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Chapter 1 Introduction

As more and more large metal clusters are syntbésmany of which show very interesting
physical and chemical properties, the study inte thlationship between structures and
properties of large metal clusters has become gwortant and interesting topic. Much
research is diverted towards the design and syistlodsnew molecular materials which

[5-10]

exhibit unusual chemical and physical propertieshsas gas absorptio, SMMP%, and

catalytic behavidt! %, which can be correlated with their chemical stites.

In the search for new large metal cluster molecgulee self-assembly method has been
shown tobe successful its success in that the deultate ligands can capture the metal ions in
0-D, 1-D, 2-D or 3-D systems. The normal methoddusg chemists is called the bottom-up
approach®*®, which is different from the approach of top-d&f*hwhich uses physical
methods to break large structures into small pietas bottom-up approach requires that
specific reaction conditions are found so thatgbd-assembly reaction can occur when all
components meet together to give large metal clustgregates. Changing the reaction
conditions, such as pH, solvent or stoichiometaittor can affect the self-assembly reaction
giving metal clusters with different structures atd/sical and chemical properties. The 0D

clusters can also be organized into 1D, 2D or 3Byat

In order to capture metals into large clusterstable ligands are required. A wide range of
ligands, for example Schiff-base ligaHdg”, amino acid$*?%, and alcohol-based ligariths

28 have been shown to be able to capture transitietals and lanthanide ions. When there
are carboxylic groups on the chelating legands,different chelating modes of the COO
group can provide possibilities to capture morentlmme metal centers into polynuclear
clusters (Fig.1.1).

R R
R R
M
Ny M—G M o |

chelatihng ~ monodentate monoatomic bridging syn-syrbriding

R R
R M
R o N )\ M NN
NP 0" >0" “ 9 7oy
o s l\‘/l . Mo Moo
anti-syn-anti anti-syn-anti-syn

anti-anti bridging syn-antibriding triatomic bridging  tetraatomic bridging

Figure 1.1 The coordination modes of the carboxytaup



Alkoxy groups, formed from the deprotonation ofcddols, are also able to coordinate to

more than one metal centres to produce polynuclmapounds (Fig. 1.2).

| I I T
M/ \H M/ M/ \M |\|/|

Figure 1.2 The coordination modes of the alkoxyugro

After deprotonation by a base, the alkoxy group lmaghge up to three metals. Another related
flexible oxygen bridge is provided by hydroxo orooaridges formed from the deprotonation
of water. These can bridge up to three (hydrox@iofoxo) metal centres. From this point of
view, the large metal clusters are aimed to behggited by using chosen metals with the
base in water or alcohol solvent to best form aatr@to core, with the ligand capturing the

outer most metal centres as the outer shell to faslynuclear species.

1.1 Ligand design

nitrilotriacetic acid
Hjanta

o

-

WOH

HO 4
nitrilotripropionic acid

Hantp

N-(2-hydroxethyl)imino diacetic acid

H.heidi

OH [e}

(nitrilodipropionic) acetic acid

Hsndpa

(2-_carboxyphenyl)iminodiacetic
acid Hacpida

Figure 1.3 Structure schemes of the ligands usedevious work



The previous research in our group showed thaiRMR type ligands are able to capture
polynuclear species into very large metal clustsush as Cu®%, Fad®®, Fad*, cut*?,
etc. The ligands which have shown promising chadatproperties are shown below in
Fig.1.3.

From Fig. 1.3, ligands with different "arms" suchacetic or propionic acid showed similar
coordination modes, but self-assembly reactions$ whie different ligands give different
polynuclear clusters using similar conditions (sashCy®¥! with Hsndpa and Cu®with

Hsntp). When the benzene ring was introduced to dnéh@ arms, again different self-

assembly reactions can occur in similar conditigmgh as Cag>¥ 32

with Hsndpa and Cif
with Hicpida). When the hydroxyl group was introducedatketthe place of the carboxylic
group, different polynuclear clusters can resuittsas Fe*” with Hsheidi and Fel* with
Hsntp). From the summary of the above ligands, thetsesen in this thesis for the research
were based on the following two considerationsngétion of the side chain from acetic acid
to propionic acid, and incorporation of hydroxybgps into the side chains. Thus the ligands

in this research are as shown in Fig 1.4:

HO

= @ﬂ

nitrilotripropionic acid (2-carboxyphenyl)iminodiacetic

Hantp acid Hcpida

HO

/_)‘0 OH
N X yad
HrOH " on

HO HO

(2-carboxyphenyl) iminodipropionic acid (2-carboxyphenyl)imino diethanol
Hacpidp Hacpdea

Figure 1.4 Structure schemes of the ligands usé#ueithesis work



1.2 Synthetic strategy

The four ligands (Bhtp, Hscpida, Hcpidp and Hcpdea) are all tetradentate with one
nitrogen-donor site and three oxygen-donor sitegmslly nitrogen coordinates to only one
metal atom, while the oxygen atom, whether carboxyt hydroxyl, can link to more than

one metal atom. Thus such tetradentate ligandpande at most four coordination sites to
one single metal atom. When the central metal reguive or more coordination sites, the
remaining sites should be filled by donors fromtaeo tetradentate ligand or by an oxo- or

hydroxo-bridge.

From this point of view, by changing solvent, tlhenfiation of oxo-bridges could be changed,
thus leading to changes in metal cluster constsucBy changing base, the solvent could be
deprotonated to different degrees, changing fromrdwo to oxo-bridges. The ligands can
also be deprotonated to different extents usinigmiht bases, thus resulting in changes in the
coordination abilities of the functional groups. ®halcohol-based solvents (ROH o)

are used, hydrolysis reaction of solvents coulcekgected to dominate, which is helpful in

studying the superexchange through hydroxy or gidgbs.

Therefore by controlling the ratio of ligand: metbhse, different clusters can be accessed

according to the following self-assembly scheme:

{M}* + (NRjR;R3)"” + base + ROH —» {M.,(0)(OR),(HOR) .}

{M} * can be transition metal or lanthanide ions, R, Rs can be carboxylic groups or
hydroxyl groups on the ligand arms with or withdaginzene rings, ‘base’ can be inorganic
such as NaOH or KOH or organic like triethylamirreethylenediamine. ROH is the solvent
used in the self-assembly reactions with R = MegiE$imply H to represent MeOH, EtOH
and HO. The parameter of and b is the electrical charge that the metal and thank
carry, respectively. The parameters X, y, z, mrentae numbers of each component in the
final clusters. %q is the electric charge of tmalf clusters which can be positive, negative, or
neutral with the charge being balanced by counterio

When the species {M.y(O),(OR)(HOR),}*® is obtained in the form of a single crystal, it is

possible to carry out the study on structure priypeslationships using X-ray diffraction and



the measurement of dc and ac magnetic susceptibilite various magnetic exchange
interactions between the paramagnetic centresheamlie correlated in relation to the bridges
of u-0O, u-OR , OH-group and carboxylic COg§poups of the ligand.

The transition metal ions Fe(lll), Co(ll), Ni(IIlu(Il) and lanthanide metal ions Ln(lll) were
chosen. One unpaired electron on the Cu(ll) ionke®d possible to build simple models for
explanation of magnetic interactions. Fe(lll), @pHi(ll) ions have more unpaired electrons
in the high spin state that can give rise to laggmund spin states for the cluster aggregates,
which is one requirement for Single Molecule Maghebhaviour. Heterometallic complexes
of transition metal and lanthanide ions could gimeisual magnetic properties, as a result of
the magnetic anisotropy of the lanthanides.

1.3 Transition metal cluster-aggregates

1.3.1 Cu(ll) cluster-aggregates

A number of Cu(ll) cluster-aggregates with variouglearities (Cyi Cu, Cus, Cly, Cuyo,
Cuss, Clua) have been synthesized in previous reséitcietradentate ligands such agitp,
Hsndpa and hktpida proved to be particularly successful in énegptarge cluster systems.
With these ligands, 1-, 2-, or 3-dimensionally kakarrays of aggregates were synthesized,

which makes the magnetic studies of relevancetévantions of extended networks.

Cu(l) clusters with H scpida as ligand

Cu(ll) and the Iligand bktpida produces a hexanuclear Cu(ll) complex
(EtsNH)3-[CusNag(cpida)]-7MeOH-2HO when E{N was used as base in MeOH solght
When the base was changed to KOH, a nonanuclegslerrfCuw(cpidajy(MeOH)]-6MeOH
comes out in the MeOH solvéfit with the structure as in Fig.1.5a, the core stmectn Fig.
1.5b with an S =% spin ground state (Fig. 1.5c).



Figure 1.5 a) The structure; b) the core; c) thie agrangement of of
[Cug(cpidal(MeOH)]-6(MeOH).

When the ratio of the base to metal is raised énréaction mixture, a series of dodecanuclear
clusters [Cuu(Hs-OMe)(H-OMe)(cpida}]® can be synthesizEd; a representative structure
is shown in Fig.1.6.

Figure 1.6 The structure of [Gs-OMe)(1-OMe)(cpida)]*

It is noteworthy that the Gul cluster can be crystallized in a variety of arradysm zero-
dimensional species, to 1, 2, or 3-dimensionalyarcd Cu, building units, depending on the

countercation.

Cu(ll) clusters with Hsndpa as ligand

The self-assembly reaction of Cu(ll) and the ligahghdpa was found to lead to different
cluster aggregates under different reaction comusti When HO is used as solvent,
tetranuclear cluster-aggregates were synthe&izdd Fig. 1.7, the structure of one of the,Cu

clusters is shown.



Figure 1.7 View of the unit cell of [G(ndpa}(H,0)sCl;]-2H,O

In both [Cu(ndpa}(NOs3)2(H20)s]-2H,O and [Cu(ndpa}(H20)10]-SOy-6HO there are two
syn-anti (syn(eq)-anti(ax), syn(eq)-anti(eq)) bedg leading to overall antiferromagnetic
interactions. When the above Lunits are linked through anti(eq)-anti(ax) cardeky
bridges into infinite two dimensional sheets {wdpa}(H.0)e)-Cl-2H,0},, and
{[Cus(ndpa}(H20)e]-Bro-2H,0} .., the intermolecule ferromagnetic interaction istteg same
order of magnitude as the weak intratetramer cagplresulting in overall ferromagnetic

behaviour.

When KOH was used as base with Gudi,O in methanolic solution, f#dpa captures a
Cu(ll)-oxo core into the larger cluster-aggregatessC(Fig.1.8), which has {KG}> as

template in the middle and shows antiferromagnetaraction§*.

Figure 1.8 The structure of [¢14(ps-OH)so(H-OR)(ndpaj(H20){KCI}] *



Cu(I) clusters with Hsntp as ligand

The Hntp ligands captured a trinuclear Cu(ll) aggregatecies in watéf?. When CuSQis
used, a zero-dimensional species was synthesizgd 1Pa), while with CuBr a one-
dimensional chain structure was formed (Fig. 1.&a)l with CuCl or Cu(NQ), a two-

dimensional pseudo-Kagome lattice structure waaioéd (Fig. 1.9b).

G ot \7 \7

8 L o@“"‘ \
L \7 St
I 0107
4 ::f;\/‘r* Rl
< A ;,T) o ,/*
oF >

Figure 1.9 a) The structure of [€notp)(H20)s(H-SQ)Cu(H:0)s%"; b) of {CusCs(u-
Cl)s(Hntp)(H20)}; €) of {Cug(HNtp)(H20)sBr2}

There is no magnetic report for [gotpk(H20)s(1-SQ)Cu(H0)s]?, while
{Cus(Hntpk(H20)sBr,} .. shows paramagnetic behavior with dominating amtfeagnetic
interactions, and {GCs(u-Cly(Hntp),(H20)}.. shows paramagnetic behavior with
dominating ferromagnetic interactions with weaketifarromagnetic interactions at low

temperature.

When the ratio of the base (CsOH) is increaseghtpgHcaptures CuBrinto a large Cu
aggregate (Fig. 1.165".

Figure 1.10 The structure of [G(ls-Br)2(Us-OH)s(ntp)i2Brg(H20)26]Bro-81H,0



The structure of Cy and the study of its thermal properties will beadissed in detail in
Chapter 3.

1.3.2 Fe(lll) cluster-aggregates

Since the high spin Fe(lll) has S = 5/2, a ferronsdig arrangement of the individual spin on
the Fe clusters could provide the possibility téoaf high ground spin states. However,
antiferromagnetic interactions are favored by #ps-state, although large intermediate spin
ground states for aggregates can be achieved. gihrgpin frustration effects and as a result
of unequal and competing magnitudes of the pairatagpling between paramagnetic centres,
Fel*”), Fe*® and Fg*¥ clusters, besides their high ground spin statewsBMM behavior.
To date, the highest nuclear iron cluster thatdisglayed evidence of SMM behavior is an
oxo- and hydroxo-bridged F£°.

Fe(ll) clusters with Hsheidi as ligand

By using the weak base, pyridine,;Fand Fes were crystallized from aqueous solutiSh
The structure of kg (Fig.1.11) is very similar to kg with the exception that keghas two

additional Fe(lll) ions on opposite sides at thegyesry of the molecule.

Figure 1.11 The structure of [ffu3-O)e(3-OH)s(2-OH)s(heidi)o(H20)12]*, Feao

The dominant magnetic properties ofdand k7 are antiferromagnetic, but spin frustration
results in a high spin ground state. It is likélgttthe Fg aggregate has a ground state spin of
at least 33/2.



Fe(lll) clusters with aromatic-H sheidi-like ligands

The following hda ligands R-N(CGI€O,H), (Fig. 1.12) were used to capture iron ions into
large cluster aggregat&é

Ph

Bu Me K@\/
i Cl E 5
-I'Bu’@\/ Me [_‘I/@\/ ‘d\\-] o MeO OH

COOH
OH COOH

Clyhda Allyl,0Me-hda

tBuahda Meshda Ph-hxta

Figure 1.12 R-groups on the hda-based ligands

A monomer was obtained by using the first ligandBu,hda, while the second and the third

ligands, Mghda and Ghda, capture the irons into di- or trinuclear males (Fig. 1.13).

Figure 1.13 Structure a) oftfBushda)Fe(HO),]; b) of [(MehdapFex(u-OH)(u-NQ)]*
c) of [(Ckhda}pFexu-OH)Fe(H0)d]"

The fourth ligand, 4-Ph-hxta, captures iron iorte imeric and tetrameric cluster aggregates

(Fig. 1.14) under different conditions of self-asdy reactions.
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b)

Figure 1.14 Structure a) of [(4-Ph-hxtayfge OH)(H0),]-6H,O; b) of [(4-Ph-hxta)es(u-
O)(H-OH)Y*

A larger iron(lll) aggregate, kewas isolated when the fifth ligand, 2-allyl-4-@Ntad was
used (Fig. 1.15).

Figure 1.15 The structure a) of [(2-allyl-4-OMe-hdabs(Uz-O)a(u-OH)(en)]; b) A
perspective view and a view down the molecularld-&xis
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The cluster has an unusual core which is a sadtcdgonally compressed cube. Ithas an S =

0 ground staf&.

A hexanuclear Fe(lll) cluster

A ligand HsL, cis,cis1,3,5-cyclohexanetriamine-N,N,N’,N,N”,N"-hexaa&tic acid (Fig.
1.16a), captures irons into an {Feage (Fig. 1.16b), Na[Fes(O)s(COs)s(L)2]-36H0MY.

= 3
@ é ‘@
Falilly cogs

Figure 1.16 a). Structure of the ligaod,cis1,3,5-cyclohexanetriamine-N,N, N’,N’,N"",N"-
hexaacetic acid; b). Schematic representationoflirster assembly

A nonanuclear Fe(lll) cluster

Figure 1.17 Hydrolytic encapsulation of [Fe(®¢]** by four {Fe(hpdta)(HO).} " species to
give [Fe(ks-O)a(u-OH)(hpdta)]™

12



Using a solvothermal synthetic method, a nonanuckeg(lll) aggregate, [FR€uz-O)s(l-
OH)4(hpdta)]® (Fig. 1.17) is formed? with the ligand, 2-hydroxy-1,3-N,N,N’,N’-diamino-

propanetetraacetic acid{kpdta).

The aggregate has a ground state spin of S=13®hysteresis loops were observed below
1.8K.

An Fe(lll) 13 cluster

The Hntp ligand captures 13 Feirons into {{Fas(ps-OH)s(Hs-O)s(H20)s(HNtp)s][Fers(pa-
OH)s(us-O)s(HNtpls)] 2} -(NO3)1554H,0 (Fig. 1.18), the core structure of which is based

building blocks of [Fg(OH)4]** cubanes with one Eecorner missing™.

Figure 1.18 a). The structure of afenit in {[Fei3(3-OH)s(3-O)s(H20)s(HNtP)s][Fe13(Ms-
OH)s(Hs-O)e-(Hntp)e)]2}(NO 3)1554H,0

The Fesunits have an S = 5/2 ground state and hystem@sis lwere observed below 1K.

1.3.3 Co(Il) and Ni(ll) cluster-aggregates

Defect dicubanes Co(ll) and Ni(l) clusters with Hntp as ligand

In mixed aqueous/ethanol solution, the reaction Hahtp with CG* or Ni#* affords
tetranuclear complexes, [@&ps-OH)(H-0)s(ntp):]-2H,0 and {Ni(OH)(OR)}** (Fig. 1.19)
respectively, in which two nfpligands encapsulate a small portion of a metardnide

framework to form the defect dicubane strucfiite

13



Figure 1.19 The structure of [p3-OH),(H.0)s(ntp)]-2H.,O; b). The structure of [INiu-
OMe)(H20)s(ntp)]

In the Caq cluster, four oxygen bridges lead to a competiaggaf antiferromagnetic and
ferromagnetic interactions between Co(ll) metalsiavhereas in the Nicluster, the metal

irons are ferromagnetically coupled.

Cubane clusters with Co(l1y and Ni(ll) 4

In warm ethanol solvent, the cubane type struc{ieX(L)(EtOH)}] (Fig. 1.20), (L=3,5-
dimethyl-1-oxymethylpyrazolate), X=CI or Br; M= €aor Ni"), was isolateld”. The oxygen
atom of the ligand is able to form linkages to éhdifferent metal ions, and such behavior is

also known to occur for deprotonated oxygen atohig/droxyl groups.

Figure 1.20 The projection view of the tetranuclesait

The cobalt compound shows weak antiferromagneteractions while the nickel compound

show a ferromagnetic behavior, a phenomenon whastbleen observed earli&Y.
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1.4 Introduction to magnetochemistry

Magnetochemistry is the study of the magnetic prigge of materials. The magnetic
measurement is carried out by means of susceptgnfieis which the information can be
obtained whether the measured substance is atiracteepelled by a magnetic field. From
this, information about magnetic exchange inteoastibetween paramagnetic centres can be

deducelf® 48

1.4.1 The categories of magnetic behavior of matais

An electron in an orbital has two possible valukegsospin quantum number s: s = £%. These
are often referred to as "spin up" and "spin dowhk'hen two electrons occupy the same
orbital, one of the electrons has a spin up, aedother has a spin down state according to
Hund’s rule. For the metal-ligand clusters studrethis work, the electrons in the orbitals of
the ligands are paired, the ligands are diamagretid thus the effect of the electrons of the
ligand could be considered as comparatively sn@all.the contrary, thed3electrons on the
metals, which are paramagnetic centres, becomeifisagii. With the different spin

arrangements of the metal centres, the compountleaategorized into the following types.

a. Diamagnetic — A diamagnetic compound has no ungatectrons, thus giving a net
zero ground spin state. Larger molecules are eaget have larger diamagnetic
magnetism than smaller molecules. Such compoundswearakly repelled by a
magnetic field.

b. Paramagnetic — A paramagnetic compound has son@npgnetic centres with
unpaired spins and the interactions between thenati@gcenters are small. It is
attracted by a magnetic field.

c. Ferromagnetic — In a ferromagnetic compound, th@awed electrons on the
paramagnetic centers are arranged to have the saiméirection, all up or all down,
in its ground state. Ferromagnetic compoundstapegly attracted to a magnet.

d. Antiferromagnetic — In an antiferromagnetic compamutihe unpaired electrons on the
paramagnetic centers are arranged to have opppsitelirections, with the number of
the spins in one direction the same as in the afgdgection, giving a net ground
state of zero. Antiferromagnetic materials arergghp repelled by a magnet.

e. Ferrimagnetic — In a ferrimagnetic compound, thepamed electrons on the
paramagnetic centers are arranged antiferromagfgtito have opposite spin

15



directions, with some up and some down. Howevemntagnitudes of the spins differ

and the net ground state is not zero. It is atchth a magnet.

1.4.2 Magnetic susceptibility

The magnetic field inside a specific material, sphided byB, is the sum of the external
magnetic field, symbolized bid, and the magnetic field generated by the extefiedd
symbolized byM. M is the intrinsic property of the material it$&l The relationship of the

above magnetization can be formulated with thefeilhg equation:

B =4+4xM Eq. (1.1)
When the equation (1.1) is often written as:
B/H = #aM/H = 1+ 4z Eq. (1.2)

where the magnetic susceptibiljy= M/H.

Many studies usgm, the molar magnetic susceptibility, with the urits® mor ™.
In general is the algebraic sum of two contributions:

X=x"+x" Eq. (1.3)
wherex® andx® represent respectively the diamagnetic susceipibivhich is negative, and
the paramagnetic susceptibility, which is positiMermally the diamagnetic contribution can
be calculated from Pascal's const&ftsThe magnitude of the diamagnetic contribution is
usually much smaller, estimated between -1 to 3%600° emu.mof', than the magnitude of

paramagnetic and other effects.

Further inferration about the application and thpl@nation of magnetic susceptibility can be
found in the books or articles by Kafth Carlif*®, O'Connol*®, Kittel*®, Mabbs and
Machirf>?.

1.4.3 The Brillouin function

This theory was proposed by Pierre Curie and ctalcexplained by a model of a single
isolated S=1/2 spin.
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Figure 1.21 Energy diagram of an S = 1/2 spin iexternal magnetic field along the z-axis

In zero field, the two spins gt1/2 are degenerate. When a fiéldis applied along the
positive z-axis the two levels split as illustratedrig. 1.21. The difference in energy between
the two energy levels ISE = gusH, with energies —ggH/2 for the lower level and +gjit/2

for the upper level.

The molar macroscopic moment of the electron ismsathaccording to Boltzman distribution
%81 'which is given as follows:
M=~ u,P,=N (p;/zpl/z + |.L1/2P.1/2) Eq. (14)

The population of the two spin levels at tempemiliis written as follows:

1
eXp(E IngH/k sT)
P, = 1 1
2 exp(a gngH/k T) +eXp('E IngH/k gT)
1
exp(- gugH/k 5 T)
P, - 2
2

1 1
eXp(E OugH/Kk T) +eXp('E gugH/k ;T)
Substituting for 2, and Py, the Brillouin function is obtained as follows:

1 1
1 e><p(5 ongH/K ;T) - exp(-5 ougH/kK . T)

ZE Noug

eXID(E angH/k g T) +exp(-; gugH/k ;T) Eq. (1.5)

With the same method, similar Brillouin functiongnc be obtained for paramagnetic
compounds with more than one electon. The Brilldwinctions for various magnetic spin

states are illustrated in Fig. 1.22.
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Figure 1.22 Brillouin curves for ideal paramagneith variousS values.

Magnetization normalized to the saturation magaétn is plotted against H/T. Systems
with higher S values saturate more quickly in res@goto increasing magnetic field than those
with lower values of S. Using the Brillouin analysthe spin state of a compound can be
determined without knowing the exact chemical cosipmn of the material, since it can be

determined from the magnetization as a functionapplied field and the saturation
magnetization of the sample.

1.4.4 Determination of the magnetic behavior fromssceptibility
To determine whether a compound is paramagneticonfagnetic, ferrimagnetic or

antiferromagnetic, the magnetic susceptibility seful. The plot ofy, versus temperature

(Fig. 1.23)ymT versus temperature (Fig. 1.24) apd versus temperature (Fig. 1.26) can all
give the information to different extents.

The plot of y,, versus temperature

Ferromagnetic Response

Paramagnetic Response

Antiferromagnetic Response

;(m((mza’mol)
—_—

Temperature (K)

Figure 1.23 The plot of magnetic susceptibility asfunction of temperature for ideal
paramagnetic, ferromagnetic, and antiferromagmeéiterials.
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Fig. 1.23 shows the plot for magnetic susceptipibis a function of termperature for
ferromagnetic, paramagnetic, and antiferromagmatterials. From Fig. 1.23, we can easily
see if the compound is antiferromagnetic.

As shown in Fig. 1.23, an antiferromagnetic commbuwexhibits a maximum at low
temperature range, thus giving information on ttrength of the magnetic interactions. A
compound with stronger antiferromagnetic interawioshows the maximum at higher
temperature. The shape of the maximum suggestdithensionality of interactions: a
compound with one- and two-dimensional antiferron&g interactions has a rounded
maximum; a compound with three-dimensional antiieragnetic interactions has a sharp

peak. From this plot, information about other magniateractions is difficult to deduce.

The plot of ym T versus temperature

Fig. 1.24 shows the plot of thg, T product vs. T for an ideal paramagnet, ferromggne
antiferromagnet, and ferrimagnet. The plot in Fig24 can provide information to

differentiate the basic interactions in a paramggmerromagnet, antiferromagnet, and
ferrimagnet.

Ferromagnetic Response

Paramagnetic Response

me (cmz‘K,’mol)

\
I‘I‘|
i
|
\
[
|
\

Ferrimagnetic Response

N

| Antiferromagnetic Response

Temperature (K)

Figure 1.24 The plot ofT as a function of temperature for paramagnetiacpfeagnetic,
antiferromagnetic and ferromagnetic materials.

As in Fig. 1.24, they, T product of a true paramagnetic material does vaoy with

temperature, thus giving a straight level lineha plot §T.v. T) according to the Curie-law.
The deviation from the Curie law is observed in. R8>, The paramagnetic compound
with a negative Weiss constant corresponds to th#femomagnetic one while the

paramagnetic compound with a positive Weiss cohstamesponds to the ferromagnetic one.
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Figure 1.25 Plot ofmT versus temperature obeying the Curie-Weiss lawvdh a negative
Weiss constant, -70K; b). with a positive Weissstant, +70K.

The constany,T value at higher temperatures for all types of netigm is due to the

paramagnetic behavior above their critical tempeest A ferromagnetic compound has an
upward deviation from the paramagnetic level line lewer temperatures since the
ferromagnetic interaction energy overcomes theremargy at lower temperatures. On the
contrary, an antiferromagnetic compound shows angaxd deviation from the paramagnetic
level line at lower temperatures since more andensmins are arranged in an anti-parallel
way on lowering the temperature. A ferromagneticnpound gives a similar plot to a

paramagnetic material at higher temperatures (atweritical temperature) while it gives a

similar plot to a ferromagnetic material at lowemiperatures below the critical temperature.

The plot of y, ! versus temperature

Antiferromagnetic Response

Xm_] [molf’cm3]

- Ferromagnetic Response

Temperature (K)

Figure 1.26 The plot of inverse susceptibility daraction of temperature for a paramagnet, a
ferromagnet, and an antiferromagnet (the dottezklindicate deviation from the Curie Law).

Fig. 1.26 is the plot of the inverse susceptibiiy. temperature. This plot could help to

differentiate the three kinds of magnetic materiparamagnetic, ferromagnetic and
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antiferromagnetic compounds.

An ideal paramagnet has a linear relationship betweg‘and temperature, with the intersect
at zero defined by the Curie law. The deviationnfrthe Curie law is observed as the
deviation from this linear relationship, with nowan-zero intersect, as defined by the Curie-
Weiss law®Y(Fig. 1.27).
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Figure 1.27 Plot of" versus temperature obeying the Curie-Weiss lawith) a negative
Weiss constant, -70K; b) with a positive Weiss ¢ans +70K.

Compared to a paramagnetic compound, the plot flar@magnetic compound is shifted
downwards, giving a positive intersect on the terapge axis (a positive Weiss constant),
while the plot for an antiferromagnetic compoundsinsfted upwards and extrapolates to a

negative intersect on the temperature axis (negdatieiss constant).

1.5 Magnetic properties of lanthanide cations

Rare-earth ions are characterized by strong undpeehorbital angular momentum, and thus
the spin-orbit coupling is more pronounced for coonpds containing the rare-earth ions than
the transition-metal ions. The effect of spin-orbitupling increases as the atomic number
increases, with the exception of thé “4configuration, which has no first-order angular

momentum..

The magnetic interactions betweehefectrons on different metal centres are expeadukt
much smaller than the interactions betwedrel@ctrons in transition-metal complexes, since
the overlap betweerf 4rbitals on different metal ions is small. In spitf the weak magnetic

interactions between Ehions, a trinuclear Dycomplex shows SMM behavi@r(Fig 1.28).
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Figure 1.28 Dy Structure and magnetic properties

At low temperatures, crystal-field effects splieth multiplets of the isolated ions and this
splitting usually is comparable to the thermal ggeiThus a big deviation from the Curie law
could be anticipated at low temperature. So lantlgaions are unlike transition-metal ions,
which have an orbitally non-degenerate ground stateé are generally treated with the
assumption that their magnetic moment is tempezahdependent. Moreover, when a rare-
earth ion is coupled to an orbitally non-degeneteasition metal ion, a deviation from the
Curie law can be observed. This deviation of thgmetic susceptibility with respect to the
Curie law is due to the temperature-dependencieopopulation of the Stark sub-levels. The
4f " configuration of a LF ion is split into®>*!L; states by the inter-electronic repulsion and
the spin-orbit coupling. Each of these statesiighér split into Stark components (up tb+2

if nis even and)+1/2 if n is odd) because of the crystal field pdsation. The number of
Stark components depends on the field symmetnhefion under investigation. At room
temperature, all the Stark components from the mgfoand excited state are thermally
populated. When the temperature is lowered, thiednitying Stark components are gradually
depopulated, and the susceptibility decreases iwag that depends critically on the
coordination environment. For this reason, for yetavo decades, although a large number of
compounds containing both lanthanide and transitisetal ions were synthesized, most

magnetic studies were only concerned with the cats€sf* and CG".

To obtain insights into the nature of the'l-&u" interaction, some attempts have been made
by experimentally using diamagnetic substitutionthods. If the Ct ion is in a square-
planar environment, then replacement by th& Iin will give a diamagnetic metal centre,
since the Ni" ion in this environment has S = 0.

With respect to the magnetic interaction betweer’*Gahd C@*, quantum-mechanical

calculation§? showed that the magnetic properties of a Gd-Cu @& are dependent on
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orbital symmetry, and there is usually ferromagnetupling in pseud&,, geometry while

an antiferromagnetic interaction may occur whensgrametry of the molecule is lowered.

It is worth mentioning that in the very few casek amtiferromagnetic Gd(ll)-Cu(ll)
interaction§®, the dihedral angle between the planes of th& €oordination environment
and that of the G plays an important role. Comparison between twoilai compounds
showed that the difference in magnetic behaviopedds on the dihedral angle between the
Gd and Cu coordination spheres. When the dihedglea between the planes OCuN and
OGdO is as low as 6.13he Gd-Cu interaction is ferromagnetic and whenangle becomes

greater than 39.21the Gd-Cu interaction becomes antiferromaghdtic

With few exceptions, most Gd-Cu magnetic interadioare ferromagnetic and the
explanation of the mechanism of such ferromagnpéthway is accepted for the usual
Gd(lI1)-Cu(ll) magnetic interactio¥’.

1.6 Magnetic properties of transition metal complex

1.6.1 Spin frustration

Spin frustration is defined as the result of conmgeexchange interactions of comparable
magnitude that prevent the preferred spin alignmehtsimple example is an Fe(Hlriangle
with Fe(lll)-Fe(lll) interactions through asz-O exchange pathway in which every Fe(lll)-
Fe(lll) magnetic interaction is antiferromagneti¢hen two irons are placed anti-parallel, the
spin on the third Fe(lll) cannot find a directianfulfil the requirement for the arrangement of
being both anti-parallel to the former two Fe(lliy. other words, the last spin is frustrated
because it cannot know how to align (Fig. 1.29).

a)

Figure 1.29 The frustration situation for the thégn carrier in the triangle.

The true classical ground state in the antiferrameéig triangle is given by relative angles of

120 between neighboring spins (Fig.1.30).
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Figure 1.30 Possible spin arrangements in thedigawith antiferromagnetic interactions.

The interactions between 'Fecenters are normally antiferromagnetic, but anrgmpate
guantity and distribution of frustrated exchangéhpays in some keopologies can lead to
significantly large spin ground states becausé&@efoccurrence of spin frustration effects, and

further lead to SMM properties.

Large spin differences in Fe clusters with spin frustration

Two Fe compounds were synthesized with similar strucftfe©One of them possesses a
trans topology (Fig.1.31a), referring to the relativesmbsition of the two short,
monoatomically bridged Eeoairs within the triangular units, and has a gbatate S=0; the
othercisisomer (Fig. 1.31b) has an overall ground state=4.
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a) b)

Figure 1.31 Schematic representation of the exahargractions in the two kelusters: a).
transtopology with ground state S=0; b). complex 5SAhnground state S=5.

This illustrates that a change in the arrangemétiteobridging ligands can cause a structural

change and affect the ground state spin value.

1.6.2 Single Molecule Magnets (SMMs)

Fes single molecule magnet with spin frustration

The structure of [R©.(OH)i(tacn}]®*, Fe, where tacn = 1,4,7-triazacyclononane, which
Wieghardt et al. originally reported as the bronsd#, FgBrg, is shown in Fig. 1.3%8). The
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arrows correspond to the spin structure previoulggested from the analysis of the

magnetic susceptibiliy! and then determined from single crystal polarizeelitron

diffraction experiment2®,
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Figure 1.32 a) view of cluster [F@(OH)»(tacn)]®"; b) The corresponding magneto-
structure; c) the hysteresis loops recorded fgBFat 0.30K and two different field scan
speeds.

The analysis of the temperature dependence of thgnetic susceptibility/’, provided
evidence for a ground S = 10 state, which can odcsix spins are up and two down
(Fig.1.32a). Since there are several trianglesiéneixchange pathways (Fig.5.6b) connecting
the iron(lll) ions spin, frustration effects can laticipated. The stepped shape in the
hysteresis loop (Fig.1.32c) is due to the tunnebhghe magnetization, which occurs when
two levels on the opposite sides of the barriertaoaight into coincidence by sweeping the

field, which accelerates the magnetic relaxatiofngj rise to the jumps in the magnetization.

Cos single molecule magnet

The compound [Cghmpk(MeOH)Cl, (Fig. 1.33a), where hmp- is the anion of
hydroxymethylpyridine, was synthesized and showstdrgsis loops indicating single

molecule magnet behavior (Fig.1.388)

The Ca complex was determined to have a large grouné sgah by an analysis of the two
types of low-temperature, variable-field magnet@atdata depicted in Fig. 1.34a and Fig.
1.34b.
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Figure 1.33 a) The structure of the [Gonp)(MeOH)Cl,]; b) Plot of hysteresis loop with
constant scanning rate (0.140 T/s) at four diffetemperatures
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Figure 1.34 a) Plot of reduced magnetization measant with sample aligned with magnetic
field and the simulation curve; b) Plot of reducedgnetization measurement of randomly
oriented powder sample and the simulation curve.

1.6.3 The magnetic properties of Cyicubanes

A classification of the cubane structures can belemeccording to the Cu---Cu distdffée
Cu, with 2 short and 4 long Cu---Cu distances wergadated as 2+4; with 4 short and 2 long
Cu---Cu distances as 4+2 ; with six similar Cu-di€&ances as 6+0 (Fig. 1.35).

<Cu>
2+4 class 4+2 class 6+0 class
Figure 1.35 The classification of the three kinfi€a, cubanes
The different classes of the £wubanes show different magnetic properties while t
compounds in the same class have similar magntetictsres (Fig. 1.36)
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Figure 1.36 Magnetic structures for the three kioldSw, cubanes
In the cubane 2+4 compleX¥®®, the J, interdinuclear interactions are weakly
ferromagnetic, while thd, intradinuclear ones differ according to the typehs bridging,
with hydroxo bridges and small Cu-O-Cu bond angiederromagnetic, and with alkoxo-

bridges antiferromagnetic.

In the cubane 4+2 compleX8&® the cubane topology requires an intradinuclerattion
(J3) with three short and one long Cu-O bond distaara the interdinuclear interactiody)
with two short and two long Cu-O bond distanceg.(Ei35). The experimentally fitted value
for an interaction shows a weak antiferromagnetieraction forJ, and a ferromagnetic
interaction forJ;. The theoretical calculation by the method descffl for the twoJ values

are both ferromagnetic, with is relatively weak whilgs much stronger.

In the cubane 6+0 compleX@g®], there are two different orientations of thé debitals thus
leading to two different magnetic interaction pastyas ferromagnetic and antiferromagnetic
(Fig. 1.36).

1.7 Thesis overview

In this chapter an introduction to cluster chengistnagnetism and an overview of some
clusters which have been reported in our group pmesented. These clusters have been
synthesized using the ligands (Fig. 1.3) similathimse in this thesis (Fig. 1.4). It shows the

versatility of these ligands in the formation ohoacale aggregates.

The following chapters will discuss the followingee topics:
1. The thermal-properties of a giuaggregate in relation to its structure;
2. the structural features and magnetic propertiesa oeries of lanthanide-copper
compounds;
3. the structure and magnetic properties of transitietal aggregates Fand metal
cubanes (Cuand Cq).
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Chapter 2 Research objectives

Since the development and the application of mamsiive magnetic measurements in
chemistry, increasing interest has been showneratka of molecule based magnetism. For
example, relatively large metal cluster-aggregatesld provide high ground spin states

which is one of the requirements for SMM behavior.

The compound [Cu(ps-Br)2(s-OH)ze(-OH)4Brg(ntphz(H20),¢] BroB1H,O, shows a
ground state with at least S = 8 and packs withelahannels, which produces a nice system
to study thermal decomposition properties. If tRig481HO cluster could maintain its
crystalline form to high temperature, its large roiel cavity could make it a suitable
candidate for gas absorption. Such an unusual kewgper cluster is also a good model for
studying the thermal decomposition properties vditherent metal-ligand bonds which is
strongly related with the bond strength to the @vpgentres. To deduce the way the ligand

decomposes by TGA could be helpful to understaadtiordination properties in solid state.

Previous research on Ln(lIl)-Cu(ll) cluster compdsirshows that Th(lIl)-Cu(ll) and Dy(lll)-
Cu(ll) interactions are often ferromagnetic and sdmb(l11)-Cu(1)} and {Dy(lll)-Cu(ll)}
clusters have shown SMM properties. Thus synthegiaiseries of Ln(I11)-Cu(ll) compounds
could be helpful in identifying compounds with irgeting magnetic properties, such as SMM
behaviour. The magnetic behaviour of Gd(lll)-Cu@hmpounds can often be modelled to
qguanitify the intrinsic interactions between Gd(Iknd Cu(ll), and most Gd(lIl)-Cu(ll)
interactions show ferromagnetic properties withyamlfew antiferromagnetic examples. The
whole series of Ln(ll)-Cu(ll) clusters could beudied on the structural basis in relation to
their magnetic properties.

Since the ligand, htp, can capture Fe(lll) ions into fz&luster-aggregate, the addition of a
rigid phenyl ring to the ligand could provide thesgibility to modify the self-assembly
reactions, thus leading to possible interestingcstiral arrangements which could lead to
unusual magnetic properties. So the ligand¢pitlp, was chosen to be synthesized and
reacted with Fe(lll) salts to get new Fe(lll) clerst.

28



Since the ligand, kheidi, captures Fe(lll) ions into large;Fand Fegy cluster-aggregates, and
the ligand, Hcpida, captures Cu(ll) ions into large {gualuster-aggregates, the strategy of
combining a phenyl ring and a hydroxyl group in ewnligand might result in new
coordination modes and so to new transition meliadters. So the ligand, sebdea, was
synthesized. The self-assembly reactions with waritransition metals, Mn(ll), Fe(ll),
Fe(lll), Co(ll), Ni(ll), Cu(ll), with the ligand Hcpdea were carried out, and the structure and
magnetic properties were investigated.
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Chapter 3 Thermogravimetric Analysis of the large opper

Aggregate [Cuyy(Hs-Br) 2(Hs-OH) 36(l-
OH) 4Brg(ntp) 12(H20)2¢] Br 2[81H,0

3.1 Background

[Cuga(ps-Br)2(ps-OH)zs(U-OH)4Brg(ntph2(H20)2¢l Bro81H,0 (Cuwy81H,0) was synthesized
and characterized according to former research &btky the reaction of CuBrand the

ligand, Hntp, in aqueous condition. The structure of/81H,0 is shown in Fig. 3.1.

Figure 3.1 The structure of [Gs-Br)2(s-OH)4(ntp2Brg(H20).g]Bro:81H,O

The X-ray single crystal measurement shows thap#uking arrangement ¢481H,0O leads

to very large channel cavities (Fig.3.2).

Figure 3.2 Packing diagram showing the arrangemeatayer of aggregates and cavities in
theac-plane and cartoon of the resulting 3D zeotypiacitire
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The preliminary experiment of heating the,£801H,O in an overshowed it has high thermal
stability and keep its crystallinity until heated 140C!**. The high thermal stability together
with the large cavity dimensions, which form a zpat structure, giving an underlying hint
that it could be suitable as storage material f8 gbsorption or to hold molecules such as

methanol, pyridine, nitrogen, etc, which have lasilihg point.

3.2 Thermal analysis TGA/DTA/STA

Thermogravimetric analysis (TGA) or thermogravimg{fG) is a technique to measure the
mass changes of a substance as a function of tataperor time while the substance is

subjected to a controlled temperature program uadentrolled atmosphere.

Differential Thermal Analysis (DTA) is a technique measure the temperature difference
between the substance and a reference material fancdon of temperature, while the
substance and reference material are subjectedctmizolled temperature program under

controlled atmosphere

STA refers to the application of two or more tecjugis on a sample at the same time.
Normally STA combines the application of TGA and ATwhich can respectively give the

information about the mass change and the kinefitise thermal process.

3.3 Results and discussion

3.3.1 Total Thermal Analysis of Cys81H,0

The cluster [Ciy(ps-Br)2(Hs-OH)ze(U-OH)4Brg(ntplio(H20),¢ Bro81H,O has a molecular
weight of Mr. = 9161.10. The components that decose in the thermal process are listed

in Table 3.1 and the corresponding mass loss eatmlis listed as well.

Thus the corresponding TGA/DTA curve during thertiie process can be summarised as

given in Fig. 3.3 concerning of the decompositicaywf the Cu, molecule.
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Component. I\llloassés Mass lost % Driven off as
81 HO
(crystalline) 1458 15.92% 81D
2 Br
(counter 162 1.77% 2HBr
anion)
8 u-Br 648 7.07% 8HBr
18 H,0O
(coordination) 324 3.54% 18D
12 ntp 1212 13.23% 12NEt
36 CQ” 1584 17.29% 36CH
2 ug-Br 162 1.77 2HBr
12 -OH 108 1.18 6+0

Table 3.1 The calculated mass loss according todhgonents that were decomposed in the
thermal process

TG /% DTA /(mW/mg)
rexo

100
90
80

70

\
Value: 259.0 °C, 58.44 %
60 1

N
I e

501 \
-~

100 200 300 400 500 600 700
Temperature /C

F-10

Figure. 3.3 Thermal decomposition of £81H,0 in nitrogen atmosphere: TG and DTA
curves for the total decomposition process
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3.3.2 Spectroscopy

3.3.2.1 The IR spectrum
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Figure 3.4 The IR of [Cu(s-Br)2(Hs-OH)sg(U-OH)4Brg(ntp)o(H20)2¢] Bro[81H,0
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Figure 3.5 IR of thermal decomposition product aff81H,0 heated to 18C

81.0.

30.0.

34511

4000.0

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 0 60 400.0

Figure 3.6 IR of thermal decomposition product aff81H,0 heated to 21C
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Figure 3.8 IR of thermal decomposition product af81H,0 heated to 42@C
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Figure 3.9 IR of thermal decomposition product aff81H,0O heated to 500
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In the IR spectrum of [Cu(Hg-Br)z(Hs-OH)zs(-OH)4Brg(ntp)io(H20)2¢) BroB81H,0 (Fig. 3.4) the
broad band centered near 3400cis due either to OH stretching or amine N-H stiitg.

As the ligand Hntp in the complex Cy481H,0 is fully deprotonated, there are no carboxylic
OH and amine NH. So thigoy corresponds to the bridging-OH, p-OH, coordinated and
crystal water OHThe broad band centered near 1560 @orresponds to the stretch of COO
in carboxylic acid salts, which is consistent wikie structure that has many uncoordinated
COQO groups. The bands at the lower frequency areylikele to the organic back bone and
crystalline lattice vibrations.

When the temperature is raised to ABJFig. 3.5), most of the 81 crystalline waters are
driven off while the coordinated water remains @snsfrom IR bands centred at 3428camd
2917cnm. The organic backbone vibrations are still obsgtwelow 1400cnh?.

When the temperature is raised to Z1QFig. 3.6), the whole crystal structure collapisgs

an amorphous state with the loss of crystallinidentified in IR spectrum as the
disappearance of the bands at lower frequencies. brbad absorption of the carboxylic
group COOstretching modes at around 1550thas also disappeared, instead sharp peaks at
1562cm* and 1406cn appear as the C€retching mode of the —GO group. The vibration
splitting in bidentate carbonate compounds, whichdrmally around 300ch is larger than

in monodentate carbonate compounds, which is néyrasbund 100cri. The bands between
1400cm-1 to 1600cm-1 could be assigned to the apedf multidentate carbonate.

M M M
o Lol
C,: I\C/ |
AN
O” O” g||
monodentate bidentate

The OH stretching mode can be seen at 3451omhich indicates thei;-OH and p-OH
stretching. The absorption at around 620auld be assigned to the overlapping of bands
from the deformation modes of carbonate Catetches. The absorption of the coordinated
H,O at around 3500cthis still present.

When the temperature is raised to Z5QFig. 3.7), the absorption at around 3500cm

disappears, whereas the absorptions for the cab@@? are still present.
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When the temperature is raised to #2Q(Fig. 3.8), the absorption at around 1408cm
disappears, as indicates that the monodentate@dreatsb is no longer present, whereas the
absorption at around 1560&nndicates that the bidentate carbonate is undistir

When the temperature is raised to ®DQ(Fig. 3.9), the absorption at around 1568cm
disappeares and a new absorption at around 52@mppears, indicating that the bidentate

carbonate is decomposed into a new form. The paaB674cm-1 and 1622cm-1 could arise
from H,O in the KBr.

3.3.2.2 X-ray powder diffraction
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Figure 3.10 X-ray Powder Diffraction of mleo
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Figure 3.11 X-ray wader Diffraction of @Bll-lzoﬁheate-a to 18C
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Figure 3.14 X-ray Powder Diffraction of ¢t81H,O heated to 25C
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.

Figure 3.15 X-ray Powder Diffraction of the finaioluct

Cud {Rangs 1)

Figure 3.16 X-ray Powder Diffraction of the commal€uO sample

From the series of XRD patterns, the decomposiaidhe crystalline structure of G481H,0O
could be detected. When the temperature is ras&8dC, only the crystal waters are driven
off whereas the crystalline structure is maintaingite XRD spectrum for the heated product
at 180C (Fig. 3.11 and Fig. 3.12) is similar to that foe original Cuys81H,O (Fig. 3.10). In
spite of the similarity, there is a subtle struetwhange when Gu81H,O was heated to
180°C with much crystal water lost. When the tempematisr raised to 2PC, the XRD
pattern shows changes. The peaks at lower angbesduS shift to around 10(Fig. 3.13),
indicating a change in crystal structure. Whentémeperature is raised to &) all the peaks
at low angles disappear (Fig. 3.14), suggesting tha whole crystalline structure is
decomposed. The XRD spectrum for the final prodhetted to 8 (Fig. 3.15)
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corresponds to the XRD pattern for commercial C&@.(3.16). Thus the final product is

assigned as CuO.

3.4 Summary

When the thermal analysis of TGA/DTA, IR and the IXRre considered altogether, the

following thermal process steps can be assigned.

Step 1: 20C - 184C

The mass loss of 15.88% corresponds to all thergstat waters (theoretically 15.92%) with
an endothermic process. The IR shows the disappeamat the absorption for crystal water

and XRD shows that there is no loss of crystalifinithe pattern corresponds to the structure

for [Cu44(p8-Br)z(OH)4oBrg(ntp)12(H20)28] Br-.

Step 2: 184C - 259C

The abrupt mass loss of 25.68% over a small teryreraange corresponds to the breakdown
of the organic backbone, the bromide anions anddomation waters (theoretically 25.61%)
with a saw-shaped DTA curve. First to be lost Beeldiromides as shown in Scheme 3.1.

2 Br (anions) + 2 HO (coordinated water» 2 HBr1+ 2 u-OH
(remaining structure: [Gu(Hs-Br)2(OH)42Brg(ntph2(H20)2¢])
8 u-Br + 8 HO (coordinated water» 8 HBr 1 + 8 u-OH
(remaining structure: [Gu(ps-Br)2(OH)so(ntp)i2(H20)14])

Scheme 3.1 the loss of the bromide atoms

Then follows the loss of the 18 coordinated waté&te last entity to be driven off is in the

form of NEg molecules possibly by the mechanism shown in Seh&&
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Scheme 3.2 Proposed mechanism of the decompositituie organic backbone
There are 12 nfpligands in the structure, so 360H are required to generate 12 NEt
molecules and 36 GO. Thus the formula is changed from [@pg-Br)o(OH)so(ntp)s] to
[CUaa(pg-Br)2(OH)14(CO5%)sdl. Both the IR and XRD show the decomposition @& drganic

backbone over this temperature range. Furtherntbee,IR shows the appearance of the

resulting carbonate GO.

Step 3: 258C - 597C

The slow mass loss 17.21% over a large temperatmge corresponds to the loss of all the
36 CQ? (theoretically 17.29%) in two overlapping processEhe IR shows the loss of some

of carbonate anions.

36 CQ> > 36CQ1+360

Scheme 3.3 the mechanism of the breakdown of CO

The remaining structure is [Gi(us-Br)2(OH)14(0)szg).

Step 4: 597C —61PC

The mass loss of 1.70% corresponds to the losheflast twopug-Br ions (theoretically
1.77%) which are buried deep inside the clustehe echanism is shown in Scheme 3.4,

with two p-OH is changed intp-O.
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2 ug-Br+2u-OH — 2 HBrt + 2u-0O
Scheme 3.4 the loss p§-Br

The remaining formula is [GWOH);12(O)sg].

Step 5: 612C - 655C

The mass loss of 1.30% corresponds to the breakdomwb2 u-OH, with 6 HO lost
(theoretically 1.18%). The XRD shows the final puotlis CuO.

Thus the whole thermal decomposition process Qf-81H,0 is summarized as in Table 3.2.

Temperature| Mass % as Remaining formula

Stepl -182C 1458| 15.92% 81HO | [Cugs(g-Br)2(OH)4oBrs(ntpho(H20).g] Bro

162 1.77% 2HBr [Cu44(p8-Br)z(OH)4gBrg(ntp)12(H20)26]

Step2| 1apc.oegc | 648 | 7:07%| 8HBr|  [Cua(lis-BrA(OH)sontphoHzO)s

324 3.54%| 18kD [CU44(|.13-Bl')z(OH)so(ntp)]_Q]

1212| 13.23% 12NEg [CUsa(Ue-Br)2(OH)14(C O )z
Step3| 258C-597C | 1584| 17.29% 36CO, [Cusa(pg-Br)2(OH)14(O)aq]
Step4 597C-610C 162 1.77 2HBr [Cay(OH)12(O)3g]
Step5| 61PC-655C | 108 | 1.18 | 6kD Cu044(44CUO)

Table 3.2 The thermal process of,£81H,0
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Chapter 4 Structures and magnetic properties ofopper (I) and
lanthanide(lll) 2D coordination polymers

4.1 The synthesis of [Cg(cpida),Ln(NO3) (H,O)4-H,0 (2-11)

: MeOH/H,0
Cu(NG;),-3H,0 + Ln(NG;)3:xH,0 + Hscpida + NaOH

[Cup(cpidapLn(NOs)(H20)4]-H20

Scheme 4.1 Synthetic scheme of the G}« 2D sheets

A series of compounds [GiepidapLn(NO3)(H20)4]-H>O was synthesized in a mixed solvent

system of water and alcohol. The self-assemblyti@acs illustrated in Scheme 4.1.

When methanol was present together with water asstilvent, the evaporation rate of
methanol is comparatively fast and the crystalsaggpear in a suitable size for the single X-
ray measurement. Instead when ethanol was présgather with water as solvent, the
evaporation rate of ethanol is comparatively slow arystals come out at a much slower rate,
thus the green crystals achieve a large size leuhair suitable for direct X-ray measurement.
Thus, all the crystals of {Gun}, that were measured using X-ray diffraction were

synthesized in the mixed solvent system of watdrraathanol.

The base used in the syntheses was sodium hydrokieamount of base required in the
synthesis increases when the atomic number of dardb increases. However, when more
base is added, lanthanide hydroxide forms as aewdutvder, and this must be filtered off
before the green crystals form. The time neededHercrystals to form increases steadily
from two days for the La complex to more than oranth for Er, and the crystal quality was

also not so high with the heavier lanthanides.
Single crystals of [CifcpidapLn(NO3)(H20)4]-H2O (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Dy,

Ho, Er) were collected for further characterizatsuth as IR, single crystal X-ray diffraction,

and magnetic measurements.
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4.2 The structure of [Cw(cpida),Ln(NO3)(H,O)]-H,0 (2-11)

All ten compounds have the general formulajfCpidayLn(NOs3)(H20)4]-H20 and crystallise
4. The

[Cux(cpidalpLn(NO3)(H20)4-H2,O compound can be visualized as a layered stryctare

as green block crystals in the monoclinic spaceugrdC2/c with Z =
which {CwLn} units build up layers parallel to {110}, witthé water molecules between

layers.

4.2.1 The overview of the structure of the two dimesional 2D-sheets {Cgln}

The cell parameters of the different {fLu}, compounds are listed in Table 4.1. The data in
the table show the trend that with the increasatamic number, tha edge and edge of the
unit cell both decrease. This is consistent withlinthanide contraction rule that from left to
right in the lanthanide row the atom radius de@sa$heb edge of the unit cell is not subject

to the lanthanide contraction because onl§"@toms extend along this direction.

Compound a(A) b (A) c (A) B() V (A%
{Cu,La},, 2 |17.2401(15) 9.7163(6)| 18.1615(15)103.083(7) 2963.3(4)
{Cu,Ce},, 3 |17.1998(16) 9.7028(7)| 18.1090(16)103.123(7) 2943.2(4)
{CuyPr},, 4 | 17.1735(9)] 9.6994(5) 18.0266(9) 102.837(1927.7(3)
{Cu,Nd},, 5 | 17.1387(7)| 9.7117(4) 18.0026(7) 102.858(2921.3(2)
{Cu,Sm},, 6 | 17.1402(17) 9.7044(10) 17.9243(18) 102.813(2) 2907.2(5)
{CuEu},, 7 | 17.1217(7)| 9.7075(4) 17.9010(7) 102.760(901.4(2)
{Cu,Gd},, 8 | 17.1243(7)| 9.7077(4) 17.8714(8) 102.812(2896.9(2)
{Cu,Dy},, 9 | 17.1905(6)| 9.7245(4) 17.7725(7) 102.581(4899.7(2)
{Cu,Ho},, 10|17.1737(11) 9.7183(6)| 17.7148(12)102.701(1) 2884.2(3)
{CusEr},, 11| 17.2021(6)| 9.7206(4) 17.6493(7) 102.759(2878.4(2)

Table 4.1 Unit cell data for the [@gpidalLn(NO3)(H20)4]-H.O compounds

4.2.2 The coordination spheres of the metal ions

The coordination spheres of Cu(ll)

The C¢* and LA" ions are five and ten-coordinate respectively.
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The copper atom is coordinated by four carboxykgygen atoms and one nitrogen atom.
Thus a square-based pyramidal coordination spedmgmed with three Cu-O bonds and one
Cu-N bond on the plane with one Cu-O bond alonddhg axis (Fig. 4.1).

02

Figure 4.1 The coordination sphere ofation

As shown in Fig. 4.1, the tetradentate ligand cow@igs the Cu atom with the longest Cu(1)-
O(1) bond length in the range of 2.175A to 2.18TAllle 4.2), which forms the long axis of

the square-pyramidal coordination sphere. The dtherCu-O bonds, Cu(1)-O(3) and Cu(1)-
O(5) are in the range of 1.957A to 1.976A, and @&N bond is 2.031-2.036A. The

carboxylic oxygen atom O(2#) from the ligand at«{ix y, -z+1/2} occupies the remaining

final coordination site with Cu(1)-O(2#) bonds hretrange of 1.921A to 1.931A.

compound | Cu(1)-O(1)Cu(1)-O(2#) Cu(1)-0(3)| Cu(1)-O(8)Cu(1)-N(1)
{Cu,La},, 2 | 2.175(2) 1.931(2) 1.964(2) 1.975(3 2.034(3)
{Cu,Ce}, 3 | 2.175(2) 1.926(2) 1.958(2) 1.976(2 2.034(2)
{CuPr}, 4 | 2.175(2) 1.926(2) 1.962(2) 1.973(2 2.033(2)
{Cu,Nd},, 5 | 2.179(2) 1.925(2) 1.963(2) 1.969(2 2.035(2)
{Cu,Sm}, 6 | 2.179(2) 1.921(2) 1.963(2) 1.969(2 2.032(2)
{CuEu},, 7 | 2.180(2) 1.922(2) 1.961(2) 1.970(2 2.033(2)
CwGd},, 8 | 2.181(2) 1.921(2) 1.964(2) 1.967(2 2.034(2)
{Cu,Dy},, 9 | 2.186(3) 1.923(3) 1.965(3) 1.965(3 2.032(3)
{Cu,Ho},, 10 | 2.187(3) 1.924(3) 1.963(3) 1.957(3 2.036(B)
{Cu,Er},, 11 | 2.188(2) 1.924(2) 1.961(2) 1.958(2 2.031(2)

Table 4.2 The bond length of the coordination atbGof*
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The coordination sphere of Ln(llI)

The coordination sphere of the ¥rhas crystallographic Csite symmetry, with the L%
cation, and N(11) and O(12) of the nitrate ligagohd on the twofold axis (Fig. 4.2). The
remaining two nitrate oxygens thus chelate thd"loation symmetrically. The two (cpida)
ligands lie to either side of the N(plane, each using the carboxylate group on theyhe
ring to chelate L#. These two carboxylate groups are approximatelysto each other. The
four coordinated water molecules lie below the plalefined by O(5) and O(6) and their

symmetry equivalents, completing the ten-fold camation sphere of the f

Figure 4.2 The coordination of Ehcation (the atoms with symmetric operation of {-x¥1-
z+0.5} are marked with #)

The carboxylic group from the benzene ring chelaw¥ and bridges to the &l with one
stronger Ln-O bond and one weaker Ln-O bond. As sedable 4.3, the Ln(1)-O(5) bond is
the longest and longer than the normal Ln-O bonkickv corresponds to a weaker Ln-O
bonding, whereas the bond of Ln(1)-O(6) lies ia thnge of the normal Ln-O bond, which
corresponds to a stronger bonding. The coordinaiedte oxygen atoms form two Ln(1)-
O(11) bonds with the bond length in the range éBA.to 2.60A. The four water molecules
coordinate to LA with Ln(1)-O(7) and Ln(1)-O(8) bonding in the rangf 2.42A to 2.60A.
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compound | Ln-O(5) | Ln-0(6) | Ln-O(7)| Ln-O(8)| Ln-O(11
{CusLa},, 2 | 2.774(2)| 2.586(3) 2.514(3) 2.595(8) 2.592(3)
{CusCe},. 3 | 2.757(2)| 2.563(2) 2.492(2) 2.573(2) 2.568(2)
{CuP},. 4 | 2.754(2)| 2.550(2) 2.473(2) 2.549(2) 2.551(3)
{Cu,Nd},, 5 | 2.743(2)| 2.534(2) 2.461(2) 2.532(2) 2.533(2)
{Cu,Sm},, 6 | 2.742(2)| 2.508(2) 2.432(2) 2.503(2) 2.506(2)
{CuEul, 7 | 2.736(2)| 2.495(2) 2.421(2) 2.487(2) 2.492(2)
CuGd}, 8 | 2.737(2) | 2.483(2) 2.410(2) 2.470(2) 2.483(2)
{Cu,Dy},, 9 | 2.766(3)| 2.456(3) 2.380(3) 2.449(4) 2.452(3)
{CuHo},, 10| 2.766(3) | 2.440(3) 2.363(3) 2.428(3) 2.436(3)
{CuEr},, 11 | 2.773(2)| 2.421(2) 2.356(2) 2.414(2) 2.424(2)

Table 4.3 Bond length of the coordination around‘Ln

The bond length of Ln-O decreases from the lowehéchigher members of the lanthanide

series in accordance with the lanthanide contradfi@ble. 4.3 and Fig. 4.3).
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Figure 4.3 Graph showing the decreasing trend e®Umond length
4.2.3 The linkage between metals

The linkage between Cu(ll) and Cu(ll)

Each Cd" has two ligands coordinated, with one of the ligacting as a chelate to occupy
four coordination sites and the other playing &itig role to occupy the fifth coordination
site thus forming chains of coppers. The carboryigtoup on one of the acetate arms of
cpida uses O(1) to coordinate to the chelated*Cand O(2) to coordinate to the next’Cin

the chain, forming aynax)-anti(eq) bridge (Fig. 4.4). The zig-zag chains run [ar#o the

crystalb-axis.
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Figure 4.4 The linkage between copper atoms

The linkage between Cu(ll) and Ln(l1l)

Adjacent parallel copper chains are held togethedanthanide cations that link the two
chains. The carboxylic group on the benzene rirayplthe linking role using both of its
oxygen atoms. Cii and LAF* are directly linked by O(5) and O(6) which formsgn-anti
carboxylate bridge. Since the Ln-O(5) bond is digantly (ca. 0.21 A) longer than Ln-O(6)
(Table 4.3), the linkage may perhaps be best destras asyn-antibridge with additional
weaker Cu-O-Ln bonding (Fig. 4.4). Since the Ln-JA¢bnd length is rather independent of
the lanthanide (unlike the other Ln-O distanced)lda&.3) it is perhaps likely that the Ln-

O(5) interaction is indeed rather weak.

Figure 4.5 the linkage between copper and lantleacadions
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The angle Cu(1)-O(5)-Ln(1) increases from the loweethe higher analogues, as shown in
Table 4.4. The angle increases by 4.7° on going ta to Er.

Angle La Ce Pr Nd Sm Eu Gd Dy Ho Er
Cu(1)-

O(5)- | 144.3(2)| 144.7(9) 145.2(9) 145.5(D) 146.2(9) 14%)4(146.9(7)| 147.9(2) 148.5(2) 149.0(
Ln(1)

Table 4.4 Angles of Cu-O(5)-Ln

The 2D-sheets formed by the linkages

The chains of Cii ions extend parallel to the axis and coordinate Bhions in thea axis
direction. The Li"ions further coordinate via the ligand to anothef‘Gon along thea axis.
Each Cd" ion coordinates two CGiiions along théd axis and one Lii ion along thea axis,
while each LA* ion coordinates two Gliions along the axis. This results in the formation
of square windows as shown in Fig. 4.6.

Figure 4.6 The perspective view alonigxis

Each of these square windows has fouf*G the four corners while two €lions are along
the edges of thi axis direction and two L} ions along the edges of thexis direction. The

four CU* ions at the four corners behave as the corndreohext square window along the
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axis, thus extending the pattern along this dicectiThe two C&' ions on the two opposite
edges of the square window behave as the corrbeafext square windows along thaxis,
thus extending the pattern along this directionisTriesults in a network sheet with square
windows (Fig. 4.6). The metal distances in the sgjumandows are listed in Table 4.5, with d
as Cu-Cu distance between two consecutive coppers alml axis; ¢ as Cu-Ln distance
between the nearest €uand LA along thea axis; ¢ as Cu-Cu distance between two

coppers connected by Ln cations.

compound | dy(A) dx(A) ds(A)
{Cu,La},, 2 | 5.1576(4) 4.5266(6) 8.9823(12
{Cu,Ce},, 3 | 5.1452(4) 4.5160(5)| 8.9607(10
{Cu,Pr},, 4 | 5.1371(3) 4.5174(4) 8.9664(2)
{Cu,Nd},, 5 | 5.1384(3)| 4.5058(4)| 8.9434(7)
{Cu,Sm},, 6 | 5.1276(5) 4.5131(5)| 8.9585(11
{CusEul,, 7 |5.1258(3) 4.5103(4)| 8.9534(8)
Cu,Gd},, 8 | 5.1221(2) 4.5129(3)| 8.9591(7)
{Cu,Dy},, 9 | 5.1248(3)| 4.5523(5)| 9.0383(10
{Cu,Ho},, 10 | 5.1179(4)| 4.5503(6)| 9.0344(12
{Cu,Er},, 11 | 5.1140(3) 4.5641(4)| 9.0625(7)

Table 4.5 The metal distances on the 2-D sheet

As seen in Table 4.5; dlecreases continuously whilg @hd d decrease at first then increase
again from lower to higher members of the lantharsdries. Changing the lanthanide thus
has an effect on the €«€u distance, and although the effect on the--Cu magnetic
interaction may be small, we cannot assume thatilitremain exactly the same in the
compounds with different lanthanides. Access toGlgY and CulLu analogues in addition
to CylLa would have allowed us to quantify any change&ig, across the series, but it was

unfortunately not possible to crystallise these plaxes.

4.2.4 The packing of the layers

Then-n stacking can be seen clearly from the perspeutaw along thea axis (Fig. 4.7), and
the overlapping of the benzene ring from the nedgimy layers can also be clearly seen,
which helps ther-n stacking to stabilize this compact structure. Bt the hydrophobic
benzene rings, two crystal waters are dispersedeeet the two neighboring layers. These
two crystal waters belong to the two layers andnfan intra-molecular hydrogen bond to the
carboxylic oxygen. The distance between O(31) (atysater) and O(§)carboxylic oxygen),
2.995 A, is characteristic of weak hydrogen bondiffge two O(6) atoms which coordinate to

the Lr** ion in {CwLn} unit further stabilize two crystal waters.
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Figure 4.7 the perspective view along a axis

The benzene rings on evdayer A tilt towards the-b axis direction while the benzene rings
on every layer B tilt towards theb axis direction. Thus the benzene rings on thehteigng
layer A and layer Bverlap each other to a much higher extent whilantaeing the compact
nature of the structure.

Figure 4.8 a) the two parallel benzene rings omtiighboring layers; b) Projection of the
two parallel benzene rings along the axis perpemali¢o the benzene plane.
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A m-m interaction can be regarded as resulting whendisiance between the two benzene
rings is between 3.3 A to 3.7 A and the correspogdiond strength is 1 to 50-kibl™*",
The benzene rings of the neighboring layers in,{@y are parallel and stagger to some
extent (Fig. 4.8 a). When the two benzene ringsvaaeed perpendicular to their molecular
planes, it can be seen that the C(9) atom liedyhatthe centre of the other parallel benzene
ring while the C(8) and C(10) atoms from differeimgs almost overlap each other. So the
distance between C(8) and C(10) (from the overlagpgienzene rings) can be considered
more or less as the distance between two paradletdnes. Taking {Gua} as an example,
the C(8)-C(10) distance is 3.35 A which lies within the exfeel range of 3.3 A to 3.7 A and

means there is a strongr interaction between the benzene rings.

4.3 The magnetic properties of [Cp(cpida),Ln(NO 3)(H,0O)4]-H,O

In order to check for the presence of ferromagnetnpurities in compounds, the
magnetization as a function of the field at 100 Kswperformed. For paramagnetic or
diamagnetic systems, a perfect straight line iseetqd. No presence of ferromagnetic
impurities is seen in the field dependence of ttegmetization for all cases of the {€in}«

series at 100 K (see Fig. 4.9).
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Figure 4.9 The magnetization as a function of taklfat 100 K for {CulLa}y

The susceptibility, which is the slope of the gihiline ({CwlLa}y is taken as an example
(Fig. 4.9)). At 100 K the values are 0.0085, 0.01®D198, 0.0206, 0.0096, 0.015, 0.0899,
0.1338, 0.1276 and 0.1106 tmmol* for {Cu.La}y, {Cu,Ce},, {Cu-Pr};, {Cu.Nd},,
{Cu,Sm}y, {CuzEu}s, {Cu,Gd}y, {Cu.Dy}y, {CusHo}x and {CuEr} respectively. They are

in good agreement with the susceptibility measurégmdone at 1000 Oe and 1 T (see below).
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4.3.1 They, T product versus temperature

Ln() ion with f °, La®", 2 and f/, Gd®", 8 in {Cu,Ln},

{Cu,La}y --- At room temperature, theT product is 0.86 cthK mol™. This value is in good
agreement with the expected value for two octaheciugll) metal ions §= 1/2,g = 2.14:
C= 0.43 cmi K mol* of Cu(ll)). Decreasing the temperature, thi€ product is almost
temperature independent till around 15 K, and ttemidly decreases to reach 0.68ckh

mol* at 1.8 K indicating dominant antiferromagneticeaictions within the Cu(ll) spin

carriers.
1
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Figure 4.10 Temperature dependence ofythg@roduct at 0.1 and 1T: a) for {GLa}«, 2; b)
for {Cu,Gd}y, 8

{Cu,Gd}, --- At room temperature, theT product is 8.92 cfhK mol ™. This value is in good
agreement with the expected value (8.74 ¢tnmol™) for the presence of two octahedral
Cu(ll) metal ions $ = 1/2, takingg = 2.14 observed for {Glia}x: C = 0.43 cni K mol™* of
Cu(ll)) and one Gd(lll) ion$ = 7/2,C = 7.875 cm K mol* expected forg = 2.054. On
decreasing the temperature, tW€ product stays constant until 12 K and then slightl
decreases to reach 8.45 %k mol* (at 1000 Oe) at 1.8 K. As the Gd(lll) ion has S,
ground term, it has no orbital contribution andréfiere can be considered as an isotr&c
7/2 spin. Therefore the decrease pF product at low temperature indicates dominant
antiferromagnetic interactions. Fitting the expestal data to a Curie-Weiss law above 1.8
K leads to the following Curie and Weiss constar8$84 cni K mol! and -0.11 K,

respectively as shown in Fig. 4.11.
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y = m0*(m1+m2/(M0+m3))

| Value Error
6| m1 | 0.00027903 2.85¢-5
m2 8.8383 | 0.0043013
m3 0.11097 | 0.0032088
4 [ Chisq 0.062128 NA
R 0.97555 NA

+ T/ em*Kmol !

2k —6—1000 Oe

(Cu,Gd),

O-nnn.I....I....I....I....I....I
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Figure. 4.11 Curie-Weiss fit of {GGd}y, 8

As expected the Curie constant is close to theevafu8.63 cri K mol™* required for two
Cu(ll) metal ions and one Gd(lll) ion. The negatWeiss constant suggests the presence of
very small interactions between spin carriers wih dominating antiferromagnetic
contribution. Considering that the Cu(ll)-Gd(lll)nteractions are almost always of
ferromagnetic natuf¥!, the antiferromagnetic Cu(ll)-Cu(ll) interactiohauld be discussed,
i.e. whether it is through theyn-antieg-axialcarboxylate bridges (evaluated at about -0.36 K

in the {CwLa}x analogue) and dominates the magnetic behavidri®tompound.

Ln(lIl) ions with 0 <f "< 7in {Cu,Ln}, (Ln =Ce, 3, Pr, 4, Nd, 5, Sm, 6, Eu, 7)

{Cu,Ce}x --- At room temperature, theT product is 1.74 ciK mol ™. This value is in good
agreement with the expected value (1.66° ¢tnmol™) for the presence of two octahedral
Cu(ll) metal ions $ = 1/2, takingg = 2.14 observed for Gua: C= 0.43 cni K mol* of
Cu(ll)) and one Ce(lll) ion§= 1/2,L = 2,?Fs;,: C = 0.80 cmi K mol™* % The profile of the
XT vsT plot does not allow for the determination of the(lD-Ce(lll) magnetic interactions.
Indeed the Stark sublevels (of tf&, ground state or low-lying first excited states)tioé
Ce(lll) ions are thermally depopulated when the gerature is lowered resulting in a
decrease of thgT vs T plot®. Therefore even if theyT product decreases with the
temperature and reaches 0.93°dtmol™ at 1.8 K it is not possible to be sure that this

behavior is associated with dominant antiferromégneteractions within the complex.
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Figure 4.12 Temperature dependence ofiihproduct per {CuCe}y, 3at 0.1 and 1T

{Cu,Pr}y --- At room temperature, thT product is 2.21 cK mol™. This value is in good
agreement with the expected value (2.46° ¢tnmol™) for the presence of two octahedral
Cu(ll) metal ions $ = 1/2, takingg = 2.14 observed for Gua: C= 0.43 cni K mol* of
Cu(ll)) and one Pr(ll) ion%=1,L = 3,°H, : C = 1.60 cni K mol™ expected fog = 4/55%.
As in the Ce(lll) compound, the profile of thel vs T plot does not allow for the
determination of the Cu(ll)-Pr(lll) magnetic intetins. The Stark sublevels (of tHEl,
ground state or low-lying first excited states)tbé& Pr(lll) ions are thermally depopulated
when the temperature is lowered resulting in aeEse of thgT vs T plot®®. Therefore even
if the ¥T product decreases with the temperature and red@cB@scni K mol* at 1.8 K it is
not possible to be sure that this thermal behavi®r associated with dominant

antiferromagnetic interactions within the complex.
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Figure 4.13 Temperature dependence ofiihproduct per {CuPr}y, 4 at 0.1 and 1T

Uo x --- At room temperature,t pro uct Is 2. C mol . IS value IS In goo
{Cu,Nd}y - A heT product is 2.28 cfhK mol™. This value is i d

agreement with the expected value (2.50° ¢tnmol™) for the presence of two octahedral
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Cu(ll) metal ions $ = 1/2, takingg = 2.14 observed for Gua: C= 0.43 cni K mol* of
Cu(ll)) and one Nd(lll) ion$= 3/2,L = 3,5, C = 1.64 cm K mol™* expected fog = 8/11

341 On decreasing the temperature, ffeproduct continuously decreases to reach 1.1 cm
K mol at 1.8 K. As in the Ce(lll) and Pr(lIl) compoundise profile of theyT vs T plot does
not allow for the determination of the Cu(ll)-Ndflimagnetic interactions. As explained
before, the Stark sublevels (of thig, ground state or low-lying first excited states)tioé
Nd(lll) ions are thermally depopulated when the penature is lowered resulting in a
decrease of thgT vs T plot®. Therefore even if thefT product decreases with the
temperature, it is not possible to be sure that tiehavior is associated with dominant

antiferromagnetic interactions within the complex.
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Figure 4.14 Temperature dependence ofiihproduct per {CuNd}y, 5at 0.1 and 1T

{Cu,Sm} --- At room temperature, theT product is 1.04 ctK mol™. This value is in good
agreement with the expected value (0.95 ¢tnmol™) for the presence of two octahedral
Cu(ll) metal ions $ = 1/2, takingg = 2.14 observed for Gua: C = 0.43 cni K mol* of
Cu(ll)) and one Sm(Ill) iong= 5/2,L = 0, Hsp,, C = 0.09 cmi K mol™* expected fog = 2/7
541 On decreasing the temperature, #ffeproduct steadily decreases to reach 0.86 Km
mol™* at 15 K and then rapidly drops down to 0.62°¢tnmol™ at 1.8 K. As in the Ce(lll),
Pr(lll) and Nd(Ill) compounds, the profile of thgl vs T plot does not allow for the
determination of the Cu(ll)-Sm(Ill) magnetic intet@ns. As explained before, the Stark
sublevels (of théHs;, ground state or low-lying first excited states)teé Sm(lll) ions are
thermally depopulated when the temperature is led/ieesulting in a decrease of {fiEvs T
plot®®. Therefore even if thgT product decreases with the temperature, it ispossible to
be sure that this behavior is associated with dantimntiferromagnetic interactions within

the complex.
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Figure 4.15 Temperature dependence ofiihproduct per {CuSm}y, 6 at 0.1 and 1T

{Cu,Eu}, --- At room temperature, thgT product is 2.21 cfhK mol™. This value is higher
than the expected value (0.86 ki mol™) for the presence of two octahedral Cu(ll) metal
ions 6= 1/2,g = 2.14:C = 0.43 cni K mol™ of Cu(ll)) and one diamagnetic Eu(lll) ioB £

0, ‘Fo, ®* 8% On decreasing the temperature, feproduct continuously decreases to reach
0.63 cni K mol™* at 1.8 K indicating dominant antiferromagneticeirastctions within the spin

carrier.
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Figure 4.16 Temperature dependence ofiihproduct per {CeEU}«, 7at 0.1 and 1T

Ln(lll) ions with f "> 7 in {Cu,Ln}, (Ln = Dy, 9, Ho, 10, Er, 11)

{Cu,Dy}x --- At room temperature, thgl product is 13.5 cfhK mol™. This value is slighter
lower than the expected value (15.03%dtnmol ™) for the presence of two octahedral Cu(ll)
metal ions = 1/2, takingg = 2.14 observed for Gua: C = 0.43 cmi K mol™ of Cu(ll)) and
one Dy(lll) ion §=5/2,L = 5,°His, C = 14.17 cm K mol ™ expected fog = 4/3P%. As in
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the other Ln(lll) compounds, the profile of thgl vs T plot does not allow for the
determination of the Cu(Il)-Dy(lll) magnetic intetions. The Stark sublevels (of thds)
ground state or low-lying first excited states)tio& Dy(lll) ions are thermally depopulated
when the temperature is lowered resulting in aefse of theyT vs T plot®® 8L Therefore
even if theyT product decreases with the temperature and re&chesni K mol™* at 1.8 K
it is not possible to be sure that this thermal dvédr is associated with dominant

antiferromagnetic interactions within the complex.
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Figure 4.17 Temperature dependence ofiihproduct per {CuDy}x, 9at 0.1 and 1T

{Cu,Ho}, --- At room temperature, thel product is 13.4 ctK mol™. This value is slightly
lower than the expected value (14.93%dtnmol ™) for the presence of two octahedral Cu(ll)
metal ions = 1/2, takingg = 2.14 observed for Gua: C = 0.43 c¢mi K mol™ of Cu(ll)) and
one Ho(lll) ion 8= 2,L = 6,%lg: C = 14.07 cm K mol™* expected fog = 5/4°¥. As in the
other Ln(lll) compounds, the profile of th@ vs T plot does not allow for the determination
of the Cu(ll)-Ho(lll) magnetic interactions. TheaBt sublevels (of thélg ground state or
low-lying first excited states) of the Ho(lll) ionare thermally depopulated when the
temperature is lowered resulting in a decreasbefT vs T plot®. Therefore even if thgT
product decreases with the temperature and reat®&scni K mol* at 1.8 K it is not
possible to be sure that this thermal behaviorssoaated with dominant antiferromagnetic

interactions within the complex.
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Figure 4.18 Temperature dependence ofgihproduct per {CpHo}, 10at 0.1 and 1T

{Cu,Er}, --- At room temperature, theT product is 11.4 cfhK mol™. This value is slightly
lower than the expected value (12.36%dtnmol ) for the presence of two octahedral Cu(ll)
metal ions §= 1/2, takingg = 2.14 observed for Gua: C = 0.43 cni K mol™* of Cu(ll)) and
one Er(lll) ion 8= 3/2,L = 6,15, C = 11.5 cni K mol™ expected fog = 6/554. As in the
other Ln(lll) compounds, the profile of thd vs T plot does not allow for the determination
of the Cu(ll)-Ho(lll) magnetic interactions. Theast sublevels (of thél;s,ground state or
low-lying first excited states) of the Er(lll) ionare thermally depopulated when the
temperature is lowered resulting in a decreaste®fT vs T plot®®.. Therefore even if thgT
product decreases with the temperature and reatB@scni K mol* at 1.8 K it is not
possible to be sure that this thermal behaviorssoaated with dominant antiferromagnetic

interactions within the complex.
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Figure 4.19 Temperature dependence ofgihproduct per {CuEr}y, 11at 0.1 and 1T
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4.3.2 Field dependence of magnetization

Diamagnetic Ln(lll) ion (Lnh = La, 2)

For the compound {CiLa}, the field dependence of magnetization at low temares
reveals a true saturation above 7 T indicative @hkvor absence of magnetic anisotropy. This
result has been confirmed by tieversusH/T plots as the data are roughly all superposed on
a single master-curve as expected for isotropiteaysThe saturation dfl at 2.1 | is very
close to the value of 2.0spexpected for two Cu(ll) ionsS(= v¥2) for {CwLa}y if the spins are
uncoupled, decoupled or ferromagnetically coupkesi suggested before by the presence of
weak Cu(Il)-Cu(ll) antiferromagnetic interactions these compounds, we are clearly in the

situation where these interactions are overcomiadéwpplied magnetic field.
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Figure 4.20 The field dependence of magnetizatiodCu,La}, 2

Isotropic Ln(l1l) ion (Ln = Gd, 8)

For the compound (GGd), the field dependence of magnetization at low temafres
reveals a true saturation above 7 T and 6 T indieadf weak or absence of magnetic
anisotropy. This result has been confirmed byNhes H/T plots as the data are roughly all
superposed on a single master-curve as expectedadiwopic systems. This is, indeed, not
surprising considering that the Gd(lll) and the IQufns are very weakly anisotropic metal
ions. The saturation &fl at 9.2 | is very close to the value of 9.¢ pxpected for two Cu(ll)
ions S = %) and one Gd(lll) ion§= 7/2) for (CuGd) if the spins are uncoupled, decoupled
or ferromagnetically coupled. As suggested befgréhk presence of weak Cu(ll)-Ln(lll) and
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Cu(IN-Cu(ll) antiferromagnetic interaction in theesompounds, we are clearly in the situation

where these interactions are overcome by the appiagnetic field.
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Figure 4.21 the field dependence of magnetizatiwd@u,Gd}y, 8

Anisotropic Ln(llD ion (Lh = Ce, 3, Pr, 4, Nd, 5,Sm, 6, Eu, 7, Dy, 9, Ho, 10, Er, 11)

For compounds (G€e), (CwPr), (CwNd), (CwuSm), (CwEU), (CwDy)x, (CwHo) and
(CwEr), the field dependence of the magnetization at temperatures shows that the
magnetization smoothly increases with the appliedield without saturation even at 7 T at
which it reaches the values of 3.3, 2.4, 3.5,2.2, 7.9, 7.3 and 6. for compound3, 4, 5,

6, 7,9, 10, 11, respectively (take GDy as example in Fig. 4.25). This behavior indisatee
lack of any well-defined ground state and thus sstg)the presence of low-lying excited
states that might be populated when a field isia@pIThis hypothesis is in good agreement
with the expected weak Cu(ll)-Ln(lll) and Cu(ll)-@l interactions. Moreover, while
plotting theM vs H/T at different fields (see Fig. 4.22), the curves ot all superposed on a
single master-curve as expected for isotropic sysferther indicating the presence of
magnetic anisotropy or low lying excited states.

In agreement with th#1 vsH data at 1.8 K that do not show any sign of slolaxation i.e.

hysteresis effect, thac susceptibility of all compounds in zedt field shows a complete
absence of out-of-phase component above 1.8 K.
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Figure 4.22 the field dependence of magnetizatiofGu,Dy}x

4.3.3 The least-squares non-linear fitting of the agnetic properties of {CyLa},
and {Cu,Gd}

The fitting of {Cu,La},, 2

Based on the structure, because of the diamaghafit!) ion in the complex center, the
trinuclear unit can be magnetically viewed as dimérS = 1/2 Cu(ll) with interactions
mediated by the diamagnetic La(lll) ion or mostelik by syn-anti carboxylate bridge.
Therefore application of the van Vleck equatftfh to Kambe’s vector coupling schelffte

allows us to determine an analytical expressionth&f magnetic susceptibility from the

following spin Hamiltonian:
H==2{Sq,;* Scuz} Eq. (4.1)

where S and § arethe spin operatorsS[= 1/2 for Cu(l) and Cu(2)} is the exchange
coupling between the two Cu(ll) centers. The besb§ parameters obtained using this model
(see Fig. 4.23a) i&i/ks = -0.7(1) K, andy = 2.14(1). The interaction parametéy, is in good

agreement with what is expected fyn-antieg-axialcarboxylate bridgé¥’.
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Figure 4.23 The simulation gff product versus temperature: a) for,Caj b) for CuGd

The fitting of {Cu.Gd},, 8

Considering only the Cu(ll)-Ln(lll) interactionsdds to a trinuclear Cu-Gd-Cu model. The

magnetic behaviour can be analyzed by using a simsptropic Heisenberg Hamiltonian:

H = -J2 Sea(Scur* Scu2) Eq. (4.2)

whereS the spin operatorsSE 1/2 for the Clhions andS= 7/2 for Gd') andJ the magnetic
interaction between Cu and Gd metal ions. The egtitin of the van Vleck equati6fl to
Kambe's vector coupling scheffi allows to determine the analytical expression e t
magnetic susceptibility in the low field approxinoat

Ng%2 (35 +84 @xp(gJ/ kT )+ exp(7J/ kBT))+ 165exp(16J/ kBT))
ok, @+8@xp(9J/kBT)+exp(7J/kBT))+10exp(16J/kBT))
The experimental data are well fitted to this Hesrg model (see Fig. 4.23b) with=

2.02(1) andl/kg = -0.06 K. J./kg| should be lower than the calculated value 0.G& Kvill be
discussed as below.

XT Eq. (4.3)

The magnetic properties of compounds are highlyctire related. The structure described as
in 4.3.3 shows that along axis there are only Cu atoms coordinated by syneamboxylic
groups forming copper chains. Thus aldngxis there is only Cu-Cu magnetic interactions
(Fig. 4.25) by super-exchange pathway of Cu-O-C«Daith Cu--Cu separation around 5.1
A, which indicates that the magnetic interactioongl theb axis is weakly antiferromagnetic.
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Along thea axis there are no other connections but'@nd Lr#*, with the Cu-Ln separation
around 4.5 A. The magnetic interactions alongdhaxis can be considered as a separated
{CusLn} unit with Ln*" inbetween (Fig. 4.23). Since the two copper at@resin a G
symmetry about Lfi, the interactions between ¥rand the two Cif are the same and can be

considered as one Cu-Ln interaction.

Figure 4.24 The arrangement of metal interactions

Since J./kg| is lower than 0.06K, it could be considered thatre is no magnetic interaction
between G and CG@" pairs, or another hypothesis is that a ferromagnieteraction

counteracts the antiferromagnetic interaction.

In the other CplLn compounds, it is not possible to determine tregnitude of the CulLn
interaction, as the effects of the splitting of ®Bi&ark sub-levels are difficult to quantify. In
some systems it is possible to replace th& Gith a diamagnetic metal ion without changing
the geometry around the lanthanide cation, andsestablish the contribution of this sub-
level splitting to the overall magnetic behavior.

In the complexes [G{cpidayLn(NOs)(H20)]-2H,0, the Ca" is five coordinated and the
corresponding Ni compound [Mcpida)Ln(NO3)(H.0O)]-2H,O and Zn compound
[Zna(cpidapLn(NOs)(H2.0)]-2H,O with the same structure is not possible to sygitee
because the instability of 5-coordinatedNand Zri* compared with 4-coordinated and 6-
coordinated Ni* and zA*. Thus the synthesis of Ni-substituted and Zn-sulst

compounds was not possible.
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4.4 Summary

2D sheets of [CifcpidapLn(NO3)(H20)4]-2H,0 extend along the axis with copper-copper
connections by syn-anti carboxylic bridges whilerg thea axis with copper-lanthanide
connection by oxygen Cu-O-Ln and syn-anti carbaxigltidges. Along the axis the layers of

the sheets stack in a compact wayrhystacking.

Due to the lanthanide contraction, the Ln-O bomdyils in the {CulLn}, complexes decrease
as the atomic number of the lanthanides increasesxpected. However, the -©Qu distance
between the carboxylate-bridged®uentres also decreases significantly on goingsactioe

lanthanide series from left to right.

By least-squares nonlinear fitting, weak antiferegmetic interactions between Cand C§*
along theb axis were found to occur in the {@ia}x compound. There is no significant
magnetic interaction, or there is a counteractiénamtiferromagnetic and ferromagnetic

interactions, between Gtland C@" in the {CwGd}, compound.
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Chapter 5 Structure and magnetic properties of tansition metal
clusters with imino-carboxylic ligands

5.1 [Fey(ns-0)4(p2-OMe)4(Hepidp) 4(H20)4](NO3)4- 10H,0-4MeOH, 12
5.1.1 Structure of [Fg(us-O)4(n-OMe)4(Hepidp) 4(H20)4(NO3)4-10H,0-4MeOH

5.1.1.1 Overview of the Fgstructure

Figure 5.1 Structure of the compl&f

The complex crystallizes in the tetragonal spacsugr 4c2 and the structure of the e
complex is shown in Fig.5.1. The complex posseasesnposed Ssymmetry and therefore

has two unique Fions in the asymmetric unit.
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5.1.1.2 The coordination mode of the ligand cpidp

The coordination mode of the ligand with two longpgonate acid arms will first be
described. It has three carboxylate groups, orteeyh on the benzene ring and the other two
on the propionate arms, and one nitrogen atom,wffies a maximum possible tetradentate
coordination system. In forming this J€uster, all of the carboxylate groups adsyn, syn
coordination modes bridging two atoms. However, niteogen is protonated and does not
coordinate, but forms an intraligand hydrogen btm@®(3). The ligand coordination mode is
shown in Fig. 5.2.

06

FE2

Figure 5.2 The coordination mode of the ligand ppid

The carboxylate group on the phenyl ring (abbredaas Ph-CO® coordinates Fe(1) and
Fe(2) by asyn, sym*:n*:p, PhCOG  bridging mode, which contains the atoms O(3) and
0O(4), with O(3) to Fe(1) and O(4) to Fe(2) respeti. The two carboxylic groups on the
two propionic arms (abbreviated as R-CP&so have ayn synn™:n:p, coordination mode,
with one R-COO group coordinating to Fe(1) and a second Fe(2)Ofy) and O(6)
respectively, the other R-CO@roup coordinating to a second Fe(1) and a the(2) by
O(7) and O(8) respectively. Altogether one ligandrdinates to five Fe(lll) atoms, two Fe(1)
and three Fe(2) atoms, through all the carboxytatggens (Fig. 5.2). The intraligand
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hydrogen bond N(1)-H(1)O(3) (N(1)-H(1) = 0.912A, H(1)O(3) = 1.773A) helps to

stablise the whole structure.

5.1.1.3 The coordination spheres of the Fe(lll) cares

The iron atoms occupy two different crystallographites and are octahedrally coordinated
by oxygen atoms. A representation of the local eatiwity of Fe(1)s shown in Fig. 5.3, and
that of Fe(2) is shown in Fig.5.4.

For clarity the atoms with different symmetry ofderas are defined as follows: (-0.5+y, 0.5-
X, 0.5-z) as #1, (0.5-y, 0.5+x, 0.5-z) as #2, g@rd1-y, z) as #3.

The coordination spheres of Fe(1)

Figure 5.3 Coordination spheres of the Fe(1) atom

For Fe(1) (Fig. 5.3), there are two cpidfigands coordinating to it, one of which chelates
Fe(1) with two carboxylate groups, PhCO@th O(3) as the coordination atom and R-COO
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with O(5) as the coordination atom. The other ldyases RCOQwith O(7)#2 occupying the
coordination siteransto O(3) of PhCOO The other three coordination sites are occupied b
two ps-O (O(1)) and on@-OMe (O(2)), with O(1) and O(5), O(2) and O(1)#1popite each
other in the pair respectively.

The octahedral environment of Fe(1) is rather disth with two short Fe-O bond distances
Fe(1)-O(1)#1 = 1.866(3f, Fe(1)-O(1) = 1.941(3R, three medium ones Fe(1)-O(5) =
2.092(3)A, Fe(1)-O(7)#2 = 2.050(3, Fe(1)-0O(2) = 2.031(34, and one long bond Fe(1)-

0O(3) = 2.123(3R. The mean Fe-0 distance 282s typical for Fe(lll). The bond between

Fe(1) and O(3) which comes from the PhC@Qhe weakest with bond length over 2.1

Bond Length (A) Bond Length (A)
Fe(1)-0(1) 1.941(3) Fe(1)-O(71)#2 2.050(3)
Fe(1)-0(3) 2123(3) Fe(1)-0(2) 2.031(3)
Fe(1)-0(5) 2.092(3) Fe(1)-O(L)#1 1.866(3)

Table 5.1 Bond length around Fe(1)

Table 5.2 shows that the O-Fe-O angles in the edtah coordination sphere of Fe(1) deviate
markedly from 90° or 180°. The angles involvingrpaif trans oxygens are 172°3165.7
and 160.7, deviating much from 180while the angles involvingis-oxygens range between
79.7 and 106.8 This is not unusual for Fe(lIl).

Bond Angle () Bond Angle ()
O(1)-Fe(1)-0O(1)#1 106.9 O(3)-Fe(1)-0(1 91.8
0O(2)-Fe(1)-0O(1)#1 172.3 O(7)#2-Fe(1)-0(2) 85.8

O(7)#2-Fe(1)-O(1)#1 95.8 O(5)-Fe(1)-0(2 81.3
O(5)-Fe(1)-0O(1)#1 91.0 O(3)-Fe(1)-0(2 82.8
O(3)-Fe(1)-0O(1)#1 94.5 O(5)-Fe(1)-0O(7)#2 90.2

0O(2)-Fe(1)-0(1) 80.5 O(3)-Fe(1)-O(7)#R2 165.7
O(7)#2-Fe(1)-0(1) 94.9 O(3)-Fe(1)-0O(5 79.7
O(5)-Fe(1)-0(1) 160.7

Table 5.2 Selected angl€s for the coordination sphere of Fe(1)

The coordination spheres of Fe(2)

Bond Length (A) Bond Length (A)
Fe(2)-0(1) 1.944 (3) Fe(2)-0(6)#2 2.045(4
Fe(2)-0(2) 1.938(3) Fe(2)-0(8)#3 2.011(3
Fe(2)-0(4) 2.104(4) Fe(2)-0(9) 2.056(4)

Table 5.3 Bond lengths around Fe(2)
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For Fe(2) (Fig. 5.4), there are three ligands cmaitthg to it, and each of the three ligands
uses one carboxylate group on the arm to coordtodte(2) with bonds shown in Table 5.3.

Figure 5.4 The coordination sphere of the Fe(2nato

One of the ligands is the one that uses two cailbhtxygroups (Ph-COGand R-COQ
chelating the Fe(1) atom and here uses the othgreoxatom O(4) on Ph-CO@ coordinate
Fe(2). The second ligand is the one that uses armxylate group (R-COPto coordinate
Fe(1) and here uses another carboxyl group (R-C@@h O(7) to coordinate to Fe(2)
occupying the coordination sitklans to O(4) of PhCOO The third ligand has no
coordination to the former Fe(1) and uses one cathte group (R-COQ with O(8)#3 to
coordinate Fe(2). The other three coordinatiorssate occupied by one-O (O(1)), oneu,-
OMe (O(2)), and one coordination water (O(9)#3)1)Xxtans to O(9), and O(2)rans to
O(8)#3.

Compared with Fe(1), Fe(2) has a less distortedhectral geometry, with two short bonds
Fe(2)-O(1) = 1.944(3)A, Fe(2)-0(2) = 1.938(3)A, @br medium bonds Fe(2)-O(6)#2 =
2.045(4)A, Fe(2)-0O(8)#3 = 2.011(3)A, Fe(2)-O(9}#2.056(4)A, and one long bond Fe(2)-
O(4) = 2.104(4)A. The bonds between Fe(1) and tidging oxygen atomsys-O (O1) and
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,-OMe, are the shortest with bond length less th@h.2As with Fe(2), the bond between
Fe(2) and O(4) which comes from the PhC@Qhe weakest with bond length over 2.1A.

Bond Angle () Bond Angle ()
O(1)-Fe(2)-0(2) 82.9 O(1)-Fe(2)-O(4) 93.9
0(2)-Fe(2)-O(8)#3 175.0 O(6)#2-Fe(2)-O(8)#B 95.0
0(2)-Fe(2)-O(6)#2 90.2 O(8)#3-Fe(2)-O(9)#38 87.3
0(2)-Fe(2)-O(9)#3 92.9 O(4)-Fe(2)-O(8)#3 88.7
0(2)-Fe(2)-O(4) 86.3 O(6)#2-Fe(2)-O(9)#3 84.2
0(1)-Fe(2)-O(8)#3 97.1 O(4)-Fe(2)-O(6)#2 168.5
0(1)-Fe(2)-O(6)#2 96.6 O(4)-Fe(2)-O(9)#3 85.2

0(1)-Fe(2)-O(9)#3 175.7

Table 5.4 Selected angl€s for the coordination spheres of Fe(2)

Table 5.4 shows that the octahedral sphere of ke(ss distorted than that of Fe(1), with
the O-Fe-O angles deviating less from 48090°.

5.1.1.4 The core structure of F¢

Figure 5.5 The core structure ofgfath ps-O andu,-OMe bridges
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The complex as a whole contains eight iron atong§b), with four of them (Fe(1) with its
symmetry equivalents) on a ring bridged by theoxo oxygen atoms O(1). Thesgg-0x0
oxygen atoms further point outwards to bridge ttieepfour iron atoms Fe(2).

The arrangement of the atoms in the central coegd '°* as ‘saddle’ shape is shown in Fig.
5.5. The four Fe(1) atoms are arranged in a negaldpar configuration, with Fe(1) and
Fe(1)#3 0.326 A above the plane, and Fe(1)#1 afitl#2 0.326 A below the mean plane
defined by Fe(1), Fe(1)#1, Fe(1)#2 and Fe(1)#3. &hgen atom O(1) and Fe(2), and their
C, symmetry-related atoms Fe(2)#3 and O(1)#3, auatsitl above this plane, while theiy S
symmetry-related atoms Fe(2)#1, O(1)#1, Fe(2)#2Q@fig#2 are below the kéeast-squares
plane. Consequently Fe(2) and its symmetry equitslare displaced 2.060A out of this
plane.

Atoms Deviation (A) Atoms Deviation(A)
Fe(1) -0.326(8) Fe(L)#1 0.326(8)
Fe(2) 22.060(1) Fe(2)#1 2.060(1)
o) 20.664(4) O(L)#1 0.664(4)

Fe(1)#3 -0.326(8) Fe(L)#2 0.326(8)

Fe(2)#3 2.060(1) Fe(2)#2 2.060(1)
o) 20.664(4) o2 0.664(4)

Table 5.5 Deviations of the atoms from the leastasgs plane defined by
Fe(1)-Fe(L)#1-Fe(1)#2-Fe(1)#3
The dihedral angle of the plane defined by Fe(XRFEe(1)#1 with the least-squares,Fe
plane is 53.24 The us-oxide in each triangle unit is slightly out of tpbtane formed by the
three Fe atoms (Fe(1)-Fe(2)-Fe(1)) by 0.250(7)A.

FE2#2 FE2#1

Fig. 5.6 The core structure offJghowing Fe(2) and Fe(2)#3 above, Fe(2)#1 and F2(2)#
below the Fgplane
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The ps-oxo oxygen atom O(1) bridges between the three atmms Fe(1l), Fe(2), Fe(1)#2.
Within the Fé'; triangle, theus-O bridge is unsymmetrical, as a result of theedéht bridges
along each H&EFe edge.

Bond Bond length (A) Bond Anglé)(
Fe(1)-O(1) 1.940(8) Fe(1)-O(1)—Fe(2) 98.5
Fe(2)—O(1) 1.943(8) Fe(1)—O(1)—Fe(L)#2 135.9

Fe(1)#2-0(1) 1.866(2) Fe(2)—O(1)—Fe(L)#2) 120.3

Table 5.6 Bond lengths and angles in th8 Ge;-O) triangle

Fe(1) and Fe(2) are bridged i+*OMe, u3-O and onesyn-syncarboxylate group, resulting in
a short Fe(1[Fe(2) distance (2.941(1)A) and a small angle FE()-Fe(2) (98.%). The
longest edge of this triangle is defined by Fe(@dl &e(1)#1, bridged only bps-O, thus
giving a long FélFe distance of 3.528(1)A and a large angle Fe(1)-Be(1) of 135.9°.
Fe(1) and Fe(2)#2 are bridged pbyO and twosyn, syncarboxylate groups, so that the
distance Fe(IFe(2)#1 (3.303(1)A) and the angle Fe(2)-O(1)-FeZ1){120.3°) are
intermediate. The three inequivalentllee distances within this triangular subunit therefo

result in a strongly scalene triangle.

5.1.1.5 Polyhedral representation of Fe

The metal oxide framework can be described as a@ghips of edge-sharing and corner-
sharing Fe@octahedra (as is shown in Fig. 5.7). The octathgdia of the two irons with the
same symmetry operation (Fe(1) and Fe(2), etc)(1Yfee} and {Fe(2)Q} share a common
edge which is formed bps-O (O(1)) andp,-OCH; (O(2)) bridges, with O(1) towards the

inside and O(2) towards the outside of the molecule

When the two irons belong to two different asymmeetinits, the octahedron formed around
them only share one corner-O (O(1)). Thus in the way described above, the fage-
sharing octahedral unit pairs are linked into angl square with four groups of units (Fig.
5.7),
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Figure 5.7 A polyhedral representation of the carl

5.1.2 The magnetic properties of ke

Variable-temperature, solid-state magnetic susk#ipti measurements were performed on
microcrystalline samples of fFat 0.1 T in the 2.0-300 K temperature range. Thiained

data are shown in Fig. 5.8 @B product per Feversus T.
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Figure 5.8 Temperature dependence ofyfheroduct per Feat 0.1 T
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At room temperature, thgT product is 10.58 cfi mol™. This value is much lower than the
expected value (35.0 éi{ mol™) for the presence of eight isolated high-spin Beigns (S=
5/2, C = 4.375 criK mol™) taking into account g value of 2.0. This type of behaviour
indicates very strong overall antiferromagnetierattions within this lecomplex. As can
be seen on thgT vs T semi-log plot shown above, th& product decreases to zero below 7
K indicating anS = 0 ground state. This hypothesis is qualitativelpported by the field
dependence of the magnetization at 1.8 K (Fig., Sr®)which the magnetization is only
slightly populated with the increase of field upsta.
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Figure 5.9 The field dependence of magnetizatior-& at 1.8K

Scheme 5.1 Schematic representation of the exchategactions in ke
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The Fg complex has an;Symmetry axis, so that the magnetic interactiotnyays are as
shown in Scheme 5.7, is defined as the interactions pyO between two Fe(1) and Fe(1);
J, is defined as the interactions hy-O, u,-OMe, and one carboxylate group between the
Fe(1) and Fe(2) in the same asymmetric uhitis defined as the interactions py-O, two

carboxylate groups between Fe(1) and Fe(2) inrdiffeasymmetric units.

Using the magneto-structural correlation proposead dxygen-bridged Fe(lll) systems by
Christouat al®®, it is probable that all three of the interactiars antiferromagnetic, with
12| < Pa| < Puf. The F&5(us-O) triangles will therefore be spin-frustrated,ttwbne spin
antiparallel to the other two, which then have ®parallel to each other. The two parallel
spins are then likely to be those with the weakesiferromagnetic interaction between them,
in this casel,. Therefore the magnetic spin structure in Sch&raean be proposed, which is
consistent with the S = 0 ground state determineoh the experimental data. Because there

are too many parameters, it is not possible to itheéedata with three different J values.
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Scheme 5.2 Schematic representation of the magsteticture within Fgin the diamagnetic
ground state
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5.2 The tetranuclear cubanes [M,(cpdeaH)]-xH,0O (M = Cu, 13, Co, 14)
5.2.1 Molecular structures of the cubanes

5.2.1.1 Overview of the structures

The complexes [Cu(cpdeaH)]:2H,0 and [Cdi(cpdeaH)]-3.2H,0  crystallize
isomorphously in the monoclinic space group C2e Trystal water molecules are found in
the area between the cluster aggregates. Examnattithe crystal packing indicates that the
Cuw, and Cq molecules are reasonably well isolated, taking &oan example in Fig. 5.9 (£u
has the same packing). The cell parameters foraBua = 21.6055 A, b = 15.354 A, ¢ =
17.1037 A = 126.892° while for Cpare a = 21.7852 A, b = 15.5860 A, ¢ = 17.202B A,
127.364. The asymmetric unit contains one half of theatmticlear cubane cluster. The

cubane as a whole hag §ymmetry.

Figure 5.10 Molecular structure for [E¢cpdeaH)]-3.2H,0
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5.2.1.2 The chelating mode of the ligand (cpdeafijn the metal cubanes

The ligand that chelates the copper and cobalt @atom Cu and Caq is N-(2-
carboxyphenyl)diethanolamine, cpdeafhe structure of cpdeaiScheme 5.3) is similar to
Hacpidp but with two —OH instead of -COOH groups.

0
éI:
~OH

__CHCH,—OH
N

\CHZ—CHZ—OH

Scheme 5.3 The structure of the ligdR-carboxyphenyl)diethanolamine (cpdeaH

Under the reaction conditions used, the carboxadid group and one of the hydroxyl groups
have been deprotonated while the second hydroxylpgremains protonated and the ligand is
tetradentate. The carboxylate group, nitrogen aoohboth the deprotonated and protonated
hydroxyl groups chelate round one copper atom wthike deprotonated hydroxyl group
bridges to a further two metal centres, formindhieeefold bridge between a triangle of Cu
atoms (Fig. 5.11).

Ccu2

Fig. 5.11 the chelating mode of the Hcpdgand
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5.2.1.3 The structures of Cyand Cq

The angles and bond lengths of,@nd Cq are listed respectively in Table 5.7 and Table 5.8

Cu, 13 Co, 14
Bonds Angles9) Bonds Angles9
0(3)-Cu(1)-0(1) 164.4 0(3)-Co(1)-0(1) 157.1
O(5)#-Cu(1)-0(1) 87.0 O(5)#-Co(1)-O(1) 84.8
N(1)-Cu(1)-0(1) 87.7 N(1)-Co(1)-O0(1) 83.6
0(2)-Cu(1)-0(1) 113.6 0(2)-Co(1)-0(1) 110.9
O(1)#-Cu(1)-0(1) 79.8 O(1)#-Co(1)-0(1) 78.3
O(5)#-Cu(1)-0(3) 93.1 O(5)#-Co(1)-0(3) 108.2
N(1)-Cu(1)-0(3) 94.4 N(1)-Co(1)-O(3) 88.2
0(2)-Cu(1)-0(3) 82.1 0(2)-Co(1)-0(3) 88.6
O(1)#-Cu(1)-0(3) 85.5 O(1)#-Co(1)-0(3) 855
N(1)-Cu(1)-O(5)# 170.1 N(1)-Co(1)-O(5)# 160.7
0(2)-Cu(1)-O(5)# 945 0(2)-Co(1)-O(5)# 89.9
O(1)#-Cu(1)-O(5)# 70.9 O(1)#-Co(1)-O(5)# 79.5
0(2)-Cu(1)-N(1) 80.1 0(2)-Co(1)-N(1) 80.0
O(1)#-Cu(1)-N(1) 116.4 O(1)#-Co(1)-N(1) 113.1
O(1)#-Cu(1)-0(2) 160.2 O(1)#-Co(1)-0(2) 165.5
Cu(2)-0(1)-Cu(1) 112.0 Co(2)-0(1)-Co(1) 102.1
Cu(1)#-0(1)-Cu(l) 100.0 Co(1)#-0(1)-Co(1) 101.7
Cu(1)#-0(1)-Cu(2) 86.4 Co(1)#-0(1)-Co(2) 90.7
0(5)-Cu(2)-0(7) 167.7 0(5)-Co(2)-0(7) 158.0
0(1)-Cu(2)-0(7) 94.9 0(1)-Co(2)-0(7) 108.3
N(2)-Cu(2)-0(7) 91.2 N(2)-Co(2)-0(7) 86.4
0(6)-Cu(2)-0(7) 97.9 O(6A)-Co(2)-O(7) 85.8
O(5)#-Cu(2)-0(7) 91.0 O(5)#-Co(2)-0(7) 88.5
0(1)-Cu(2)-0(5) 89.2 0(1)-Co(2)-0(5) 86.7
N(2)-Cu(2)-0(5) 86.8 N(2)-Co(2)-0(5) 82.4
0(6)-Cu(2)-0(5) 93.8 O(6A)-Co(2)-0(5) 110.2
O(5)#-Cu(2)-0(5) 79.4 O(5)#-Co(2)-0(5) 78.7
N(2)-Cu(2)-0(1) 169.5 N(2)-Co(2)-0(1) 162.5
0(6)-Cu(2)-0(1) 91.2 O(6A)-Co(2)-O(1) 93.4
O(5)#-Cu(2)-0(1) 70.4 O(5)#-Co(2)-O(1) 78.0
0(6)-Cu(2)-N(2) 795 O(6A)-Co(2)-N(2) 77.8
O(5)#-Cu(2)-N(2) 118.3 O(5)#-Co(2)-N(2) 113.0
O(5)#-Cu(2)-0(6) 160.2 O(5)#-Co(2)-O(6A) 167.5
0(6B)-C0(2)-O(7) 103.8
O(6B)-Co(2)-O(5) 93.6
0(6B)-Co(2)-0(1) 84.7
0(6B)-Co(2)-N(2) 82.5
0(5)#-Co(2)-O(6B) 161.3

Table 5.8 Selected angles for{and Cq
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Cu, 13 Co,, 14
Bond Distancel) Bond Distancef)
Cu(l) - 0(1) 1.907(5) Co(1) - 0() 1.996(8)
Cu(1) = 0(3) 1.919(9) Co(1) = 0(3) 1.969(6)
Cu(1) — O(5)# 1.958(4) Co(1) - O(G)# 2.056(3)
Cu(l) = N(1) 2.072(4) Co(1) = N(1) 2.245(9)
Cu(l) - 0(2) 2.445(7) Co(1) - 0@2) 2.170(4)
Cu(1) — O()# 2.658(2) Co(1) — O()# 2.297(4)
Cu2) - 0(7) 1.910(1) Co(2) — 0(7) 1.958(1)
Cu(2)— 0(5) 1.928(5) Co(2) = 0(5) 2.000(3)
Cu(2) - 0(1) 1.970(1) Co(2) — 0(1) 2.064(5)
Cu(2)=NQ2) 2.066(0) Co(2) = N(2) 2.273(8)
Cu(2) — O(5)# 2.572(5) Co(2) — O(5)# 2.274(3)
Cu(2) = 0(6) 2.414(6) Co(2) — O(6A) 2.122(8)
Co(2) — O(6B) 2.242(0)
Cu(D)--Cu?) 3.213(6) Co(1)--Co(2) 3.158(7)
Cu(D)---Cu(L)# 3.521(4) Col..-Col’ 3.334(3)
Cu(l)---Cu(2)# 3.205(3) Co(1)---Co(2)# 3.105(3)
Cu(2)---Cu(2)# 3.473(4) Co(2)---Co(2)# 3.310(6)

Table 5.7 Selected bond lengths for,@nd Ca

The atom linkages in the Cy cubane, 13

Figure 5.12 Two views of the structure of the;Cubane




Each Cu(ll) is captured by one ligand, with the d®no deprotonated hydrogen oxygen
(Cu(1)-0O(1) = 1.907(5)A, Cu(2)-O(5) = 1.928(5)A)danarboxylate oxygen (Cu(1)-O(3) =

1.919(9)A, Cu(2)-O(7) = 1.910(1)A) shorter and b®rtd amino nitrogen (Cu(1)-N(1) =

2.072(4)A, Cu(2)-N(2) = 2.066(0)A) and protonategygen (Cu(1)-O(2) = 2.445(7)A, Cu(2)-

O(6) = 2.414(6)A) longer. The two remaining coosdtion sites are occupied by a
deprotonated oxygen, which is from the ligand captuthe unsymmetric Cu(ll), with shorter

bond(Cu(1)-O(5)# = 1.958(4) A, Cu(2)-O(1) = 1.97&) and a deprotonated hydrogen
oxygen, which is from the ligand capturing the §mmetric Cu(ll), with longer bonds

(Cu(1)-O(1)# = 2.658(2) A, Cu(2)-O(5)# = 2.572(5) (kig. 5.13).

The whole Cuy structure is formed by rotating the half molecateund the gaxis along the
b axis. Both Cu(1) and Cu(2) atoms have distortadrmxral topology, or more like square
pyramidal environment, with O(2) and O(1)# on tlar}Teller elongation apical axis of
Cu(1), O(6) and O(5)# on the Jahn-Teller elongasipital axis of Cu(2).

The atom linkages in the Cg cubane, 14

Co, and Cy have isomorphous crystal structure, so that tmmectivities around the Cu or
Co ions are the same, but with different metaldgy®dond lengths and angles (Table 5.7). In
Cuw, the two pairs of Cu-O bonds, Co(1)-O(2) and C&1})#, and Co(1)-O(2) and Co(1)-
O(1)#, respectively, define the Jahn-Teller eloimgatpical axes. In Gahese Co-O bonds
are still the longest ones, although not as lonma3u, The corresponding Cu-O bonds are
longer than the Co-O bonds. However, i@ Co-N bonds are also lengthened, unlike the
Cu-N bonds and they become the second longest biondX,. The distortions of the
octahedral coordination geometries insGoe thus not a simple 4+2 as in,Chut instead
there are thremer-orientated long bonds and threerrelated short ones.

The whole Cg structure is formed by rotating the half molecateund G axis alongo axis.
Co(ll) has less distorted octahedral topology tall) in that the bond lengths along the
apical axis of the tetrahedron are shorter ig @ian that in Cy while the bond lengths on the
plane of the tetrahedron are longer in, @@n that in Cy But the apical axes do not change
in Cqy, still is defined by O(2) and O(1)# for Co(1) amn®(6) and O(5)# for Co(2) atoms.
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5.2.1.4 The core structures of the cubanes ¢and Cog

With alternating metal and oxygen atoms, the cebie CyO, is more distorted than GO,
(Fig. 5.13).

Figure 5.13 The cubic core structures: a) of;®) of Cq,

In CwOy4, there are three Cu(*)-O(5) bonds with length &F2A, 1.958A, 1.928A and three
Cu(*)-O(1) bonds with length as 2.658A, 1.970A,a78. The cubane structure of & can

be regarded as a pseudo dimeric structure, seddrgtdhe medium length of the Cu-O bond,
two Cu(1)-O(5) bonds 1.958A and two Cu(2)-O(1) borid970A. Thus the intra dimeric
bonds and angles are respectively 2.573A for CO(B)# and Cu(2)#-O(5), 1.928A for
Cu(2)-0(5) and Cu(2)#-O(5)#), 100.for Cu(2)#-O(5)-Cu(2), 79%4or O(5)-Cu(2)-O(5)# on
the plane of Cu(2)-O(2)-Cu(2)#-O(2)#. The intra difa bonds and angles are respectively
2.658A for Cu(1)-O(1)# and Cu(1)#-O(1), 1.907A ©u(1)-O(1) and Cu(1)#-O(1)#, 99.7
for Cu(1)#-0(1)-Cu(1), 798for O(1)-Cu(1)-O(1)# on the plane of Cu(1)-O(1){Cy#-
O(1)#.

Bonds Angles9 bonds Angles®}
O(5)#-Cu(1)-0(1) 87.1 Cu(2)-0(1)-Cu(1) 112.0
O(1)#-Cu(1)-0(1) 79.8 Cu(1)#-0(1)-Cu(l 100.0
CuO, O(1)#-Cu(1)-O(5)# 70.9 Cu(1)#-0(1)-Cu(2 86.4
0(1)-Cu(2)-0(5) 89.2 Cu(1)#-0(5)-Cu(2 111.1
O(5)#-Cu(2)-0(5) 79.4 Cu(2)#-0(5)-Cu(2 100.1
O(5)#-Cu(2)-0(1) 70.4 Cu(2)#-0(5)-Cu(1)# 89.3
O(5)#-Co(1)-0(1) 84.8 Co(2)-0(1)-Co(1) 102.1
O(1)#-Co(1)-O(1) 78.3 Co(1)#-0O(1)-Co(1 101.7
CoO, O(1)#-Co(1)-O(5)# 79.5 Co(1)#-0(1)-Co(2 90.7
0(1)-Co(2)-0(5) 86.7 Co(1)#-0(5)-Co(2 99.9
O(5)#-Co(2)-0(5) 78.7 Co(2)#-0(5)-Co(2 101.4
O(5)#-Co(2)-0(1) 78.0 Co(2)#-0(5)-Co(1)¥# 93.6

Table 5.9 The angles in the cubic cores fos@wand CqO,4
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In Ca;04, there are three Co-O(5) bonds with lengths o72%2 2.056A, 2.000A and three
Co-01 bonds with lengths of 2.297A, 2.064A, 1.997Ae long Co-O bonds (2.274A and
2.297R) are much shorter than the corresponding 8o-O bonds (2.573A and 2.658A),
whilst the medium and short Co-O bonds (2.056A624) 2.000A, 1.997A) are much longer
than the corresponding Cu-O bonds (1.958A, 1.970828A, 1.970A, 1.907A). Thus all Co-
O bond lengths tend to be similar and the cubaneush less distorted than the L0y
cubane. This also reflected by the angles in thggcore (Table. 5.9).

5.2.2 The hydrogen bonds in Cyland Co,

Figure 5.14 The hydrogen bonds in the cluster of j@pdeaH)]-2H,0, 13

In the cubane cluster of [¢ifcpdeaH)]-2H,O, two crystal water molecules are symmetry

related. The oxygen atom of the water, O(11) acéas@n electron donor, forms a hydrogen
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bond with the hydrogen atom of the protonated hygrgroup. The hydrogen atom of the

water, H(111) acting as an electron acceptor, farhgdrogen bond with the oxygen atom of

the carboxylate group that does not coordinatictméocopper atom (Fig. 5.14).

The water labelled as O(11) not only forms hydrogends within the cluster, but also forms

a hydrogen bond with the second cluster, involtimg hydrogen atom of water, H(111) and

the oxygen atom of the carboxylate group, O(4) .(Bi@5).

The corresponding hydrogen bonds- and associated angles of hydrogen bonds:-HHO
for Cu, are listed in Table 5.10.

Cu, Angle Degree’ Hydrogen Bond Length (A) 00 distance Length (A)

intra 0(2)-H(2)-0(11) 164.9 H(2)-0(11) 1.883(6) 02011 2.662(5)
0(11)-H(111)-0(8) 175.3 H(111)0O(8) 1.834(3) 0(11)0(8) 2.686(6)

inter | O(11)-H(112)-O(4) 172.4 H(112)0(4) 1.903(5) 0(11)0(4) 2.729(7)

Table 5.10 The hydrogen bond lengths and the agsocangles in Gul3

Fig. 5.15 The hydrogen bonds between the clustfEaf,(cpdeaH)]-2H,0, 13

The bond lengths of ©H are around 1.8 A, the distances ef@ are around 2.7 A, and the

angles are nearly 18(all of them are characteristic of typical hydrodends.
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The Ca cluster has two hydrogen bonds in the clusterfeted on the waters labeled as
0O(11) and O(12A). The linkage between,0® similar to that of Cu The corresponding
hydrogen bonds ©OH and associated angles of hydrogen bonds-HH@or Caq, are listed in
Table 5.11.

Angle Degree? | Hydrogen Bond Length ©O0 distance Le(ggth
0O(2)-H(2)--0(11) 156.0 H(2)-0(11) 1.817(6) 0(2)0(11) 2.671(2)
Co, O(12A)-H(6A)-O(6A) 150.0 H(6A)-O(12A) | 1.811(9) | O(12A)O(6A) | 2.650(8)
(intra) 0(11)-H(112)-0(8) 170.8 H(112)O(8) 1.902(4) O(11)0(8) 2.808(1)
0O(12A)-H(121)--0O(4) 170.5 H(121)0O(4) 2.054(6) | O(12A)0O(4) | 2.939(2)
(inter) 0(11)-H(111)-O(4) 163.5 H(111)O(4) 1.835(4) 0(11)0(4) 2.764(4)

Table 5.11 The hydrogen bond lengths and the assdcangles in Gpl4

Most of the bond lengths of-@H are around 1.8 A, the distances of- @ are around 2.7 A,
and the angles are nearly £8The exception is the hydrogen bond formed betweater
molecule O(12A) and carboxylate group, with-B 2.054(6) A, @-O 2.939(2) A, which

shows rather a weak hydrogen bond.

5.2.3 The magnetic properties of Cyand Cq,

5.2.3.1 The temperature dependence @T product for Cu, and Cqg,

The molar magnetic susceptibilitigg were measured on crystalline samples of & Caq
in the temperature range 2-300K under applied nmtagfield of 0.1T and 1T, and the results
are shown in Fig. 5.15 for Gand Fig. 5.16 for Coin the form ofyT versus T.

The temperature depence of T product for Cugs, 13

At room temperature, thgT product is 1.38 cftK mol™. This value is in agreement with the
expected value for the presence of four isolate@llCions (S = 1/2,C = 0.41 cmiK mol™)
taking into account g value of 2.1. When the temperature is lowered ytheroduct at 1000
Oe increases continuously to reach a round maxirofif®.26 cni K mol™* around 15 K

indicating dominant ferromagnetic interactions witthe complex.
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Figure 5.16 The temperature dependenc@ giroduct at 0.1T and 1T for GUL3

Below 15 K, thexT product drops down to 3.05 ¢t mol™ at 1.8 K suggesting the presence
of weak antiferromagnetic interactions and/or anificant magnetic anisotropy. The
experimental ¥T)maxat 15 K suggests that the total spin ground stiatiei® compound i$r =

2 with the four Cu(ll) ions ferromagnetically arged. TheSr = 2 ground state is also
supported by the field dependence of the magnéatizat low temperatures (see Fig. 5.18) at

which the magnetization at 7 T and 1.8 K reaché&sug, and can be fit by a simple S = 2

Brillouin function.

The temperature depence of T product for Co,, 14
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Figure 5.17 The temperature dependencd giroduct for Cgat 0.1T and 1T for Cpl14

At room temperature, thgT product is 10.7 cfK mol™. This value is in good agreement
with the expected value for the presence of fouristated Co(ll) ions$ = 3/2,C = 2.675
cm®K mol™) taking into account a g value g, = 2.38. When the temperature is lowered,

the T product at 1000 Oe increases steadily to reachm@meémum of 11.75 ciK mol™
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around 60 K and then continuously decreases to aghf&K mol™ at 1.8 K. This behavior

suggests ferromagnetic interactions are dominamids®n magnetic centers.

5.2.3.2 The field dependence of magnetization forugz and Cq,

The field dependence of magnetization for, @t 1.8 reveals a true saturation above 3 T
indicative of a weak or the absence of magnetisaropy. This is indeed not surprising
considering that Cu(ll) ions are weakly anisotromietal ions. The saturation bf at 4.1 |

is very close to the expected value of gfar four Cu(ll) S = 1/2) ions ferromagnetically
coupled. It is worth noting that the fit of tih vs H data at 1.8 K by a% = 2 Brillouin

function works well with & value of 2.1, in very good agreement wythvsT fit.

——1.8K

M/ U
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Figure 5.18 The field dependence of magnetiza@rior Cu, 13, at 1.8K; b) for Cg 14, at
1.8 K and 4K

The field dependence of the magnetization for, @ 1.8 and 4 K shows that the
magnetization abruptly increases to @g@with the applied dc field up to 1 T. When thediel

is increased, the magnetization gradually reachégidat 3 T. With the further increase of
the field, the magnetization is going up againdach 7.5z at 7 T without saturation. This
sigmoidal shape of magnetization indicates that ldwe-lying excited states are clearly
populated when a dc field is applied. With the 1i8iasurement there is a nearly constant
magnetization value of dg which corresponds to the saturation of S = 2 frtbito 3T.
There are four C3 in the cubane and each of them can be in S =Id2 gpin) or S = 3/2
(high spin) states. So ks (S = 2) is consistent with four S = 1/2 low spindlith the field
raised higher, the spins of some or alfCons cross the energy barrier to crossover froen th

low spin to the high spin state, as the magnetinas raised further. There is no stepat S =3
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since this state is not stable for the cubane tstrecTo see whether there is step for S =4, S
=5, S =6, a broader field scan should be takeh ag 0-20 T or 0-50 T instead of the routine
program O-7 T.

Although this system possesses a significant amaintnagnetic anisotropy, the ac

susceptibility shows no out-of-phase signal aba®eKl

5.2.3.3 The ESR spectrum of G4 13
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Figure 5.19 The ESR spectrum for G temperatures of 60K, 80K, 160K and 210K

The ESR spectrum of crystalline sample at 210K KI@DK and 60K (Fig. 5.19) shows a

broad isotropic copper(ll) signal centered aroumgdvalue of 2.1.

The intensity of the ESR increases with the tentpezadecrease and multiple peaks appear at
high temperature while two pronounced positive aegdative appear at low temperature. This
confirms that the ground state manifold is paransignsuggesting that the intracluster

exchange couplings are predominantly ferromagnetic.
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5.2.3.4 The least-squares nonlinear fittings of thmagnetic properties of Cu, 13

Four metal ions Cul, Cu2, Cul’, Cu2’ occupy theiges of a regular tetrahedron bridged by
the O1, O5, O1’, O5’, which occupy the second ragtgtrahedron thus forming a 4+2 type
cubane (Fig. 5.20a).

Figure 5.20 a) The cubane structure of;®@) Scheme of the spin topology for £a) the
interactions between spins

The four Cu(ll) ions in the topology as Fig 5.20nkeract each other in the way shown in
Fig.5.19c. Thus the Hamiltonian in zero field ism&quation (5.2)

H=-J1051S~-03S5yS3—J3a0SS —J1sS1-S — 1351 S — s 'Sy
Eq. (5.2)
When considering the similarity of bond lengths amdjles, the approximation can be made
that the interactions between two Cu ions with sar-Cu distance are the same, defined as
J’ and the interactions between two Cu ions (Cuh B8R and Cul’ with S4, Cu2 with S1 and
Cu2’ with S3) with long Cu-Cu distance are the same defined as J. Then
Jiz=Jos =1, h=J3=J3u=Jd14=7
It is clear that) is much larger thad'. The zero-field spin Hamiltonian is then
H=-J(SrS+SS) -J (SS+ S S+ S+ 5SS
Eq. (5.3)
or
H=-[0-7)2](Sae’ + S0’ - S° - §° - §° - &)
_ (J’/Z)(STZ _ SZ _ SZZ _ ng _ 512)
Eqg. (5.4)
with
M=+ D=9+, ST=R+F
The energy of E (& Sas, Scp) is expressed as
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E (S, Sae, Sop) = — [ =J')/2][Sas(Sas + 1) + So(Scp + 1)] = 0'/2) Sr(Sr + 1)

Eq. (5.5)
With E (0O, 0, 0) = 0 as the energy origin, it foll® that:
E (0,0,0) =0, E(1,0,1)=3, E(1,1,0) =%
E@©,1,1)=-2+27, E(,1,1)=-27J, E(21,1)=-2-7J
Raising the energy taJ2higher, then
E (0,0,0) =12 E(@,0, 1)k E (1,1, 0
E(,1,1)=2, E(1,1,1)5 E(2, 1,1) =¥

Then the magnetic susceptibility can be calcul&ta the common Van Vleck equation

R
_ Ng“g? o 10T +2ekT +4e

A4KT ¥ - 2y < 2
SekT +36|(T +e kT +6ekT +e kT

X

Eqg. (5.6)
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25
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Figure 5.21 The fitting of T versus temperature for U3

The best fit (Fig. 5.21) was obtained for the folilog parameters set: g = 2.115 37.53 cnit
and J = -4.26¢cnT.  The agreement factor R is 1x110° (R = Y[(m) — 6m)*9%/
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[(o)°*?). The positive J value reveals strong ferromagnieteractions between two intra-
dimeric Cu(ll) ions and the small negative J' valsieows the weak antiferromagnetic

interactions between two inter-dimeric Cu(ll) ions.
The best fit for theM vs.H at 1.8K with an S = 2 Brillouin function (Fig. 5.2% working

very well and the obtained g value 2.07 is consisteith the value 2.11 obtained in the

simulation ofyT vs. termperature.

g=2.07

t — — > — t
0 ST R T T N 5 1 T B 1 510 &10°
HiGs)

Figure 5.22 the fit of th#1 vs.H at 1.8K for Cy, 13

I. I.
7-10° B-10°

5.2.3.5 The least-squares nonlinear fittings of maegtic properties of Cq, 14

As expected for Co(ll) systems, clearly no one nhagl@ble to reproduce even the simple
temperature dependence of jffeproduct (see Appendix). The data could not ledibelow
70K since it is generally a very hard task to madaihange coupling, spin-orbit coupling and

zero-field splitting effects unambiguously wheng@effects are of similar magnitude.
A Brillouin function for each of the ground staisge Appendix) is not working well even at

low fields. The reason for it is that Co(ll) is anisotropic spin (possibly Ising type) and thus

does not follow a Brillouin function.
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5.3 Summary

The ligand, Hcpidp, captures Fe(lll) ions into §elusters with a high symmetry of.SThe
nitrogen atoms on the ligands were not involvedthe chelating mode, while all the
carboxylate groups take part in chelating. The féeflll) ions and foup-Osatoms form an
eight-membered ring and each of tli€; atom on the ring extend to link the other four
Fe(lll) ions. This high symmetry structure resultedlisappointing magnetic properties since

it has an S = 0 ground spin state.

The ligand, Hcpdea, captures Cu(ll) and Co(ll) into;lubane structures. The deprotonated
hydroxyl oxygens coordinate to three transition atgesitting on the alternate edges of the
cubane. Cyand Ca have similar core structures with £more distorted than Gaas a
normal cubane, thus Guwvas also considered as a pseudo-dimeric molediie. crystal
waters in Cyform intra-molecule hydrogen bonds while the ailstaters in Cpform inter-
molecule hydrogen bonds along theaxis in addtion to the intra-molecule bonds. The
magnetic interaction between Cu-Cu inside the pselmher is ferromagnetic while that
between Cu-Cu between the pseudo-dimer is antifexgmetic. Thus Cueaches its ground
spin state of S = 2 at low temperatures while e state of Cgis difficult to obtain and

seems to involve a spin-crossover from S = 3/2 #d /& on the individual Co(ll) centres.
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Chapter 6 Conclusions

The work is composed of three parts, each of wfochsed on illustrating one kind of cluster
aggregate.Chapter 3 describes the thermal behaviour of 4£80H,O, which had been
orriginally obtained by a former member of the e¥sb groupChapter 4 describes a series
of analogous Ln-Cu 2-D coordination polymers, whiculd be synthesized with most of the
lanthanide(lll) ionsChapter 5 describes the synthesis and magnetic behaviotraosition
metal aggregates which were obtained from selfraBereactions, in which the ligands had

been modified by adding a phenyl ring and hydragups.

In Chapter 3, the large cluster Gu81H,O was obtained in high yield according to the
former recipe with the ligand JAtp.

With the help of the TGA curve, Guwas found to partially maintain its crystallineusture

at the high temperature of 1%D after the lattice waters had been driven off, levithe
coordinated waters remain and maintain the stglofitthe structure. The crystalline stability
of Cwg4 at high temperatures indicates that it might lgwad candidate for guest-absorption
systems especially given the large cavities insthacture.

The 81 crystal waters were lost at the lowest teatpee range in an endothermic process. In
the second step, several components were loshignsécond step, the two ‘Brounterions
were lost at first as HBr, then the eightoordinated Br as HBr (8 H atoms are taken from 8
coordinated waters), then the last 18 coordinataigns, then 12 NEfrom the decomposition
of the organic backbone. In the third step, thb@eylic groups are decomposed to give
36CQ. In the fourth step at a temperature around’@p€he twoug-Br atoms are driven out
as HBr (two H atoms are taken from tweOH). In the last fifth step, thei-OH network is
broken to give 44CuO.

The above thermal process was followed using IRXanaly powder diffraction.

In Chapter 4, the series of compounds [fLm(cpida)(NOs3)(H20)4-H.O was obtained using
the ligand, Hcpida, to capture copper(ll) and lanthanide(llfratie salts in aqueous solvent.
Compounds of this type could be obtained with'L&e”, PP*, Nd®*, sn?*, EU, Gd*,
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Dy**, Ho®*, EF*. The lanthanide contraction has an effect on theNLand Ln-O bond

lengths, which decrease with the increasing atemiber along the lanthanide(lll) series.

The phenyl ring on the ligand helps to produce adibensional sheet {Gun}x by n-n
stacking between the phenyl rings in the neighlogptayers. Ther-n interaction is rather
strong with a very short ring distance of 3.35Arally 3.3-3.7A). The 2D {CiLn}, sheet
extends in the way that along theaxis there are only Cu-Cu connections while altreg

axis only Cu-Gd connections.

The magnetic interactions can be directly detettgdC measurements for {Gln} and
{Cu,Gd}, in which there are weak antiferromagnetic Qu4iGteractions along axis and no

Gd-Cu interactions alongaxis.

In Chapter 5, two kinds of cluster were synthesized, one ofchhis an Fecluster and the
other is an M (M = CU/* or Cd") cubane cluster. The structure ofsFg new while the

structure of M is similar to many literature examples of,Gund Cq cubanes.

In the Fg cluster, there are two chemically-distinct Fe(IlWjth four Fe(lll) ions belonging to

each of them. The inner four Fe(lll) ions are lidke each other bys-O ligands, thus the
four FE* and four O form an eight-membered ring. The fioH® extend outwards to bridge
to the remaining four Fé ions, so that the structure can be consideredcasla system of

four corner-sharing B® triangles. Because of the high symmetry of the Eshows an S =

0 ground spin state.

Since the ligand, ktpidp, was not fully deprotonated and the nitrogam was not involved
in the coordination, there could be room for udihygpidp to capture irons into more versatile

Iarger structures.

The core structure of the €aubane is more distorted than that of the €dane, showing a
Jahn-Teller elongation axis for the Cu(ll) ions.eT@u, can also be regarded as two linked
pseudo-dimers. There are two long Cu-O bonds andstwrt Cu-O bonds within the pseudo-
dimer, and between two pseudo-dimers there arenfieglium length Cu-O bonds. The Cu-Cu
interactions in the pseudo-dimers are ferromagrigte Cu-Cu interactions between the

pseudo-dimers are anti-ferromagnetic,Gas an S = 2 ground spin state.
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The Co-O bonds in Gaare all similar at around 2.0 A, thus forming asl@listorted cubane

than for Cq. The higher temperature behavior)ydf versus temperature indicates dominant
ferromagnetic interactions, while at lower temperas the effect of a weak antiferromagnetic
interaction or anisotropic effect can be seen. @hera stepwise increase of magnetization,

with a transition at a constant value at S = 2 cwhindicates a spin-crossover phenomenon.
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Chapter 7 Experimental

To characterize the compounds and investigate tieenical and physical properties, the
following analytical techniques have been carriedl &or different experimental aims, not

every analytical experiment is applied to all af tompounds.

7.1 Analytical methods

7.1.1 NMR spectroscopy

The 'H NMR and **C NMR were used to identify the ligands that wesatisesized
throughout the whole thesis work. The organic ldmwere analyzed on the Bruker AC 250
spectrometer at the department of inorganic cheyngstKarlsruhe University. The deuterium

solvents were chosen as@or DMSO-D6 according to the polarity of the ligan

7.1.2 Infra-red spectroscopy

Infra-red spectroscopy was applied to identify trganic ligands and the metal-ligand
clusters. As a “fingerprintimgmethod, IR was routinely used, especially to idgmwhether
the same ligand captures the metal ions into theesstructure with different metals or by

different inorganic synthetic methods.

A small amount of the sample to be measured wasngrtogether with absolutely dry KBr
into fine powder. This was then pressed into aspparent disk by evacuated pumping under a
force of 10 N.

Fourier Transform IR measurements were carried oot a Perkin-Elmer Spectrum

instrtument. The spectra were taken in the normagezbetween 4000 cih and 400 cril
using 16 scans at a resolution of 4tm
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7.1.3 Simultaneous Thermal Analysis (STA)

The combination of a NETZSCH thermobalance withT@ADneasuring head makes up the
simultaneous thermal analyzer. The mass change thedtemperature difference are
measured. The advantage is that both signals flensame sample are measured under

exactly the same conditions at the same time.

About 20mg crystalline sample was taken on onéhefrheasuring heads with NaCl powder
on the other measuring head as reference. Thenpeptogram was set at the step of
10°C/min in the range of 20-880 under N atmosphere. The TGA and DTA measurement

were carried out simutaneously.

7.1.4 X-ray single crystal measurements

Single crystal X-ray structure analysis is one led most powerful and useful methods for
analyzing the structure of molecules in the siragiestal form. The data were collected using
Stoe IPDS | and IPDS Il imaging plates, either @&S3TADI-4 four circle detector, or area-
detector diffractometer, a Bruker SMART Apex CCLOedeor. Then they are refined using
SHELXTL software.

To check the obtained structure from the progranSldELXTL, the following factors are

important.

First, the residual factors;ks defined as:

Ri={XIIRI-IRI}{XIRI|}

Traditional calculation of Ronly takes account of the data withy||B 40( | K | ), o is the
standard uncertainty. | Fo | is the data of thigadifion intensity, background exposure time
and others from the raw data after the process abh aollection, data reduction and
correction. | E| is the corresponding calculated data after stracanalyzing. R1 < 0.05

normally indicates good structure analysis.

WR; is defined as:
WRz = { ¥ | W(Fs” — )7/ ¥ [wW(Fe) T}
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The value w is the weight for each diffraction goifsccording to the weighting scheme, w is
defined as:

w = 1i6”
WR; is sensitive to the little difference for the stiwre analysis, such as the disorder of atoms
and the defined H atoms. Normallfr, can be lower than 0.15 when the data is nice, Bt 0

is still acceptable.

Then another important guideline for the qualitytlod structure analysis is the goodness-of-
fit which is defined as:

S ={X | WFs*— R/ (n—p)}**
wheren andp are the number of the unique reflections and tmaber of parameters that
involves in the structure refinement. When S isffam 1.0, it indicates that the weighting

scheme could be wrong and should be made bettex dollected data is fine.

7.1.5 X-ray powder diffraction

The PXRD in this thesis research was applied tmtifie the purity of the sample

(Cws81H,0), detect the thermo-decomposition process anttifgehe end-product CuO of

the decomposition process. With this simple purghseliffraction intensity was not indexed
with hkl.

The samples are ground into fine powder, and mauotea round disk with grease between
two plastic sheets and placed on the STOE STADI-Rypowder diffractometer. The
measurements were made using the Gu-tédiation with A = 1.5406A. The collected data
were analyzed with the software Wii¥ which gives out the graph with diffraction

intensities and thef2values.

7.1.6 Magnetic measurement

This method is used to search into the magnetdstes of the compounds, such as the intra-
magnetic interactions, inter-magnetic interactioifie measurements were taken on a

Superconducting Quantum Interference Devices (SQuiEh direct currents or DC fields.
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The polycrystalline samples are ground into a fiogvder, weighed exactly to 0.1 mg and
mounted on the Quantum Design MPMS-XL magnetomeiir maximum external field of
7T.

7.2 Synthesis

The synthesis had two aspects. One is the syntbegiie organic ligands, while the other is
synthesizing the metal clusters with the selectadsition metal or lanthanide ions and the
ligands. One of the four ligands used in the watkatp, was commercially obtained while
the other three ligands,sepida, Hcpidp and Hcpdea, were synthesized using amino acids.

Using these four ligands, different metal clussees obtained.

7.2.1 The synthesis of ligands

Preparation of (2-carboxylic) phenyl iminodiaceticacid (Hscpida)

The compounds chloroacetic acid (9.45g, 0.1moljhranilic acid (6.86g, 0.05mol), and
sodium hydroxide (10g, 0.25mol) were dissolved atew (70ml). The mixture was heated on
an oil bath under reflux for 24 hours, then waswdd to cool to room temperature. The
solution was acidified with concentrated HCI to pi2 and the yellow powder was collected

as the final product in 53% vyield.

Preparation of (2-carboxylic) phenyl iminodipropionic acid (Hscpidp)

A solution of anthranilic acid (13.71g, 0.1mol) aNdOH (4g, 0.1mol) in BD (20ml) was
heated to 78 using an oil bath. With the temperature kept tamtsat 76C, a solution of 3-
bromopropionic acid (22g, 0.202mol) and NaHCQ@7g, 0.202mol) in D (30ml) was
added in small portions into the anthranilic-NaObk{2Hsolution while adding an aqueous
solution (20ml) of NaOH (8g, 0.2mol) to keep the pHL. The resulting solution was allowed
to cool to room temperature and stirred for a fer#8 hours. Then the solution was acidified
to pH = 2 with concentrated HCI and left undistutihe stand overnight. White needle shaped
crystals were collected in 15% vyieftH NMR (DMSO-d): 2.53ppm (t, 4H, 2C}J, 3.86ppm
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(t, 4H, 2CH), 7.58ppm (M, 1H, 4), 7.70ppm (M, 2H, §44), 8.06ppm (m, 1H, §,); °C
NMR (DMSO-d): 29.76ppm (2Ch), 53.98ppm (2Ch), 121.86ppm (gH4), 127.81ppm

(CeHs), 130.50ppm (€H4), 131.30ppm (€H,4), 134.43ppm (6H,), 138.85ppm (6H.),
171.21ppm (COOH), 173.71ppm (2COOH).

Preparation of (2-carboxylic) phenyl diethanolamine(Hscpdea)

To a solution of anthranilic acid (13.71g, 0.10maf)jd KOH (5.67g, 0.101mol) in 30 ml
water, 2-bromo-ethanol (14ml, 0.20mol) was adddde mixture was kept heated on an oll
bath under reflux. A solution of KOH (16.83g, 3mah) H,O (60ml) was added in small
portions over 30 minutes. Then 3ml 2-bromo-ethaf@whl, 0.03mol) was added in two
portions over the following one hour. The mixturasacooled to room temperature and the
byproduct extracted using diethyl ether. Then thé¢ was adjusted to pH = 2 using
concentrated HBr, and the solution was left todtam one week. The product was collected

as white needle crystals, and recrystallised froetane in 30% yield.

7.2.2 Inorganic synthesis

Preparation of [Cu" 44(g-Br) »(Us-OH) 36(u-OH) 4Br g(ntp) 15(H 20),¢] Br,B1H,0 , 1

The compound was prepared as described previtiisly

Preparation of [Cu" »(cpida),La" (NO3)(H,0)4]-2H,0, 2

To a mixed MeOH/KO (3ml : 3ml) solution of Cu(Ng);:3H,O (0.046 g, 0.19 mmol) and
La(NOz)36H,0O (0.028 g, 0.065 mmol), a solution okdgida (0.048 g, 0.19 mmol) and
NaOH (0.012 g, 0.3 mmol) in MeOH (3 ml) 4@ (3 ml) was added with stirring. The clear
blue solution was left to stand. After two days areblock shaped crystals of
[Cux(cpidayLa(NOs3)(H20)4]-2H.0 appear. Yield: 42%
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Preparation of [Cu" ,(cpida),L.n" (NO3)(H,0)4-H,O, 3-11

The preparation of [Cla(cpidapLn"' (NOs)(H,0)4]-2H,O (Ln = Ce, Pr, Nd, Sm, Eu, Gd, Dy,
Ho, Er) was the same with that of [G(cpidajLa" (NO3)(H20)4]-H-O. Ln = Ce, Pr, Nd, Sm,
Eu, Gd, Dy, Ho, Er correspond 84, 5, 6, 7, 8, 9, 10, 11 respectively.

Preparation of [Fe" g(is-0)a(n-OMe)4(Hepidp) 4(H0)(NO 3),10H,0-4MeOH, 12

To a solution of Fe(Ng);9H,O (0.202 g, 0.50 mmol) in MeOH (15 ml), a solutioh
Hacpidp (0.062 g, 0.25 mmol) and KOH (0.042 g, 0.7®at) in MeOH (15 ml) was added
slowly with stirring. The above solution was funthetirred for one hour, then left to stand
undisturbed.  After 15 days, orange block  crystals F€"f(us-O)a(p-
OMeu(Hepidph(H20)4(NO3)4-10H,0-4MeOH had formed. Yield: 34%

Preparation of [Cu" ,(cpdea)]-2H,0O, 13

To a solution of Cu(Ng),-3H,O (0.242 g, 1 mmol) in the solvent mixture &MH (15 ml)
and HO (5 ml), a solution of ktpdea (0.181 g, 1 mmol) and;Et(0.42 ml, 3 mmol) in the
solvent mixture CHOH (15 ml) and HO (5 ml) was added with stirring. The resultingacle
sky blue solution was filtered and left to standligsturbed. After two days blue block crystals
[Cu"4(cpdea)]-2H,0 appeared. Yield: 47%.

Preparation of [Co" s(cpdea)]-3.3H,0, 14

To a solution of CoGI6H,O (0.120 g, 0.5 mmol) in the solvent mixture EtC3 (nl) and
H,0 (6 ml), a solution of ktpdea (0.112 g, 0.5 mmol) and&t(0.350 ml, 2.5 mmol) in the
solvent mixture EtOH (20 ml) and.B(5 ml) was added with stirring. The resulting $oln
was filtered and the resulting pink-violet solutioras left to stand undisturbed. After two
weeks pink-orange colored block shaped crystals' J€pdea)]-3.3H,O appeared. Yield:
32%
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Chapter 8 Crystal structure data

The information about the crystal measurement dm resulted structure data, such as

selected bond lengths and angles for compound12 tare listed here. The structure data for

compound 1 could be found in the former thédis

Compound 2 3 4 5
Formula GoH26CWLaN30,1 | CopHagCLCeNsOyy | CopHagCLPINGD,; | CooHagCUNAN3Oy
Formula Weight 936.46 937.67 938.47 941.80
Crystal System Monoclinic Monoclinic Monoclinic Moalinic
Space Group Qlc C2lc C2lc C2/c
alA 17.2401(15) 17.1998(16) 17.1735(9) 17.1387(7)
b/A 9.7163(6) 9.7028(7) 9.6994(5) 9.7117(4)
c/A 18.1615(15) 18.1090(16) 18.0266(9) 18.0026(7)
al® 90 90 90 90
B/° 103.083(7) 103.123(7) 102.837(1) 102.858(1)
y/° 90 90 90 90
V/A® 2963.3(4) 2943.2(4) 2927.7(3) 2921.3(2)
Z 4 4 4 4
T/K 150 150 100 100
F (000) 1816 1820 1824 1828
D./ mgm?® 2.059 2.075 2.088 2.100
w(Mo-Ka)/mm?* 2.934 3.049 3.175 3.291
Crystal Size/mm 0.35x0.29x0.25 0.32x0.27x0.1P 00283x0.19 0.25x0.23x0.21
Diffractometer Stoe IPDS | Stoe IPDS | Bruker SMART Bruker SMART
Apex Apex
Measurement Area detector Area detector CCD datectp = CCD detector
Data Measured 10501 11484 8863 6739
Unique Data 2857 3115 3337 3249
Rint 0.0476 0.0202 0.0219 0.0158
gt (1I>20(1)) 2600 2845 3071 2928
Completeness
o 99.6% 99.1% 99.7% 99.4%
wR; (all data) 0.1065 0.0806 0.0695 0.0667
S(all data) 1.053 1.038 1.048 1.043
Ry (gt) 0.0388 0.0291 0.0282 0.0257
Para./restr. 235/6 236/6 235/6 235/6
max.peak/hole +0.76/-1.63 +1.00/-0.99 +0.81/-0.59 0.86/-0.52
Appearance Green block Green block Green block Gk
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Compound 6 7 8 9
Formula GoH26CLSMNOz;1 | CooHzsCLLEUNO21 | CooHagClGANGO,; | CooHagClpDYN3Os4
Formula Weight 947.92 949.52 954.81 960.06
Crystal System Monoclinic Monoclinic Monoclinic Moalinic
Space Group Qlc C2lc C2lc C2lc
alA 17.1402(17) 17.1217(7) 17.1243(7) 17.1905(6)
b/A 9.7044(10) 9.7075(4) 9.7077(4) 9.7245(4)
c/A 17.9243(18) 17.9010(7) 17.8714(8) 17.7725(7)
al® 90 90 90 90
B/° 102.813 102.760(1) 102.812(1) 102.581(1)
v/° 90 90 90 90
V/IAS 2907.2(5) 2901.4(2) 2896.9(2) 2899.67(19)
Z 4 4 4 4
T/K 100 100 100 100
F (000) 1836 1840 1844 1852
D./ mgm?® 2.125 2.132 2.148 2.158
w(Mo-Ka)/mm?* 3.541 3.686 3.816 4.102
Crystal Size/mm 0.36x0.33x0.29 0.27x0.24x0.2p 00221x0.19 0.26x0.21x0.15
Diffractometer Bruker SMART Bruker SMART Bruker SMART Bruker SMART
Apex Apex Apex Apex
Measurement CCD detector CCD detector, CCD detectgr  CCD detector
Data Measured 9940 7216 9897 7144
Unique Data 3314 3278 3301 3237
Rint 0.0180 0.0190 0.0183 0.0177
gt (1I>20(1)) 3182 3015 3141 3076
Completeness
20s5CF 99.7% 99.9% 99.8% 99.2%
WR; (all data) 0.0631 0.0655 0.0520 0.0834
S(all data) 1.059 1.041 1.042 1.079
R (gt) 0.0248 0.0253 0.0203 0.0344
Para./restr. 235/6 235/6 235/6 235/6
max.peak/hole +1.21/-0.46 +1.08/-0.44 +0.78/-0.41 1.6%/-0.90
Appearance Green block Green block Green block rGloéack
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Compound 10 11 12 13
Formula GoH26CULHONZO21 | CooHagCUREIN3Oyy CeoH108F6Ng0Os: CasHscCuN4Oyg
Formula Weight 962.49 964.82 2380.34 1183.09
Crystal System Monoclinic Monoclinic tetragonal Mafinic
Space Group Qlc C2lc [-4¢c2 C2/c
alA 17.1737(11) 17.2021(6) 18.3508(8) 21.6055(14)
b/A 9.7183(6) 9.7206(4) 18.3508(8) 15.3540(10)
c/A 17.7148(12) 17.6493(7) 26.8560(13) 17.103y(11
al® 90 90 90 90
B/° 102.701(2) 102.759 90 126.892(1)
y/° 90 90 90 90
V/IA® 2884.2(3) 2878.35(19) 9043.8(7) 4537.7(5)
Z 4 4 4 4
T/K 100 100 150 100
F (000) 1856 1860 4912 2432
D./ mgm?® 2.175 2.185 1.748 1.732
w(Mo-Ka)/mm?* 4.277 4.452 1.364 1.933
Crystal Size/mm 0.12x0.06x0.03 0.15x0.08x0.08 00175<0.11 0.42x0.34x0.23
Diffractometer Bruker SMART Bruker SMART Stoe IPDS Il Bruker SMART
Apex Apex Apex
Measurement CCD detector CCD detector Area detectgr  CCD detector
Data Measured 7096 9812 24359 13547
Unique Data 3226 3228 4815 5134
Rint 0.0371 0.0220 0.0405 0.0334
gt (1I>20(1)) 2820 3037 4360 4233
Completeness
20s5CF 99.8% 99.6% 99.6% 99.8%
wR; (all data) 0.0833 0.0564 0.1387 0.0720
S(all data) 1.040 1.038 1.053 0.993
Ry (gt) 0.0356 0.0241 0.0549 0.0329
Para./restr. 235/6 235/6 313/19 328/4
max.peak/hole +1.56/-0.89 +0.90/-0.52 +0.77/-0.84 0.53/-0.36
Green block Green block Orange blocl e Black

Appearance
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Compound 14
Formula G4Hsg.C0uN4O19.3
Formula Weight 1188.08
Crystal System Monoclinic
Space Group Qlc
alA 21.7852(15)
b/A 15.5860(12)
c/A 17.2027(12)
al® 90
B/° 127.364(4)
v/° 90
VIA® 4642.5(6)
z 4
T/K 150
F (000) 2456
D./ mgm?® 1.702
w(Mo-Ka)/mm?* 1.490
Crystal Size/mm 0.19x0.15x0.08
Diffractometer Stoe IPDS |
Measurement Area detector

Data Measured 14270
Unique Data 4900
Rint 0.0418
gt (1>25(1) 4009
Completeness
2050° 99.5%
WR; (all data) 0.1151
S(all data) 0.991
R. (gt) 0.0437
Para./restr. 365/7
max.peak/hole +0.59/-0.90

Appearance

Pinkish orange
block
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Table A-1. Selected bond lengths [A] and angle§ for compound 2

La(1)-O(7}#1 2.514(1) La(1)-0(11) 2.592(3) Cultd  2.175(2)
La(1)-0(7) 2.514(1)  La(1)-O(8)#1 2.595(3) Cu(l)-Bf2  1.931(2)
La(1)-O(6)#1 2.586(1) La(1)-O(8) 2.595(3) Cu())-D(3 1.943(2)
La(1)-O(6) 2.586(1)  La(l)-O(B)L 2.774(2) Cu(l)-P(  1.975(3)
La(1)-O(11)#1 2.592(3)  La(1)-0(5)  2.774(2) Cu(LiN(  2.034(3)
O(7)-La(1)-0(7)#1 158.3(2)  O(11)-La(1)-O(5) 68.6(7) O(5)-Cu(1)-N(1) 90.0(5)
O(7)-La(1)-0(6)#1 69.1(1)  O(11)-La(1)-O(5)#1 93.8p( O(5)-Cu(1)-O(1) 94.5(0)
O(7)-La(1)-0(6) 115.4(3)  O(8)-La(1)-O(8)#1 68.9(5) O(5)-Cu(1)-O(1)#2  89.3(3)
O(7)-La(1)-O(11)#1  124.8(55) O(8)-La(1)-O(5) 66.7(8) O(5)-Cu(1)-O(7) 54.4(9)
O(7)-La(1)-0(11) 76.8(1) 0(8)-La(1)-0(5)#1 131.8(8D(5)-Cu(1)-O(4) 143.7(4)
O(7)-La(1)-0(8)#1 84.8(2)  O(5)-La(1)-O(5) 160.9(2N(1)-Cu(1)-O(1) 80.2(1)
O(7)-La(1)-0(8) 77.3(1) O(2)#2-Cu(1)- O(3) 94.6(7)N(1)-Cu(1)-O(1)#2  138.6(1)
O(7)-La(1)-0(5) 68.0(9) O(2)#2-Cu(1)- O(5) 93.8(4) N(1)-Cu(1)-0(7) 124.0(2)
O(7)-La(1)-0(5)#1 115.8(3)  O(2)#2-Cu(1)-N(1) 17BB( N(1)-Cu(1)-O(4) 64.3(7)
0(6)-La(1)-0(6)#1 157.6(7)  O(2)#2-Cu(1)-O(1) 93)1(8 O(1)-Cu(1)-O(L)#2  141.0(6)
O(6)-La(1)-O(11)#1  72.8(8) O(2)#2-Cu(1)- O(1)#2 8&®B) O(1)-Cu(1)-0(7) 63.8(5)
0(6)-La(1)-0(11) 86.6(3) O(2)#2-Cu(1)- O(7) 54.5(3) O(1)-Cu(1)-O(4) 105.1(0)
0(6)-La(1)-0(8)#1 129.5(6)  O(2)#2-Cu(l)- O(4) 114)7 O(L)#2-Cu(1)- O(7)  88.0(0)
0(6)-La(1)-0(8) 71.4(8) 0(3)-Cu(1)-0(5) 148.9(0) 1#2-Cu(1)-O(4)  93.8(0)
0(6)-La(1)-0(5) 47.9(3) 0(3)-Cu(1)-N(1) 85.1(6) QHQu(1)-O(4) 161.6(1)
0(6)-La(1)-0(5)#1 127.2(9)  O(3)-Cu(1)-O(1) 114.8(0Fu(1)-O(1)-Cu(1)#2  168.9(4)
O(11)-La(1)-0O(11)#1  48.4(2) O(3)-Cu(1)-O(1)#2 785( Cu(1)-O(5)-La(1) 144.2(7)
O(11)-La(1)-0O(8)#1  143.8(00)  O(3)-Cu(1)-O(7) 147y(5

O(11)-La(1)-0(8) 134.1(8)  O(3)-Cu(1)-O(4) 21.1(6)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-2. Selected bond lengths [A] and angle§ for compound 3

Ce(1)-O(7)#1 2.492(2)  Ce(1)-0(11) 2.568(2) Cu(lO  2.175(2)
Ce(1)-0(7) 2.492(2) Ce (1)-0(8)#1 2.573(2) Cu(lp@e 1.926(2)
Ce(1)-O(6)#1 2.563(2) Ce (1)-0(8) 2.573(2) Cu(1B)( 1.958(2)
Ce(1)-0(6) 2.563(2) Ce (1)-OG)#1 2.757(2)  Cu(lpO( 1.976(2)
Ce(1)-0O(11)#1 2.568(2) Ce(1)-0(5)  2.757(2) Cu(DN  2.034(2)
O(7)-Ce(1)-O(7)#1 157.4(6)  O(11)- Ce (1)-O(5) 68)5( O(5)-Cu(1)-N(1) 89.9(8)
O(7)-Ce (1)-O(6)#1  69.3(3)  O(11)- Ce (1)-O(5)#1 .848) O(5)-Cu(1)-O(1) 94.2(1)
O(7)- Ce (1)-O(6) 115.4(6)  O(8)- Ce (1)-O(8)#1 g9)0 O(5)-Cu(1)-O(1)#2  89.3(5)
O(7)- Ce (1)-O(11)#1 1255(5)  O(8)- Ce (1)-O(5) B) O(5)-Cu(1)-0(7) 53.9(1)
O(7)- Ce (1)-0(11) 76.9(6)  O(8)- Ce (1)-O(5)#1 §9)7 O(5)-Cu(1)-O(4) 143.8(5)
O(7)- Ce (1)-O(B#1  84.3(0)  O(5)- Ce (1)-O(5) 160)0 N(1)-Cu(1)-O(1) 80.1(6)
O(7)- Ce (1)-O(8) 77.13)  O(2)#2-Cu(l)- O(3) 94)6(1 N(1)-Cu(1)-O(1)#2  138.3(3)
O(7)- Ce (1)-O(5) 67.94)  O(2)#2-Cu(l)- O(5) 93)8(3 N(1)-Cu(1)-0(7) 123.5(5)
O(7)-Ce (1)-0G#L  116.1(1)  O(2)#2-Cu(1)-N(1) H8) N(1)-Cu(1)-0(4) 64.4(2)
O(6)- Ce (1)-O(6)#1  157.3(4)  O(2)#2-Cu(1)-O(1) g8)2 O(1)-Cu(l)-O(l)#2  141.4(1)
O(6)- Ce (1)-O(11)#1  72.6(8)  O(#2-Cu(l)- O(1)#2 8.41) O(1)-Cu(1)-O(7) 63.8(1)
0(6)- Ce (1)-0(11) 86.5(7)  O(2)#2-Cu(l)- O(7) 5Z)9( O(1)-Cu(1)-O(4) 105.1(5)
O(6)- Ce (1)-O(8#1  129.9(0)  O(2)#2-Cu(1)- O(4) T(8) O(L)#2-Cu(l)- O(7)  88.4(1)
0(6)- Ce (1)-O(8) 71.4(8)  O(3)-Cu(1)-0(5) 149.2(3p(1)#2-Cu(1)-0(4)  93.7(1)
0(6)- Ce (1)-O(5) 48.1(3)  O(3)-Cu(1)-N(1) 85.2(8) (7PCu(1)-O(4) 162.0(2)
O(6)- Ce (1)-O(B)#1  127.0(6)  O(3)-Cu(1)-O(1) 118)7( Cu(1)-O(1)-Cu(l)#2  168.9(3)
O(11)- Ce (1)-O(11)#1 48.9(9)  O(3)-Cu(1)-O(1)#2 &8) Cu(1)-O(5)-Ce (1)  144.6(8)
O(11)- Ce (1)-O(8)#1  143.5(2)  O(3)-Cu(1)-0(7) 148)1

O(11)- Ce (1)-0(8) 134.0(5)  O(3)-Cu(1)-0O(4) 21.2(0)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-3. Selected bond lengths [A] and angle§ for compound 4

Pr(1)-O(7)#1  2.473(2)
Pr (1)-O(7) 2.473(2)
Pr(1)-0(6)#1  2.550(2)
Pr (1)-O(6) 2.550(2)
Pr(1)-O(11)#1 2.551(3)

O(7)-Pr(1)-O(7)#1 157.9(1)
O(7)- Pr (1)-O(6)#1 69.4(2)
O(7)- Pr (1)-O(6) 115.5(0)
O(7)- Pr (1)-O(11)#1  125.3(9)
O(7)- Pr (1)-0O(11) 76.6(3)
O(7)- Pr (1)-O(8)#1 84.4(2)
O(7)- Pr (1)-O(8) 77.4(5)
O(7)- Pr (1)-O(5) 67.7(4)

O(7)- Pr (1)-0(B)#1  116.1(1)
O(6)- Pr (1)-O(6)#1  156.1(8)
O(6)- Pr (1)-0(11)#1  73.1(1)

O(6)- Pr (1)-O(11) 85.1(7)
O(6)- Pr (1)-O(8)#1 130.7(2)
O(6)- Pr (1)-O(8) 71.7(3)
O(6)- Pr (1)-O(5) 48.2(2)

0(6)- Pr (1)-O(5)#1 126.8(9)
O(11)- Pr(1)-O(11)#1  49.4(8)

O(11)- Pr (1)-O(8)#1  144.0(8)
O(11)- Pr (1)-O(8) 132.9(6)

Pr (1)-O(11)
Pr (1)-O(8)#1
Pr (1)-O(8)
Pr (1)-O(5)#1
Pr (1)-O(5)

O(11)- Pr (1)-O(5)
O(11)- Pr (1)-O(5)#
O(8)- Pr (1)-O(8)#1
O(8)- Pr (1)-0(5)
O(8)- Pr (1)-O(5)#1
O(5)- Pr (1)-O(5)
O(2)#2-Cu(1)- O(3)
O(2)#2-Cu(1)- O(5)
O(2)#2-Cu(1)-N(1)
O(2)#2-Cu(1)-0(1)
O(2)#2-Cu(1)- O(1)
O(2)#2-Cu(1)- O(7)
O(2)#2-Cu(1)- O(4)
0(3)-Cu(1)-0(5)
O(3)-Cu(1)-N(1)
0(3)-Cu(1)-0(1)
O(3)-Cu(1)-O(1)#2
0(3)-Cu(1)-0(7)
0(3)-Cu(1)-0(4)

2.551(3)  CuQi(h) 2.175(2)
2.549(2)  Cu(12@2 1.926(2)
2.549(2)  Cu(BP  1.962(2)
2.754(2)  Cu(IBP  1.973(2)
2.754(2)  CUK(E) 2.033(2)

6B)7( O(5)-Cu(1)-N(1) 90.0(7)
1 .@®6) O(5)-Cu(l)-0(1) 93.9(0)
626 O(5)-Cu(l)-O(1)#2  89.0(2)
186) O(5)-Cu(1)-0(7) 53.2(9)
688 O(5)-Cu(1)-O(4) 144.1(0)
1685 N(1)-Cu(1)-O(1) 80.1(1)
945(7 N(1)-Cu(l)-O(L)#2  137.9(7)
938(4 N(1)-Cu(1)-0(7) 123.8(1)
193) N(1)-Cu(1)-O(4) 64.4(6)
@Y O(1)-Cu(l)-O(L)#2  141.8(6)
#2 8.40) O(1)-Cu(1)-0(7) 64.4(1)
585( O(1)-Cu(1)-O(4) 105.2(3)

0@E) O(L#2-Cu(l)- O(7)  87.9(3)
149.7(5P(1)#2-Cu(1)-0(4)  93.8(2)
85.4(3) (TP-Cu(1)-O(4) 162.4(6)
114)6( Cu(1)-O(1)-Cu(l)#2  168.7(2)
71809 Cu(1)-O(5)- Pr (1) 145.2(3)
1489

21.2(8)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);

#2 (0.5-X, 0.5+y, 0.5-2)
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Table A-4. Selected bond lengths [A] and angle§ for compound 5

Nd(1)-O(7)#1 2.461(2)  Nd (1)-O0(11) 2.533(2)  CuQi) 2.179(2)
Nd (1)-0(7)  2.461(2) Nd (1)-OB)#1 2.532(2)  Cu(l{22 1.925(2)
Nd (1)-0(6)#1 2.534(2)  Nd (1)-0(8)  2.532(2) Cu(1{3D  1.963(2)
Nd (1)-0(6)  2.534(2)  Nd (1)-O(G)#1 2.743(2)  Cu(isp  1.969(2)
Nd(1)-O(11)#1 2.533(2) Nd (1)-0(5)  2.743(2)  Cu(lgtN  2.035(2)

O(7)-Nd(1)-0(7)#1 156.3(3)  O(11)- Nd (1)-O(5) 6BB( O(5)-Cu(1)-N(1) 90.0(7)
O(7)-Nd (1)-O(6)#1  69.6(3) O(11)- Nd (1)-0(5)#1 .B8§) O(5)-Cu(1)-O(1) 93.7(5)
O(7)- Nd (1)-O(6) 115.7(7)  O(8)- Nd (1)-O(8)#1 6@p O(5)-Cu(l)-O(L)#2  89.0(9)
O(7)-Nd (1)-O(11)#1  126.3(8)  O(8)- Nd (1)-O(5) 8@) O(5)-Cu(1)-0(7) 52.9(6)
O(7)- Nd (1)-0(11) 77.2(2) 0(8)- Nd (1)-0(5)#1 18B) O(5)-Cu(1)-O(4) 144.1(9)
O(7)-Nd (1)-O(8)#1  83.5(5) O(5)- Nd (1)-O(5) 160y N(1)-Cu(1)-O(1) 80.0(1)
O(7)- Nd (1)-O(8) 77.0(2) O(2)#2-Cu(1)- O(3) 945(3 N(1)-Cu(1)-O(1)#2  137.7(2)
O(7)- Nd (1)-0(5) 67.6(9) O(2)#2-Cu(1)- O(5) 93.2(3 N(1)-Cu(1)-0(7) 123.2(9)
O(7)-Nd (1)-OG)#1  116.4(2)  O(2)#2-Cu(1)-N(1) 17®) N(1)-Cu(1)-O(4) 64.4(9)
O(6)- Nd (1)-O(6)#1  155.5(6)  O(2)#2-Cu(1)-O(1) 9®B O(1)-Cu(l)-O(l)#2  142.2(1)
O(6)- Nd (1)-O(11)#1  72.6(9) O(2)#2-Cu(1)- O(1)#2 8.40) O(1)-Cu(1)-O(7) 64.1(7)
0(6)- Nd (1)-O(11) 85.0(5) O(2)#2-Cu(1)- O(7) 58p( O(1)-Cu(1)-O(4) 105.2(3)
O(6)- Nd (1)-O(8)#1  131.0(9)  O(2)#2-Cu(1)- O(4) 19@) O(1)#2-Cu(1)- O(7)  88.5(8)
0(6)- Nd (1)-O(8) 71.9(6) 0(3)-Cu(1)-0(5) 149.8(3P(1)#2-Cu(1)-0(4)  93.6(6)
0(6)- Nd (1)-O(5) 48.5(9) O(3)-Cu(1)-N(1) 85.4(4) (%-Cu(1)-O(4) 162.6(5)
O(6)- Nd (1)-OG)#1  126.4(5)  O(3)-Cu(1)-O(1) 119B( Cu(1)-O(1)-Cu(L)#2  168.7(4)
O(11)- Nd (1)-O(11)#1 49.8(7) 0(3)-Cu(1)-O(L)#2 g4) Cu(1)-0(5)-Nd(1)  145.5(3)
O(11)- Nd (1)-O(8)#1  143.8(2)  O(3)-Cu(1)-O(7) 148y

O(11)- Nd (1)-O(8) 133.0(1)  O(3)-Cu(1)-O(4) 21.2(7)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-5. Selected bond lengths [A] and angle§ for compound 6

Sm()-O()#L 2.432(2)
Sm(1)-0(7)  2.432(2)
Sm (1)-0(6)#1  2.508(2)
Sm (1)-0(6)  2.508(2)

Sm(1)-O(11)#1 2.506(2)

O(7)-Sm(1)-O(7)#1 155.3(6)
O(7)- Sm (1)-0(6)#1  70.0(9)
O(7)- Sm (1)-0(6) 115.8(1)
O(7)- Sm (1)-0(11)#1  127.1(5)
O(7)- Sm (1)-0(11) 77.4(0)
O(7)- Sm (1)-0(8)#1  82.7(1)
O(7)- Sm (1)-0(8) 77.1(3)
O(7)- Sm (1)-O(5) 67.5(0)
O(7)- Sm (1)-O(5)#1  116.6(6)
0(6)- Sm (1)-0(6)#1  154.3(2)
O(6)- Sm (1)-O(11)#1  72.4(4)
0(6)- Sm (1)-O(11) 84.2(5)
0(6)- Sm (1)-0(8)#1  132.1(7)
0(6)- Sm (1)-0(8) 72.1(2)
0(6)- Sm (1)-O(5) 48.7(4)
0(6)- Sm (1)-0(5)#1  126.2(0)
O(11)-Sm (1)-O(11)#1  50.5(9)
O(11)- Sm (1)-0(8)#1  143.5(1)
O(11)- Sm (1)-0(8) 132.6(5)

Sm (1)-0(11)
Sm (1)-0(8)#1
Sm (1)-0(8)
Sm (1)-0(5)#1
Sm (1)-0(5)

O(11)- Sm (1)-0(5)

O(11)- Sm (1)-0(5)#1
0(8)- Sm (1)-0(8)#1

O(8)- Sm (1)-0(5)

O(8)- Sm (1)-O(5)#1

O(5)- Sm (1)-O(5)

O(2)#2-Cu(1)- O(3)
O(2)#2-Cu(1)- O(5)
O(2)#2-Cu(1)-N(1)
O(2)#2-Cu(1)-0(1)

0(2)#2-Cu(1)- O(L)#2 8.3(9)

O(2)#2-Cu(1)- O(7)
O(2)#2-Cu(1)- O(4)
0(3)-Cu(1)-0(5)
0(3)-Cu(1)-N(1)
0(3)-Cu(1)-0(1)
0(3)-Cu(1)-O(1)#2
0(3)-Cu(1)-0(7)
0(3)-Cu(1)-0(4)

2.506(2)  Cul(p) 2.179(2)
2503(2)  Cu(1p®2 1.921(2)
2.503(2) Cu(I13poO 1.963(2)
2.742(2)  Cu(p0  1.969(2)
2.742(2)  Cu(IIN  2.032(2)
63)3( O(5)-Cu(1)-N(1) 90.0(2)
®B) O(5)-Cu(1)-O(1) 93.2(8)
g9)9 O(5)-Cu(1)-O(1)#2  88.9(4)
HB) O(5)-Cu(1)-0(7) 51.9(5)
1¥8) O(5)-Cu(1)-O(4) 144.3(2)
162)1 N(1)-Cu(1)-O(1) 80.0(8)
94)6(1 N(1)-Cu(1)-O(1)#2  137.2(0)
93)1(4 N(1)-Cu(1)-0(7) 122.8(7)
@) N(1)-Cu(1)-0O(4) 64.3(6)
g2)l O(1)-Cu(l)-O(l)#2  142.7(0)
O(1)-Cu(1)-0(7) 64.3(7)
56)8( O(1)-Cu(1)-O(4) 105.3(0)
06) O(L)#2-Cu(l)- O(7)  88.7(6)
150.2(8P(1)#2-Cu(1)-0(4)  93.8(1)
85.3(6) (7PCu(1)-0(4) 163.4(6)
112)6( Cu(1)-O(1)-Cu(l)#2  168.4(6)
151 Cu(1)-0(5)-Sm (1)  146.2(5)

149)1
21.2(9)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);

#2 (0.5-X, 0.5+y, 0.5-2)
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Table A-6. Selected bond lengths [A] and angle§ for compound 7

Eu(l)-O(7)#L  2.421(2)
Eu (1)-0(7) 2.421(2)
Eu (1)-O(6)#1  2.495(2)
Eu (1)-O(6) 2.495(2)
Eu (1)-O(11)#1 2.492(2)

O(7)-Eu(1)-O(7)#1 155.1(4)
O(7)- Eu (1)-0(6)#1  70.2(2)
O(7)- Eu (1)-O(6) 115.8(8)
O(7)- Eu (1)-0(11)#1  127.3(7)
O(7)- Eu (1)-O(11) 77.3(8)
O(7)- Eu (1)-0(8)#1  82.3(8)
O(7)- Eu (1)-O(8) 77.3(0)
O(7)- Eu (1)-O(5) 67.4(3)
O(7)- Eu (1)-O(G)#1  116.6(7)
O(6)- Eu (1)-O(6)#1  153.6(7)
O(6)- Eu (1)-O(11)#1  72.4(6)
O(6)- Eu (1)-O(11) 83.7(0)
O(6)- Eu (1)-O(8)#1  132.6(8)
O(6)- Eu (1)-O(8) 72.2(4)
O(6)- Eu (1)-O(5) 48.8(3)
O(6)- Eu (1)-0O(B)#1  126.1(2)
O(11)- Eu (1)-0(11)#1 50.9(7)
O(11)- Eu (1)-0(8)#1  143.5(3)
O(11)- Eu (1)-O(8) 132.3(6)

Eu (1)-0(11)
Eu (1)-O(8)#1
Eu (1)-O(8)
Eu (1)-O(5)#1
Eu (1)-0(5)

2.492(2)  CuQi(b) 2.180(2)
2.487(2)  Cu(l@2 1.922(2)
2.487(2)  Cu(iBpP  1.961(2)
2.736(2)  Cu(lBP  1.970(2)
2.736(2)  Cu(L) 2.033(2)

O(11)- Eu (1)-0(5) 6A)( O(5)-Cu(1)-N(1) 89.8(1)
O(11)- Eu (1)-0G)#1 .88) O(5)-Cu(1)-O(1) 92.9(8)
O(8)- Eu (1)-O(8)#1 741 O(5)-Cu(l)-O(1)#2  89.0(7)
O(8)- Eu (1)-O(5) @8) O(5)-Cu(1)-0(7) 51.6(3)
O(8)- Eu(1)-0(5)#1 139)7 O(5)-Cu(1)-O(4) 144.2(8)
O(5)- Eu (1)-O(5) 1626 N(1)-Cu(1)-O(1) 80.0(1)
O(2)#2-Cu(1)- O(3) 945(7 N(1)-Cu(l)-O(L)#2  137.0(3)
O(2)#2-Cu(1)- O(5) 93)1(2 N(1)-Cu(1)-0(7) 122.7(1)
O(2)#2-Cu(1)-N(1) 1) N(1)-Cu(1)-O(4) 64.3(3)
O(2)#2-Cu(1)-O(1) Q@R O(1)-Cu(l)-O(L)#2  142.9(4)
O(2)#2-Cu(1)- O(1)#2 8.8(8)  O(1)-Cu(1)-O(7) 64.5(2)
O(2)#2-Cu(1)- O(7) 58P( O(1)-Cu(1)-O(4) 105.3(1)

O(2)#2-Cu(1)- O(4)
0(3)-Cu(1)-0(5)
0(3)-Cu(1)-N(1)
0(3)-Cu(1)-0(1)
0(3)-Cu(1)-O(1)#2
0(3)-Cu(1)-0(7)
0(3)-Cu(1)-0(4)

A6) O(L)#2-Cu(l)- O(7)  88.7(8)
150.5(5P(1)#2-Cu(1)-0(4)  93.8(7)
85.4(4) (TP-Cu(1)-O(4) 163.8(0)
118)6( Cu(1)-O(1)-Cu(l)#2  168.3(4)
M3)  Cu(1)-O(5)- Eu(l) 146.4(2)
149

21.3(9)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);

#2 (0.5-X, 0.5+y, 0.5-2)
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Table A-7. Selected bond lengths [A] and angle§ for compound 8

Gd(1)-O(7)#1 2.4102) Gd (1)-0(11) 2483(2)  CuQ(p) 2.181(2)
Gd (1)-0(7)  2.410(2) Gd(1)-0(8)#1 2.470(2)  Cu(lR@2 1.921(2)
Gd (1)-O(6)#1 2.483(2)  Gd(1)-0(8)  2.470(2)  Cu(BP  1.964(2)
Gd (1)-0(6)  2.483(2) Gd(1)-0OG)#L 2.737(2) Cu(lpp  1.967(2)
Gd(1)-O(11)#1 2.483(2) Gd(1)-0(5)  2.737(2)  Cu(ltN  2.034(2)

O(7)-Gd(1)-O(7)#1 154.9(00)  O(11)- Gd (1)-O(5) 66)8( O(5)-Cu(1)-N(1) 89.8(1)
O(7)- Gd (1)-0(6)#1  115.9(4)  O(11)- Gd (1)-0G)}#1 7.H9) O(5)-Cu(1)-O(1) 92.8(1)
O(7)- Gd (1)-0(6) 70.4(0) 0(8)- Gd (1)-O(8)#1 7GR( O(5)-Cu(1)-O(1)#2  89.0(0)
O(7)- Gd (1)-0(11)#1  77.3(3) 0(8)- Gd (1)-0(5) 6P O(5)-Cu(1)-0(7) 51.2(4)
O(7)- Gd (1)-O(11) 127.6(5)  O(8)- Gd (1)-O(5)#1 18B) O(5)-Cu(1)-0(4) 144.3(5)
O(7)- Gd (1)-0(8)#1  77.3(4) O(5)- Gd (1)-0(5) 1689 N(1)-Cu(1)-O(1) 80.1(1)
O(7)- Gd (1)-0(8) 82.1(8) O(2)#2-Cu(1)- O(3) 945(1 N(1)-Cu(l)-O(L)#2  136.6(8)
O(7)- Gd (1)-0(5) 116.7(9)  O(2)#2-Cu(l)- O(5) 92p( N(1)-Cu(1)-0(7) 122.6(7)
O(7)- Gd (1)-0(5)#1  67.2(9) O(2)#2-Cu(1)-N(1) 1740 N(1)-Cu(1)-O(4) 64.3(4)
O(6)- Gd (1)-O(6)#1  152.8(4)  O(2)#2-Cu(1)-O(1) g6y O(1)-Cu(l)-O(1)#2  143.2(0)
0(6)- Gd (1)-O(11)#1  72.3(4) O(2)#2-Cu(1)- O(1)#2 8.%5) O(1)-Cu(1)-O(7) 64.6(7)
0(6)- Gd (1)-O(11) 83.1(3) O(2)#2-Cu(1)- O(7) 5@)1( O(1)-Cu(1)-O(4) 105.4(4)
O(6)- Gd (1)-0(8)#1  133.2(1)  O(2)#2-Cu(1)- O(4) @) O(L#2-Cu(l)- O(7)  88.8(2)
0(6)- Gd (1)-O(8) 72.5(1) 0(3)-Cu(1)-0(5) 150.5(4P(1)#2-Cu(1)-0(4)  93.7(7)
0(6)- Gd (1)-0(5) 48.9(8) O(3)-Cu(1)-N(1) 85.4(5) (TP-Cu(1)-O(4) 164.1(3)
0(6)- Gd (1)-0(B)#1  125.9(1)  O(3)-Cu(1)-O(1) 1158( Cu(1)-O(1)-Cu(l)#2  168.2(6)
O(11)- Gd (1)-O(11)#1 51.4(3) 0(3)-Cu(1)-O(1)#2 aB) Cu(l)-0()-Gd (1)  146.7(6)
O(11)- Gd (1)-O(8)#1  1435(5)  O(3)-Cu(1)-O(7) 1494

O(11)- Gd (1)-O(8) 132.0(2)  O(3)-Cu(1)-O(4) 21.4(0)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-8. Selected bond lengths [A] and angle§ for compound 9

Dy(1)-O(7)#1
Dy (1)-O(7)
Dy (1)-O(6)#1
Dy (1)-O(6)
Dy 1)-O(11)#1

O(7)-Dy(1)-O(7)#1
O(7)- Dy (1)-O(6)#1
O(7)- Dy (1)-O(6)

2.380(3)
2.380(3)
2.456(3)
2.456(3)
2.452(3)

155.0(2)
71.0(6)
115.3(5)

O(7)- Dy (1)-0(11)#1  127.7(4)

O(7)- Dy (1)-0(11)
O(7)- Dy (1)-O(8)#1
O(7)- Dy (1)-O(8)
O(7)- Dy (1)-0(5)
O(7)- Dy (1)-O(5)#1
O(6)- Dy (1)-O(6)#1

77.1(0)
82.0(0)
77.6(7)
66.7(7)
117.0(9)
152.3(0)

0(6)- Dy (1)-0(11)#1  72.8(7)

O(6)- Dy (1)-O(11)
O(6)- Dy (1)-O(8)#1
O(6)- Dy (1)-O(8)
O(6)- Dy (1)-0(5)
O(6)- Dy (1)-O(5)#1

82.2(0)
134.0(0)
72.3(1)
48.8(2)
126.2(1)

O(11)- Dy (1)-O(11)#1 52.0(1)
O(11)- Dy (1)-O(8)#1  143.6(1)

O(11)- Dy (1)-O(8)

131.4(4)

Dy (1)-0(11)
Dy (1)-O(8)#1
Dy (1)-O(8)
Dy (1)-O(5)#1
Dy (1)-O(5)

O(11)- Dy (1)-O(5)

2.452(3)  Cu@pl)
2.449(4)  Cu(lj2p2
2.449(4)  Cu(1j3p
2.766(3)  Cu(1j8p
2.766(3)  Cu(1pa)

6625(  O(5)-Cu(1)-N(1)

O(11)- Dy (1)-0(G)#1  .8@)  O(5)-Cu(1)-O(1)
O(8)-Dy (1)-0(8)#1  7@% O(5)-Cu(1)-O(1)42  88.4(0)

0O(8)- Dy (1)-0(5)

68) O(5)-Cu(1)-O(7)

O(8)- Dy (1)-0(5)#1  13(B8) O(5)-Cu(1)-O(4)

O(5)- Dy (1)-O(5)

O(2)#2-Cu(l)- O(3)
O(2)#2-Cu(1)- O(5)
O(2)#2-Cu(1)-N(1)
O(2)#2-Cu(1)-0(1)

O(2)#2-Cu(1)- O(7)

1687 N(1)-Cu(1)-O(1)
94.9(0 N(1)-Cu(1)-O(L)#2
92.5(3 N(1)-Cu(1)-0(7)
18@) N(1)-Cu(1)-O(4)

2.186(3)
1.923(3)
1.965(3)
1.965(3)
2.032(3)

89.6(4)
92.1(7)

49.8(4)
144.7(0)
80.1(1)
136.2(0)
122.2(9)
64.4(5)

9Ep O(1)-Cu(l)-O(L)#2  143.6(9)
O(Q2)#2-Cu(1)- O(1)#2 8.48)  O(1)-Cu(1)-O(7)

5E%( O(1)-Cu(1)-O(4)

65.3(6)
105.4(8)

0(2)#2-Cu(1)- O(4) 18®) O(L)#2-Cu(l)- O(7)  88.1(8)

0(3)-Cu(1)-0(5)
O(3)-Cu(1)-N(1)
0(3)-Cu(1)-0(1)
O(3)-Cu(1)-O(1)#2
0(3)-Cu(1)-0(7)
0(3)-Cu(1)-0(4)

151.2(5D(1)#2-Cu(1)-O(4)
85.4(7) (T-Cu(1)-O(4)

94.3(7)
165.1(9)

118Y( Cu(1)-O(1)-Cu(l)#2  167.3(5)

g@) Cu(1)-O(5)- Dy (1)
15@p
21.3(0)

147.8(6)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-9. Selected bond lengths [A] and angle§ for compound 10

Ho(1)-O(7)#1 2.363(3)  Ho (1)-0(11) 2.436(3)  CuQt) 2.187(3)
Ho (1)-0(7)  2.363(3)  Ho (1)-O(8)#1 2.428(3)  Cu(lfePr2  1.924(3)
Ho (1)-0(6)#1 2.440(3)  Ho (1)-0(8)  2.428(3)  Cu(lysp  1.963(3)
Ho (1)-0(6)  2.440(3) Ho (1)-O(G)#1 2.766(3)  Cu(lsp  1.957(3)
Ho 1)-0(11)#1 2.436(3)  Ho(1)-O(5)  2.766(3)  Cu(ltN  2.036(3)

O(7)-Ho(1)-O(7)#1 155.2(2)  O(11)- Ho (1)-O(5) 6@R( O(5)-Cu(1)-N(1) 89.6(0)
O(7)- Ho (1)-0(6)#1  71.34(4)  O(11)- Ho (1)-0(5)#1 9.8(1) O(5)-Cu(1)-O(1) 91.9(3)
O(7)- Ho (1)-O(6) 115.24(1) O(8)-Ho (1)-0(8)#1  9@) O(5)-Cu(l)-O(L)#2  88.3(4)
O(7)- Ho (1)-O(11)#1  127.8(8)  O(8)- Ho (1)-O(5) B&) O(5)-Cu(1)-0(7) 49.2(2)
O(7)- Ho (1)-0(11) 76.7(3) 0(8)- Ho (1)-0(5)#1 1901) O(5)-Cu(1)-O(4) 144.8(0)
O(7)- Ho (1)-0(8#1  82.0(3) O(5)- Ho (1)-O0(5) 16@P N(1)-Cu(1)-O(1) 80.0(5)
O(7)- Ho (1)-0(8) 77.8(3) O(2)#2-Cu(1)- O(3) 949(2 N(1)-Cu(1)-O(1)#2  135.9(3)
O(7)- Ho (1)-0(5) 66.4(5) O(2)#2-Cu(1)- O(5) 92.2(5 N(1)-Cu(1)-0(7) 122.3(1)
O(7)- Ho (1)-OG)#1  117.2(9)  O(2)#2-Cu(1)-N(1) 1966) N(1)-Cu(1)-O(4) 64.3(5)
O(6)- Ho (1)-0(6)#1  151.2(5)  O(2)#2-Cu(1)-O(1) 9BR O(1)-Cu(l)-O(l)#2  144.0(1)
O(6)- Ho (1)-O(11)#1  72.7(0) O(2)#2-Cu(1)- O(1)#2 8.86) O(1)-Cu(1)-O(7) 65.9(2)
0(6)- Ho (1)-0(11) 81.5(0) O(2)#2-Cu(1)- O(7) 5aB( O(1)-Cu(1)-O(4) 105.3(5)
O(6)- Ho (1)-0(8)#1  134.7(0)  O(2)#2-Cu(1)- O(4) 18@) O(1)#2-Cu(l)- O(7)  87.8(8)
0(6)- Ho (1)-O(8) 72.6(1) 0(3)-Cu(1)-0(5) 151.6(4D(1)#2-Cu(1)-0(4)  94.5(4)
0(6)- Ho (1)-0(5) 48.9(6) O(3)-Cu(1)-N(1) 85.6(4) (-Cu(1)-O(4) 165.7(2)
O(6)- Ho (1)-0(B)#1  126.0(5)  O(3)-Cu(1)-O(1) 112B( Cu(1)-O(1)-Cu(L)#2  166.8(6)
O(11)- Ho (1)-O(11)#1 52.6(6) 0(3)-Cu(1)-O(L)#2 TO) Cu(1)-O(5)-Ho (1)  148.4(6)
O(11)- Ho (1)-O(8)#1  143.5(8)  O(3)-Cu(1)-O(7) 15@p

O(11)- Ho (1)-0(8) 130.9(6)  O(3)-Cu(1)-O(4) 21.5(4)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-10. Selected bond lengths [A] and angleY for compound 11

Er(1)-O(7)#1  2.356(2)  Er(1)-O(11) 2.424(22)  CuQi) 2.188(2)
Er (1)-0(7) 2.356(2)  Er(1)-0O(8#1 2.414(2)  Cu(l{eP2  1.924(2)
Er (1)-0(6)#1 2.421(2)  Er (1)-0O(8) 2.414(22)  Cu(8p  1.961(2)
Er (1)-O(6) 2.421(2)  Er(1)-0G#1 2.773(2)  Cu(isp  1.958(2)
Er (1)-O(11)#1 2.424(2)  Er (1)-O(5) 2.773(2)  Cul(t) 2.031(2)

O(7)-Er(1)-0(7)#1 155.4(9)  O(11)- Er (1)-0(5) 6BP(  O(5)-Cu(1)-N(1) 89.4(0)
O(7)- Er (1)-0(6)#1  71.5(3) O(11)- Er (1)-0G)#1  .88) O(5)-Cu(1)-O(1) 91.52(0)
O(7)- Er (1)-O(6) 115.1(7)  O(8)- Er (1)-O(8)#1 7P O(5)-Cu(l)-O(l)#2  88.2(9)
O(7)- Er (1)-0(11)#1  127.6(4)  O(8)- Er (1)-O(5) 68) O(5)-Cu(1)-0(7) 48.6(7)
O(7)- Er (1)-0(11) 76.6(7) 0(8)- Er (1)-O(5)#1 1201) O(5)-Cu(1)-O(4) 145.0(0)
O(7)- Er (1)-O(8)#1  81.9(6) O(5)- Er (1)-O(5) 16@p N(1)-Cu(1)-O(1) 80.0(3)
O(7)- Er (1)-O(8) 78.1(3) O(2)#2-Cu(1)- O(3) 95p(1 N(1)-Cu(1)-O(1)#2  135.5(6)
O(7)- Er (1)-O(5) 66.2(1) O(2)#2-Cu(1)- O(5) 92.)1(8 N(1)-Cu(1)-0(7) 122.2(6)
O(7)- Er (1)-0(B)#1  117.3(5)  O(2)#2-Cu(1)-N(1) 1765) N(1)-Cu(1)-O(4) 64.5(1)
O(6)- Er (1)-0(6)#1  150.4(0)  O(2)#2-Cu(1)-O(1) 0By O(1)-Cu(l)-O(L)#2  144.4(0)
O(6)- Er (1)-O(11)#1  72.9(9) O(2)#2-Cu(1)- O(1)#2 9.82) O(1)-Cu(1)-O(7) 66.3(2)
0(6)- Er (1)-0(11) 80.5(0) O(2)#2-Cu(1)- O(7) 56B(  O(1)-Cu(1)-O(4) 105.4(0)
O(6)- Er (1)-0(8)#1  135.2(9)  O(2)#2-Cu(1)- O(4) 1®) O(1)#2-Cu(l)- O(7)  87.6(2)
0(6)- Er (1)-O(8) 72.8(7) 0(3)-Cu(1)-0(5) 151.9(2P(1)#2-Cu(1)-0(4)  94.5(8)
O(6)- Er (1)-O(5) 49.0(7) 0(3)-Cu(1)-N(1) 85.6(5) (%-Cu(1)-O(4) 166.1(0)
O(6)- Er (1)-0(5)#1  126.0(1)  O(3)-Cu(1)-O(1) 119B( Cu(1)-O(1)-Cu(L)#2  166.4(6)
O(11)- Er (1)-0(11)#1 52.8(2) 0(3)-Cu(1)-O(1)#2 J@) Cu()-0(5)-Er(l)  148.9(8)
O(11)- Er (1)-08)#1  143.9(7)  O(3)-Cu(1)-0(7) 15@Y

O(11)- Er (1)-0(8) 130.5(1)  O(3)-Cu(1)-O(4) 21.4(2)

Symmetry transformation used to generate equivalems: #1(1-X, y, 0.5-2);
#2 (0.5-x, 0.5+y, 0.5-2)
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Table A-11. Selected bond lengths [A] and angle§ for compound 12

Fe(1)-O(1)#1 1.866(1)
Fe(1)-O(1)  1.940(8)
Fe(1)-0(2)  2.031(2)

Fe(1)-O(7)#2 2.050(2)

Fe(1)-0(5)  2.091(8)
Fe(1)-03)  2.122(9)
Fe(2)-0(2)  1.937(6)
Fe(2)-O(1)  1.943(8)

Fe(2)@8 2.011(5)
Fe(2)-O86)#2.045(4)
Fe(2)-0(9) 2.055(1)

Fe(2)Y0(4 2.104(0)

O(1)#1-Fe(1)-O(1)

O(1)#1-Fe(1)-0(2)

O(1)#1-Fe(1)-O(7)#2

O(1)#1-Fe(1)-0(5)
O(1)#1-Fe(1)-0(3)
O(1)-Fe(1)-0(2)
O(1)-Fe(1)-O(7)#2
O(1)-Fe(1)-O(5)
O(1)-Fe(1)-0(3)
0(2)-Fe(1)-O(7)#2
0(2)-Fe(1)-O(5)
0(2)-Fe(1)-0(3)
O(7)#2-Fe(1)-0(5)
O(7)#2-Fe(1)-0(3)
0(5)-Fe(1)-0(3)
0(2)-Fe(2)-0(1)
0(2)-Fe(2)-O(8)#3
0(2)-Fe(2)-0(6)#2

0O(2)-Fe(2)-0(9)

106.8(9)
172.2(5)
95.7(7)
91.0(9)
94.5(2)
80.5(0)
94.8(6)
160.7(0)
91.7(3)
85.7(7)
81.2(9)
82.7(3)
90.1(3)
165.6(2)
79.6(5)
82.8(2)
174.9(6)
90.1(1)

92.8(7)

0(2)-Fe(2)-0(4)
O(1)-Fe(2)-O(8)#3
O(1)-Fe(2)-O(6)#2
0(1)-Fe(2)-0(9)

O(1)-Fe(2)-0(4)

O(8)#3-Fe(2)-0(6)#2

O(8)#3-Fe(2)-0(9)
O(8)#3-Fe(2)-0(4)
O(6)#2-Fe(2)-0(9)
O(6)#2-Fe(2)-0(4)
0(9)-Fe(2)-0(4)
Fe(1)#2-0(1)-Fe(1)
Fe(1)#2-0(1)-Fe(2)
Fe(1)-O(1)-Fe(2)
Fe(1)-0(2)-Fe(2)
C(2)-0(2)-Fe(2)
C(2)-0(2)-Fe(1)
C(9)-0(2)-Fe(2)

C(9)-0(2)-Fe(1)

85.1(6)

95.6(1)

86.2(8) C(9)-0(3)-Fe(1) 124.4(3)
97)0(4 C(8)-0(3)-Fe(1) 147.0(9)
98)5( C(3)-O(3)-Fe(1) 141.5(4)
175.6(4)C(9)-0(4)-Fe(2) 121.4(9)
93.8(5) (8JE0(4)-Fe(2) 144.1(7)
94.9(1) C(7)-O(4)-Fe(2) 152.0(9)
87.2(0) C(12)-0(5)-Fe(1) 134.2(0)
88.7(1) C(11)-O(5)-Fe(1) 153.2(3)
84.1(2) (10-O(5)-Fe(1) 130.7(5)
168)5(0 C(2)-O(5)-Fe(1) 72.4(3)

PXD(6)-Fe(2#1  123.6(6)
135.9(0)C(11)-0(6)-Fe(2)#1  154.3(1)
12R)2( C(15)-O(7)-Fe()#1  130.8(5)
98.4(3) C(14)-0(7)-Fe(1)#1  164.9(5)

18O(7)-Fe(l)#1  161.0(8)
130.2(1) 1B%-O(8)-Fe(2)#3  131.9(0)
126.9(3)C(14)-0(8)-Fe(2#3  164.5(3)

73.1(7)

74.9(3)

Symmetry transformation used to generate equivalemhs#1 (-0.5+y, 0.5-x, 0.5-z);

#2 (0.5-y, 0.5+x, 0.5-2); #3 (-X, 1-y, 2)
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Table A-12. Selected bond lengths [A] and angle§ for compound 13

Cu(1)-0(1) 1.907(5)
Cu(1)-0(3)  1.919(9)
Cu(l)-O()# 1.958(5)
Cu(1)-N(1)  2.072(4)

O(1)-Cu(1)-0(3)
O(1)-Cu(1)-O(5)#
O(1)-Cu(1)-N(1)
O(1)-Cu(1)-0(2)
O(1)-Cu(1)-O(L)#
0(3)-Cu(1)-O(5)#
O(3)-Cu(1)-N(1)
0(3)-Cu(1)-0(2)
O(3)-Cu(1)-O(L)#
O(5)#-Cu(1)-N(1)
O(5)#-Cu(1)-0(2)
O(5)#-Cu(1)-O(1)#
N(1)-Cu(1)-0(2)
N(1)-Cu(1)-O(1)#
0(2)-Cu(1)-O(L)#
0(7)-Cu(2)-0(5)
O(7)-Cu(2)-0(1)
O(7)-Cu(2)-N(2)
0(7)-Cu(2)-0(6)

164.3(3)
87.0(1)
87.6(7)
113.6(0)
79.7(4)
93.0(7)
94.3(1)
82.0(3)
85.4(8)
170.0(8)
94.4(1)
70.8(5)
80.0(9)
116.3(3)
160.1(5)
167.6(5)
94.9(0)
91.1(5)
97.8(2)

Cu(1)-0(2)  2.445(7)
Cu(1)-O(L)# 2.658(2)
Cu(2)-0(7)  1.910(2)
Cu(2)-0(5)  1.928(4)

O(7)-Cu(2)-O(5)#
0(5)-Cu(2)-0(1)
0(5)-Cu(2)-N(2)
0(5)-Cu(2)-0(6)
0(5)-Cu(2)-O(5)#
O(1)-Cu(2)-N(2)
O(1)-Cu(2)-0(6)
O(1)-Cu(2)-0(5)#
N(2)-Cu(2)-O(6)
N(2)-Cu(2)-O(5)#
0(6)-Cu(2)-O(5)#
Cu(1)-O(1)-Cu(2)
Cu(1)-O(1)-Cu(L)#
Cu(2)-O(1)-Cu(L)#
Cu(1)#-0(5)-Cu(2)
Cu(2)-O(5)-Cu(2)#

Cu(1)#-O(5)-Cu(2)#

C(2)-O(1)-Cu(1)
C(2)-0(1)-Cu(2)

91.0(4)
89.1(5)
86.7(1)
93.7(4)
79.3(3)
169.4(8)
91.1(8)
70.3(1)
79.4(5)
118.2(5)
160.1(6)
111.9(3)
99.6(3)
86.3(2)
111)1(0
100.0(3)
89.2(8)
109.9(8)
124.3(0)

Cu(2)-O(1) 1.970(0)
Cu(2)-N(2) 2.066(0)
Cu(2)-0(6) 2.414(6)
Cu(2)-O(5)#2.572(5)

(250(1)-Cu(L)#
160(1)-Cu(1)
G@(1)-Cu(2)
1BO(1)-Cu(L)#
(450(2)-Cu(1)
(3F0(2)-Cu(1)
@}0(3)-Cu(1)
10J-O(3)-Cu(1)
16§-O(5)-Cu(2)
C(13)-0(5)-Cu(1)#
C(13)-0(5)-Cu(2)#
C(12)-0(5)-Cu(2)
(12)-0(5)-Cu(L)#
C(12)-0(5)-Cu(2)#
C(15)-0(6)-Cu(2)
C(14)-0(6)-Cu(2)
C(22)-0(7)-Cu(2)
2AT}-O(7)-Cu(2)

120.5(9)
81.3(2)
161.7(7)
104.2(7)
99.7(0)
74.8(0)
128.3(9)
96.1(8)
110.6(1)
117.2(7)
126.0(3)
81.9(5)
153.2(9)
111.9(8)
106.1(9)
73.8(5)
125.7(2)
95.0(2)

Symmetry transformation used to generate equivalemhs# (-x, y, 0.5-z)
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Table A-13. Selected bond lengths [A] and angle§ for compound 14

Co(1)-0(1)  1.996(8)
Co (1)-0(3)  1.969(6)
Co (1)-O(5)# 2.056(3)
Co (1)-N(1) 2.245(9)
0O(1)-Co(1)-0(3) 157.0(8)
O(1)-Co(1)-0O(B)#  84.7(9)
O(1)-Co(1)-N(1) 83.6(1)
0(1)-Co(1)-0(2) 110.8(1)
O(1)-Co(1)-O(1)#  78.3(0)
0(3)-Co(1)-0(B)#  108.1(3)
0(3)-Co(1)-N(1) 88.1(3)
0(3)-Co(1)-0(2) 88.5(8)
O(3)-Co(1)-O(1)#  85.4(1)
O(5)#-Co(1)-N(1)  160.6(6)
O(5)#-Co(1)-0(2)  89.8(6)
O(5)#-Co(1)-O(L)#  79.4(9)
N(1)-Co(1)-0(2) 79.9(2)
N(1)-Co(1)-O(1)#  113.0(5)
0(2)-Co(1)-O(1)#  165.4(6)
0(7)-Co(2)-0(5) 157.9(1)
0(7)-Co(2)-0(1) 108.2(2)
0(7)-Co(2)-N(2) 86.4(0)
O(7)-Co(2)-O(6a)  85.7(8)
O(7)-Co(2)-O(6b)  103.7(7)
O(7)-Co(2)-0(B)#  88.4(5)
0(5)-Co(2)-0(1) 86.6(7)

Co (1)-0(2) 2.170(4)
Co (1)-O(1)# 2.297(4)
Co (2)-0(7)  1.958(1)
Co (2)-0(5)  2.000(0)
0(5)-Co(2)-N(2) 82.3(7)
0(5)-Co(2)-O(6a)  110.1(4)
0(5)-Co(2)-0(6b)  93.5(7)
0(5)-Co(2)-0(B)#  78.6(2)
0(1)-Co(2)-N(2) 162.4(9)
O(1)-Co(2)-O(6a)  93.3(5)
O(1)-Co(2)-O(6b)  84.6(6)
O(1)-Co(2)-0(B)¢  77.9(3)
N(2)-Co(2)-O(6a)  77.7(9)
N(2)-Co(2)-0(6b)  82.4(5)
N(2)-Co(2)-0(5)#  112.9(4)
O(6A)-Co(2)-0(B)#  167)(8
O(6B)-Co(2)-0(5)#  161.2(3)
Co(1)-O(1)-Co(2)  102.1(0)
Co(1)-O(1)-Co(1)#  101)6(5
Co(2)-O(1)-Co(1)#  90.6(2)
Co(1)#-0(5)-Co(2)  99.9(0)
Co(2)-0(5)-Co(2)#  101.3(3)
Co(1)#-0(5)-Co(2)#  93.5(3)
C(2)-0(1)-Co(1) 110.5(1)
C(2)-0(1)-Co(2) 123.9(6)
C(2)-0(1)-Co(l)#  123.8(4)

Co (2)-D(1 2.064(5)

Co (2N

2.273(8)

Co (B 2.274(3)
Co (2)6@) 2.122(8)
Co (2)-0(6b) 2.242(0)

160(1)-Co(1)
C(1)-0(1)-Co(2)
1G0O(1)-Co(1)#
(450(2)-Co(1)
(3%0(2)-Co(1)
C(11)-0O(3)-Co(1)
10§-0O(3)-Co(1)
13J-0O(5)-Co(2)
(18)-O(5)-Co(1)#
C(13)-O(5)-Co(2)#
C(12)-0(5)-Co(2)
C(12)-O(5)-Co(1)#
C(12)-O(5)-Co(2)#
C(15a)-0O(6a)-Co(2)
C(15b)-O(6a)-Co(2)
C(14)-0O(6a)-Co(2)
C(15a)-O(6b)-Co(2)
C(15b)-O(6b)-Co(2)
C(14)-0(6b)-Co(2)
C(22)-0(7)-Co(2)
(2@)-0O(7)-Co(2)

83.6(4)
158.4(4)
108.7(4)
107.8(2)
83.1(4)
135.7(1)
102.8(6)
111.2(4)
120.5(4)
125.8(3)
84.9(0)
154.4(7)
110.2(2)
109.9(6)
114.2(4)
86.2(6)
89.4(4)
113.5(9)
78.3(1)
135.1(7)
103.2(5)

Symmetry transformation used to generate equivalemhs# (-x, y, 0.5-z)
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Et

Me

Ph

L

Hsnta
Hsndpa
Hsntp
Hascpida
Hsheidi
Hscpidp
Hscpdea
Hshpdta
EtOH
MeOH
DMSO
EtsN

en

t-Bu

R

FTIR
NMR
s,d, t,m
ESR
SQUID

List of abbreviations

Ethyl

Methyl

Phenyl

Ligand

nitrilotriacetic acid
nitrilo(dipropionic)acetic acid
nitrilotripropionic acid
(2-carboxyphenyl)iminodiacetic acid
hydroxyethyl iminodiacetic acid
(2-carboxyphenyl)iminodipropionic acid
(2-carboxyphenyl) diethanol amin
2-hydroxy-1,3-N,N,N’,N’-diamino-propanetsicetic acid
ethanol

methanol

dimethyl sulphoxide

triethylene amine

ethylendieamin

tert-butyl

alkyl

Fourier Transform Infrared

Nuclear Magnetic Resonance
Singlet, Doublet, Triplet, Multiple
Electron Spin Resonance

Super-conducting Quantum Interferenceifev
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Appendix

Plots of the field dependence of the magnetizatidor {Cu,Ln}«(2-11)
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Plots of the fittings of Cq, 14
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