages.
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As a final note, it is worthwhile to observe thabhasis only contains the highlights of
any given research project, and much work occufsndethe scenes which goes

unreported. | think this was best described byddamsiAdams:

“I worked on a lot of things that were almost irdit#y successful

but in fact just failed to see the light of day.”
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