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Chapter 1

1.1 Introduction to Molecular Magnetism

Historically, the intriguing phenomenon of magnetism was first noticed (900 B.C.) when
the naturally occurring magnet lodestone, found in Magnesia (Greece) was observed to attract
iron. The phenomenon was observed by the Greeks and used by the Chinese to create the
floating compass.' In 1269 Petrus Peregrinus de Maricourt identified that magnets have poles
which he called “North” and “South”, which are maintained on breaking a magnet. He observed
that opposite poles attract each other while the similar magnetic poles repelled. At the beginning
of the 20™ century, the French physicist, Pierre-Ernest Weiss, developed the theory of
ferromagnetism based on the assumption that the interaction between magnetic centers could be
described empirically considering an internal molecular field. Later, the Danish physicist Niels
Bohr pointed out the spinning nature of an electron in the course of his work on atomic
structure.”

Over the centuries, mankind has made use of magnetism in mechanical applications such
as electromotors or electric generators, or in communication technologies such as telephones and
television. More recently, magnetism had found widespread applications in the area of data
storage and processing, from magnetic tape to floppy disks and computer hard drives.

The most usable types of magnets are either ferro- or ferrimagnets, each of which has a
characteristic Curie temperature, below which it shows its magnetic properties. Such magnets
can be pure metals, alloys, metal oxides or molecular magnets. The spins on the magnetic centres
are interacting with their neighbours in the three dimensional lattice of a conventional magnet
and their spontaneous magnetization relies on the alignment of the very large number of spin
centres in the bulk material. The bulk magnetic structure is divided into many magnetic domains,
within each of which the spins are aligned, but with the different domains having different
alignment directions such that their overall magnetic moments cancel out. However, the
application of a small external magnetic field can orient the magnetic moments of all domains in
the direction of the applied field. The data storage capacity of such conventional magnets is
therefore limited by the size of the domains. Thus there is now a quest for new materials which

could show magnetic behaviour, allowing a very much higher data storage density.



Historically in 1980, T. Lis’ reported the mixed-valence coordination cluster
[Mn;,012(0ACc)16(H,0)4].2AcOH.4H,0 (usually abbreviated as Mnj,-Ac) while trying to oxidize
Mn" ions by using permanganate (MnOy) in acetic acid. A decade later, dynamic magnetic
susceptibility measurements on this complex led to the observation of slow relaxation of its
magnetization,** while hysteresis measurements revealed® steps at low temperature (below 2 K).
This discovery represented a major breakthrough in nanomagnetism, providing evidence of the
coexistence of classical and quantum effects in the dynamics of the magnetization.® Since the
oxo-bridged polynuclear core is surrounded by diamagnetic organic ligands, the magnetic
properties of the compound are molecular-based rather than a bulk property,*” and Mn»-Ac can
be considered as a Single Molecular Magnet (SMM).* SMMs have also been observed to show
quantum tunneling®®® of magnetization and quantum phase® interference, which are the key
properties needed for materials to function as quantum bits (qubits).”

Besides their size, SMMs have a number of other advantages over the traditional
magnets. The SMMs are soluble in organic solvents because of the peripheral organic ligands
which also prevent the magnetic cores from interacting with each other. SMMs have uniform
size and structure, and they are mostly air-stable for long term storage. Over the past two decades
of research in SMMs, fine details of the properties of these tiny magnets have become better
understood and the synthesis of diverse compounds has been developed, but the blocking
temperatures (Ty: the temperature below which a molecule acts as a magnet) of SMMs still
remains very low (often below 4 K).'® Thus there is a now a continuous quest for new SMMs, in
order to understand better both the structural aspects that favour SMM behaviour, and also the
synthetic methodologies needed to achieve this, with the long-term goal of developing such

systems with more useful (i.e. higher) blocking temperatures.

1.1.1 Magnetic Susceptibility

In magnetism the magnetic susceptibility is the degree of magnetization induced in a
material in response to a given applied magnetic field. Magnetic measurements can give
information about the electronic structure of a substance with unpaired electrons. Complexes of
paramagnetic metal ions may have exchange interactions between the metal centres. This section

provides a brief overview of how magnetic measurements can be applied to this area of inorganic



chemistry. More detailed accounts are given in standard texts by Mababas and Machin,'"
O’Connor,''® Carlin,''® and Kahn.'!¢
Rotational motion of an electric charge generates a magnetic field in a material.
Magnetism is therefore a characteristic property of all materials that contain electrically charged
particles, and for most purposes can be considered to be entirely of electronic origin. In an atom,
the magnetic field is associated with the motion of the electrons which gives rise to the coupled
spin and orbital magnetic moments. The first of these results from precession of unpaired
electrons about their own axes, while the second is due to the motion of electrons around the
nucleus. The magnetization, M is defined as the magnetic moment per unit volume. The
magnetic susceptibility, x is the degree to which a material can be magnetized in an external
magnetic field. The magnetic susceptibility per unit volume is then:''
¥ =M/H (cgs) or 7y =puoM/H (SI) Eq. 1.1
where H is the macroscopic magnetic field intensity in Qersted, Gauss or Tesla. It is sometimes
convenient to refer to M/H as susceptibility without specifying the system units. The molar
susceptibility is designated as ym, and the magnetic moment per gram is sometimes written as G.
In general y is the algebraic sum of two contributions:''®
="+ Eq.1.2
where ¥° and y* represent the diamagnetic and paramagnetic susceptibilities, respectively. The
former is negative and the latter is positive.
1.1.2 Classification of Magnetic Behavior
The origin of magnetism lies in the orbital and spin motion of electrons as well the
interaction of these electrons with one another. In some materials there is no collective
interaction between the atomic magnetic moments, whereas in some there can be a very strong
interaction between the moments on neighbouring atoms. The magnetic behavior of materials
can be classified into the following six major groups, based on the responses of materials to
magnetic fields:
Diamagnetism The interaction of the magnetic field with the motion of the electrons in their
orbitals leads to diamagnetism. In this case, magnetic susceptibility is usually independent of the
temperature and the strength of the applied field. This is the only magnetic response, when a
substance is composed of atoms which have no net magnetic moments because all the occupied

orbitals are containing a pair of electrons. When exposed to a magnetic field, a negative



magnetization is produced, and the susceptibility is thus also negative, and the substance is
repelled by the field. This is a fundamental property of all matter, even substances that also
contain some unpaired electrons, but is usually very weak.

Paramagnetism: Any atom, ion or molecule that has one or more unpaired electrons is
paramagnetic and possesses a net magnetic moment. Such substances are attracted to a magnetic
field due to a partial alignment of the atomic magnetic moments in the direction of the field,
resulting in a net positive magnetization and positive susceptibility. The individual magnetic
moments, however, do not interact magnetically and do not retain any magnetization in the
absence of an externally applied magnetic field because thermal motion causes the spins to
become randomly oriented.

Ferromagnetism: Substances which have magnetic interactions between neighboring
paramagnetic centers such that the individual moments are aligned parallel to each other, leading
to an increase in the magnetic moment, are designated as ferromagnets. A ferromagnetic
substance usually divides into domains to minimize its total free energy; a spontaneous
magnetization arises in each domain even in the absence of a magnetic field. The saturation of
magnetization corresponds to the complete alignments of all magnetic domains. Its magnetic
susceptibility is positive and very large.'”” However, above its Curie temperature (Tc) the
interactions are no longer strong enough to maintain the individual moments in alignment, and
the substance then behaves as a simple paramagnet.

Antiferromagnetism: When the magnetic interactions between paramagnetic centers lead to an
antiparallel alignment of the moments, the substance is known as an antiferromagnet. Because of
the complete compensation of the magnetic moments, the substance does not show any
spontaneous magnetisation.'** Analogously to ferromagnetism, above its Néel temperature (Ty)
an antiferromagnet behaves as a paramagnet.

Ferrimagnetism: Substances where the magnetic moments are aligned antiparallel but there is an
incomplete compensation of the spins are termed ferrimagnets. This usually results either from
unequal numbers of spins being oriented in the two directions, or when the two types of spin
centers have different numbers of unpaired electrons. Ferrimagnets exhibit spontaneous
magnetization as in the case of ferromagnets.'*®

Canted Antiferromagnetism: When, below Ty the equilibrium distribution of moments is not

collinear; the system is “canted” with incomplete compensation of the spins, giving rise to a



spontaneous magnetization. The resulting hysteresis loops below the critical temperature confer a
memory effect on the material. This phenomenon is known as canted antiferromagnetism or
weak ferromagnetism.'* ™"
Determination of Magnetic behavior: It was shown by Pierre Curie that for most paramagnetic
substances with isolated magnetic sites; the magnetic susceptibility varies inversely with
temperature. The magnetization of paramagnets follows Curie’s law to a good approximation:

M=CH/T where C=Ng’ug’/4kg Eq. 1.3
where M is the resulting magnetization, H is the applied field and C is the Curie constant. Since
the magnetic susceptibility is x = M/H, in this case:

x=C/T Eq. 1.4
When the paramagnetic ions or atoms interact this law is no longer valid, and the magnetic
exchange between spin carriers then needs to be included in the model. As a result, in
ferromagnets and antiferromagnets the Curie-Weiss law'® is applicable:
_H o Newy o, 2a]

“T_ 9 with 4k, and 2k, Eq. 1.5
where 0 is the Weiss constant and the magnetic susceptibility is now given by:

C
=— Eq. 1.6
x T_0 q

There are three ways to plot the temperature dependence of the magnetic susceptibility,
and these are shown in Fig. 1.1. These plots give information about the kind of magnetic
interactions present in a compound. A Curie-Weiss plot, of 1/y against T, usually gives a straight
line, although it may start to curve at lower temperatures. The Curie constant C can be obtained
from the gradient, and the Weiss constant 6 from the extrapolated intercept on the T axis. A
paramagnet should have this intercept at the origin, while for ferromagnets and antiferromagnets
the intercept is positive or negative, respectively. For all three classes of substance, at higher
temperatures y shows a steady increase as the temperature decreases. For an antiferromagnet,
y starts to decrease again as the temperature goes below Ty, while for a ferromagnet (or a
ferrimagnet) y starts to increase very sharply as the temperature passes below Tc. Plots of T
against T are the most often used. For a paramagnet, ¥ T is independent of temperature, and the
plot shows a horizontal straight line. For antiferromagnets, the plot shows a decrease of ¥ T with

decreasing temperature, extrapolating to zero if the ground state has S = 0. For a ferromagnet, T



increases as the temperature is lowered, while for a ferrimagnet, ¥ T first decreases to a minimum

and then increases sharply as the temperature is further decreased.

Antiferromagnetic |
Ferromagnetic \ g Curie point
y | /
_ Paramagnetic [ P \ Ferromagnetic
- N Neel point \
e Wy N
Ferrimagnetic //\
L e E - .‘| \‘\\
Antiferromagnetic Antifirromagnetic
<0 =0 8>0
Temperature (K) Temperature (K) Temperature (K)

Fig. 1.1 Plots of yT (left), 1/x, (middle) and % (right) as a function of temperature for

paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materials.

Magnetic interactions between paramagnetic centres that are either isotropic or weakly
anisotropic are generally characterised by the Heisenberg-Dirac-Van Vleck (HDVV) or “Spin-
only” Hamiltonian:

H = -2J(8:1.S,) Eq. 1.7
Where S; and S, are the spins on the two metal centers, and J is the exchange integral
characterizing the coupling between them, which is usually given in units of cm™ or K, where 1
cm™ = 1.44 K. For antiferromagnetic and ferromagnetic coupling, J is negative and positive
respectively.

It should be noted that these types of magnetic behavior only hold for isotropic or
weakly anisotropic paramagnetic metal ions. Most of the 3d metal ions in fact closely obey the
Curie law, with the exception of Co". Because of spin orbit coupling, the Co" ion inherently
possesses a large orbital momentum contribution towards its total magnetic moment. First order
spin-orbit coupling splits the 4T1g ground state into a set of three levels (J = 5/2,J=3/2 and J =
1/2). As the temperature is lowered, thermal depopulation of the upper levels occurs and the ¥ T
product, even of an isolated Co" ion, now shows a decrease as the temperature is reduced to low
values. Such a plot resembles that of an antiferromagnetic material, and when a compound
contains highly anisotropic ions it can be difficult to establish if this behavior results from
dominant antiferromagnetic coupling, the anisotropy of the ion, or a combination of these.

Rare-earth ions (4f) can also have large unquenched orbital angular momentum associated with



the internal nature of the valence f orbitals. The Eu" and Gd™ (f’) ions are isotropic and all the
orbital angular momentum is quenched. However, all the other paramagnetic rare-earth ions have
orbitally degenerate ground states, which are split by spin-orbit coupling and crystal-field effects.
As for Co", yT then decreases with decreasing temperature due to thermal depopulation of the
Stark sublevels.

1.1.3 Single Molecule Magnets (SMMs)

SMMs are molecular complexes which act as nanomagnets below their blocking
temperature (Tg). SMM behavior was first observed in Mnj;-Ac but has subsequently been found
in mononuclear coordination complexes as well as polynuclear coordination clusters. To act as a
SMM, a coordination complex should have negative uni-axial magnetic anisotropy (D) and non
zero spin ground state (S). The uni-axial anisotropy removes the degeneracy of the ground spin
state splitting into Mg = - S to +S. These two parameters combine to give rise a significant
energy barrier towards the reversal of spin reorientation with the result that the relaxation of
magnetization becomes slower. The energy barrier is given by Uegr = | D | S* or | D | (S*-1/4) for
integral or half integral spin respectively. In this context we can take the well established double
well potential formalism (Fig. 1.2) for Mnj;-Ac. The molecule can then have energy states
starting from Mg = -S to Mg = +S. For zero applied magnetic field, the probability of finding the
molecule in either potential well is equal (Ms = + S). One of the potential wells can be
preferentially more populated by applying magnetic field in a certain desired direction (Mg =+ S
or -S). On switching off the magnetic field the molecules will try to head for the equilibrium
population distribution through the thermally activated energy levels, e.g. equal distribution in

both potential wells. However, there is also the alternative to tunnel through the potential energy
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Fig. 1.2 Plots of energies of the microstates in S = 10 system.*



which equates to quantum tunneling of magnetization (QTM). If the energy barrier is high
enough, a SMM can be characterized by in-phase ('), out-of-phase (y ") signals and hysteresis
loops. During ac susceptibility measurement, it produces two components; one is susceptibility
(%) and other one is phase shift (¢) producing a real component of susceptibility (¥ = y cosd)
and an imaginary component ("~ = sind). Thus, when real part of susceptibility increases time
imaginary component decreases (Fig. 1.3). The maximum of ¥~ vs T plot at a particular
frequency is called blocking temperature (Tp) and below this temperature a molecule can act as a
SMM. The SMM can thus be quantified by its effective energy barrier (U.s) and relaxation time
(t0). These two parameters are generally estimated from an Arrhenius plot (t vs 1/T), for which
data of " vs T or frequency are utilized. The linear fitting on the Arrhenius plot produces U
and Ty from the slope and intersection respectively. The higher the slope, the higher the energy
barrier and the better is the SMM. The blocking temperature depends on the values of the U

and 1o and can be estimated from Arrhenius equation by replacing t = 1o and T = Tg.
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Fig. 1.3 An example of ac susceptibility measurements as a function of temperature at different
frequencies, and as a function of frequency at different temperatures (a, ¢) in-phase and (b, d)

out-of-phase signals.

If just a single relaxation process is involved, then a plot of %" versus temperature will
display a maximum at the temperature where the ac frequency of the magnetic field matches the

spin reorientation rate, 1/t. Furthermore, since 1/1 increases with temperature, this peak should



shift to higher temperatures when the frequency is increased. The relaxation time for the

magnetization in a Single Molecule Magnet can be expected to follow an Arrhenius

Ueff
. KT
T=1y¢€ Eq. 1.8

relationship:’

If the energy barrier is low enough, then the frequency of spin reorientation is faster than the
applied frequency and in that case the peak the maxima in y"" vs T plots may not be observe or
even no out-of-phase signal may not be detected.

There can be additional influences on the SMM behavior, such as quantum effects or
inter-complex magnetic interactions. Furthermore, at low enough temperature, quantum
relaxation of the magnetization can be experimentally observed since it becomes faster than the
thermally activated relaxation induced by Ugyr. A key factor is the transverse magnetic
anisotropy, which influences the quantum tunneling of the magnetization (QTM). When two Mg
microstates on either side of the energy barrier have similar energies, then there is an increased
probability of quantum tunneling of the magnetization (QTM). In a molecule exhibiting purely
axial anisotropy, the wave functions associated with the energy levels constituting each £Mg pair
are orthogonal to one another, thereby eliminating quantum tunneling as a possible relaxation
pathway. However, the introduction of transverse magnetic anisotropy £ allows mixing of the
+Ms levels, in turn allowing the system to tunnel from the +Mg level through the thermal barrier
to the -Ms level.**!” Transverse anisotropy in what should be axial single molecule magnets was
found to originate from the multi-spin nature of the system and from the breakdown of the strong
exchange approximation.'® Overall SMM complexes can be described as unique systems for
studying fundamental phenomena such as quantum spin tunneling and quantum interference.
There is the propsepct that these may find applications in the future applications in molecular

electronics."”’

3d based SMMs:

Many SMMs based on 3d metal ions have been reported.”"” These SMMs can be
homometallic (NiH,20 CoH,21 FeH,22 Fem,23 MnH/IH,24 Mn" IV 25 It 26 etc.) or heterometallic.”’
mixed metal ions. The most studied SMMs are those belonging to the Mnj,-Ac family,’®

although F ey and Mn'" families have also been studied extensively. Mnj,-Ac has a blocking



10

temperature (Tg) of 2.1 K, while the current best SMM [MnsO»(Etsao)s(O2,CPh(Me),).(EtOH)¢]
{Et-saoH;, = 2-hydroxyphenylpropanone oxime} has an S = 12 ground state, an energy barrier to
magnetization reversal of 86 K and a blocking temperature Tg of 4.5 K.**

The characteristics of the 3d metal ions can be summarized as follows. Cu" (d”) shows
the well-known Jahn-Teller distortion due to its otherwise orbitally degenerate ground state, but
is only very weakly anisotropic and there is no SMM based on purely Cu" ions. The Ni" (d%) ion

1d can result in

has second order orbital angular momentum, and zero-field splitting (ZFS)
significant single-ion anisotropy.” The Fe' (d°) ion also has significant single ion magnetic
anisotropy. Recently, the mononuclear SMM [(tpaMes)Fe"]" was reported,”® the first 3d

mononuclear SMM. By contrast, Fe'" (d°) is generally isotropic, but weak anisotropy in Fe'"" ions

can result from an asymmetric ligand field,” resulting in Zero Field Splitting, and some Fe''-
based SMMs are therefore known.”* However, no SMM containing only Mn" ions (also d°) has
yet been reported, probably because of smaller value of the ZFS parameter for Mn" ions.>” Mn™
(d*) ions are rich in single ion magnetic anisotropy, undergoing a Jahn-Teller distortion (usually
elongation along the z axis) within the ligand field. Because of this intrinsic uniaxial single-ion
anisotropy, the majority of SMMs so far reported are based on Mn'" ions.”*'** Unlike the other
3d ions, Co'" has first order orbital angular momentum, and are frequently found have effective
spin Sefr = 1/2 at low temperature. For polynuclear Co" systems, the anisotropy can therefore
easily be of the same order of magnitude or even larger than the exchange coupling, and most
polynuclear Co" systems are best described as being in the weak exchange limit. A further

consequence of using Co"' is that the equation relating the height of the energy barrier to S° and

D is no longer valid, as S is not a good quantum number for polynuclear Co" clusters.'

4f based SMMs:
The ac magnetic susceptibility measurements by Ishikawa et al. on a series of
phthalocyanine double-decker complexes, N(C4Ho)s [Pc,Ln] (Ln"™ = Tb, Dy, Ho, Er, Tm, or Yb;

H,Pc = phthalocyanine), showed slow relaxation of magnetization in the Tb™ and Dy™

complexes®* 7P

, similar to that previously observed for 3d metal containing SMMs, but with
blocking temperatures of 50 K and 25 K, respectively. However, this class of compounds
functions as magnets at the molecular level by a mechanism different from that of the transition-

metal-cluster SMMs, with a formalism that does not use the double-well-potential picture. In the
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Tb complex, the lowest sub-states are assigned to J. = 6, which are the maximum and minimum
values in the J = 6 ground state. The energy separation from the rest of the sub-states is more
than 400 cm™. If the relaxation occurs through a path consisting of stepwise transitions from J. to
J- = 1 states, the “rate-determining step” is the first transition from J. = 6 to J. = 5 (or from -6 to -
5) because of the large energy gap. In the Dy complex, the lowest sub-states are characterized as
J. =+13/2 and -13/2, which are the second largest in the J = 15/2 ground state. The sublevels are
distributed more evenly than in the Tb case. This implies a possibility that there is no step
requiring extremely high energy in the relaxation path. This can be regarded as a situation similar
to that of the transition-metal-cluster SMMs but resulting in a much higher thermal barrier
between the +J; and -J, sub-states. The change in single-ion anisotropy from easy-axial to easy-
planar-type occurs between the Ho™ and Er'" complexes.

There are three major processes to be considered for the transition between the lowest
two sub-states: (1) the direct process; (2) the Raman process; and (3) the Orbach process; 3% I
Tb™ complexes, the two-phonon Orbach process is dominant in the temperature range 25-40 K,

111

and either the direct or Raman process becomes the fastest path below 25 K. In Dy~ complexes,

the Orbach process is the main path in the range 3-12 K.**°

The magnetic properties of rare-earth ions are well-known and dominated by the
unpaired electrons in their 4f orbitals, which give rise to strong unquenched orbital angular
momentum and by spin-orbit coupling (A). Because the 4f orbitals are generally shielded by the
more extensive Sp and 6s orbitals, the intramolecular magnetic coupling within polynuclear
coordination clusters is weaker than for 3d ions. To date, 4f metal clusters with nuclearities
ranging from Ln, to Lng have been reported.*® The Dy analogues of some of these series show
interesting magnetic properties.’®*" A Dy, complex showed ferromagnetic coupling at low

temperature, with slow relaxation of magnetization characteristic of SMMs with high energy

barriers.”” The trinuclear [Dy3(p3-OH),(L);CI(H20)s]>" *** (HL = isovanillin) has an equilateral

11

triangular topology with (u3-OH) bridges above and below the Dy '3 plane. Single crystal

38c

magnetic studies®™ combined with a theoretical analysis®™ show the complete compensation of

the magnetic moments in the nonmagnetic ground state, originating from the noncollinearity of

11T

the single-ion easy axes of magnetization of the Dy~ ions that lie in the plane of the triangle at

120° from each other. The slow relaxation dynamics observed in the ac susceptibility between 2
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and 20 K with stepped hysteresis could be associated with level crossing to a magnetic excited
state.

" by modifying the ligand led

Opening up the triangular’*® Dy""'; unit into a linear’™ Dy
to a different situation. The linear Dy'"'s no longer has a nonmagnetic ground state; it is
ferromagnetically coupled and ac susceptibility measurements show slow relaxation of
magnetization with two relaxation pathways. The fitting to Arrhenius plot produced two energy

barriers (28.7 and 69.3 K). An ab initio calculation revealed the presence of Ising-type

11T - 38d

anisotropy in all three Dy~ ions with almost parallel alignment of the magnetic moments.
A tetranuclear hydroxy-bridged Dy cubane’® showed weak SMM behavior, while

Dy", systems with defect-dicubane®®

topologies showed much clearer slow magnetic
relaxation. The dynamic magnetic behavior was found to change when peripheral ligands were
changed.”® One such complex exhibits slow relaxation of magnetization with two ac peaks (9
and 30 K) and corresponding energy barriers are found to be 9.7 and 170 K respectively. The
main contribution to the energy barrier in these Dy' 4 arises mainly from the individual uniaxial
single-ion aniosotropies, and the two maxima of the out-of-phase (y") ac signals can then be
naturally associated with two relaxation barriers corresponding to two types of dysprosium
ions.*® In addition, a linear Dy *** and a pyramidal Dy"'s 3% clusters were also found to be
SMMs with energy barriers around 30 K and 20 K respectively.

When two of the Dy""; triangles discussed earlier are linked into a Dy'"s cluster,***! the
magnetic structure becomes more complex, with the temperature regime for slow relaxation of
magnetization increasing from 8 K to 25 K.*' This occurs in spite of the fact that the linkage
involves an antiferromagnetic interaction. The observation of two relaxation regimes is
apparently associated to a change in the nature of the overall molecular anisotropy from an easy
plane to easy axis type ** on increasing the temperature; this was explained by symmetry-
lowering induced by linking the triangles.

The geometry of the ligand field is a significant factor in determining whether the
single-ion anisotropy of a Ln'" ion is uniaxial or easy-plane in nature, but the effect differs
according to the electronic nature of the ion. For example, the Dy ion with an f configuration
has a 6H15/2 ground state which splits into sub-levels |/, J.>=|15/2, J. > with -15/2 < J, < +15/2.

The anisotropy will be uniaxial if the sub-levels with J, =+ 15/2 are lowest in energy. These sub-

levels have an oblate profile, and will therefore be stabilised if the ligand field is prolate in form,
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i.e. the hard negatively charge coordinating atoms have an axial distribution about the ion. The

I 111

same is true for Tb™ and to a lesser extent Ho'. However, for Er'', the sub-levels with the

highest J, are prolate in profile, and uniaxial anisotropy will now be favoured by a ligand field in
which the hard atoms form an equatorial plane about the Er'" ion.

From the above discussion it can be stated that the magnetic aspects of 3d and 4f metal
ions are completely different. A brief overview has been presented on both 3d and 4f- based
SMMs, and without such knowledge it will be ambiguous to rationalize the behavior of hybrid

heterometallic 3d-4f magnetic systems.

d-f SMMs

In pure Ln"™ clusters, the magnetic interactions between f electrons on different metal
centres are expected to be very small. However, the magnetic coupling between f electrons with
electrons in the d orbitals of transition metal ions should be stronger than f-f coupling, thus
producing measurable effects at higher temperatures, and the problem of orbital degeneracy may
be limited.

The first 3d-4f magnetic system (Cu"-Ln"") was reported in 1975 but only magnetically
characterized in 1985." A large number of papers have been published on Cu"-Gd™ (3d°-4f)
systems in order to understand the nature of the magnetic coupling.”® The Cu" and Gd™ ions are
both isotropic (or nearly so) and usually ferromagnetic coupling was observed between them.
Replacing isotropic Gd" ions by anisotropic Ln™ (Dy", Tb™ etc.) in a Cu"-Ln"" (3d°-4f) series
is a possible route to systems showing SMM behavior, and some Cu"-Dy" and Cu"-Tb"™
systems were found to be SMMs.** Ni"" ions have second order orbital angular momentum, and
several Ni'-Ln™ (Ni,Ln, ***¢ NicLn, *** NiLn,, **¢ Ni,Lna, *** LayNiso, * LnyNiz;,*" NigLng, '
Ni,Ln, **¢ NiDy,, ** Ni,Dy, **® Ni;Dy, *** Ni,Dy,, *' etc.) compounds have also been reported.
The Ni'-Gd"™ (3d*-4f") systems were again always found to be ferromagnetically coupled,* and
again some Ni'-Dy" and Ni'-Tb"™ compounds exhibit slow relaxation characteristic of
SMIM 4501 46

Co" ions have first order orbital angular momentum and thus can lead to large Ising
type magnetic anisotropy depending upon geometry and ligand field. Thus a combination of Co"
and Gd"™ (3d’-4f) can lead to SMM behavior; in a reversal of the usual situation for 3d-4f

systems, here it is the 3d ion which is providing the anisotropy. *"*
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There are few Fe''-Ln™ (3d°-4f) systems which are also found to be SMM in some
cases.” Generally, interactions in Fe''-Ln" systems are either antiferromagnetic or very

weak.**® Till now there is no Mn"-Ln™ (3d°-4f) SMM reported.

1

Since the Mn" ion possesses uniaxial anisotropy, and homometallic Mn-containing

complexes are often found to be SMMs, it is not surprising that combining both of the

50

anisotropic Mn"" and Dy" ions (3d*-4f) in the same systems can result in SMMs,” often

showing both QTM and hysteresis loops.soa'b The mixed valence Mn"™"V-Ln™ % and Mn'""

11 50d - o
Ln systems were also found to have slow relaxation of magnetization.

Zn"-Ln"™ (3d'%-4f) °'* and Cd"-Ln"" (4d'*-4f) complexes can be magnetically regarded

1T

as Ln" complexes since the d'® Zn" and Cd" ions are diamagnetic in nature. However, such

systems could display interesting photophysical properties resulting from Zn" or Cd".>"

1.2 Fluorescence Property

1b-¢c-52
316-¢-32 and have found

Lanthanide ions possess extremely interesting optical properties
applications in economical luminescent lamps, light emitting diodes, television and computer
displays, optical fibres, optical amplifiers and lasers. In addition, responsive luminescent stains
for biomedical analysis, medical diagnosis, and cell imaging rely heavily on lanthanide ions. The
recent effort has been devoted to near infrared (NIR) luminescent Ln"" (Nd, Yb or Er) complexes
with long-lived and characteristic line-like emission bands, because of their pivotal applications
in fluoro-immunoassays, organic light-emitting diodes (OLED) and optical telecommunication.
However, due to the forbidden parity for f—f transitions, the absorption coefficients of these

lanthanide ions are normally very low. Although many cyclic or acyclic aromatic ligands with

fully allowed m—n* transitions in the UV region have been designed for overcoming the low light

1T

absorbance of Ln™ ions, it is more difficult to find ligand-centered chromophores suitable for

wavelengths longer than the UV. A good source of strongly-absorbing chromophores spanning

5

the visible region is the d-block metal complexes >'° which can display absorption bands at

almost any desired wavelength, and the desired excited states (lLC, LG, SMLCT or 3LMCT),

I

have been demonstrated to transfer energy indirectly to Ln" ions efficiently. There is currently

growing interest in the synthesis and magnetic behavior of d—f heterometallic complexes with

S5la

compartmental Salen-type Schiff-base ligands,” “ although there have been relatively few studies

on the photo-physical properties of these compounds. Attention has also been given to the
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characterization of Zn/Cd-Schiff-base complexes with intense and tunable absorption maxima in

o s . .. . I -
the visible region, as antennae or sensitizers (donors) for luminescence of Ln™ ions complexes

(acceptors).”'* 2> Thus the combination of Zn" or Cd" with Ln"™ ions in a complex could result

in compounds showing a photo-magnetic effect.
1.3 Synthetic Strategies towards Coordination Clusters

1.3.1 3d Coordination Chemistry

A prerequisite for a magnetically-interesting coordination cluster is that the metal centres
are linked by bridging ligands that can mediate magnetic interactions between them. An
important strategy towards 3d polynuclear complexes has been to allow transition metal salts to
react under hydrolytic or solvolytic conditions with organic ligands. Small polynuclear oxo- or
hydroxo-bridges units form but are trapped by the chelating ligands, forming the coordination
cluster. The organic ligands both prevent the magnetic core from growing further, and also
prevent magnetic interactions with other molecules. Initially carboxylates were used for
construction of Mn-based SMMs.*® Later, cyanide,”” polyalcohol,” aminol, iminocarboxylate
and different Schiff-bases have all been used to prepare homometallic or heterometallic 3d-based
SMMs. It was often found useful to use a mixture of ligand and smaller co-ligands (such as
carboxylate or azide) that can provide additional bridging between the metal centres. In Mn-
based coordination clusters, hydroxide, oxide, azide or alkoxide bridges mediate better magnetic
interaction. Other 3d-based systems often contain fewer oxide bridges but more hydroxide
bridges. The advantage of this type of chemistry is that it can be carried out under ambient
conditions, or sometimes with relatively mild heating. The ligand systems can also be easily

modified to favour different structural motifs.

1.3.2 4f Coordination Chemistry
Since 4f metal ions are oxophilic in nature, many carboxylate based 4f compounds have

been prepared.38‘1 Oxygen-containing ligands such as o-vanillin have been utilized for the

synthesis of magnetically interesting triangular Dy"s; ***° and bis-triangular Dy ***

complexes. With Schiff-bases of o-vanillin, linear Dy",>” Dy''; ¥ and Dy, 36d complexes

were also reported. The phenolic O-atom acts as a bridge between the metal centers in the above
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mentioned compounds. For Ln containing complexes it is found that monoatomic bridges
(hydroxide, oxide or alkoxide) are better for mediating magnetic interaction. Thus chelating

amino-alcohol ligands® 6b-d

are finding increasing use in this respect.
1.3.3 3d-4f and 4d-4f Coordination Chemistry

For the construction of 3d-4f bimetallic complexes, Schiff-base ligands of salicyl
aldehyde or o-vanillin have been widely employed (Cu-Ln,*** Ni-Ln,** and Co-Ln*") because
of strong affinity of these ligands towards both 3d and 4f metal ions. For the synthesis of Ni'-
Ln"™ complexes, initially the Schiff-base ligand  {2,2'-[1-Methyl-1,2-propanediyl-

45a

bis(nitrilomethylidyne]-di(6-methoxyphenolato)} was utilized. Later on Schiff-bases of

45d 45c,i

tripodal tri-**" or tetraamines and either salicyldehyde or o-vanillin were used to
synthesize trinuclear Ni;Ln complexes. Amino acids, iminodiacetic acid and the oximes of
dipyridylketone and 2-pyridinealdehyde were used for the synthesis of NigLn, **° NiLn,, **
Ni,Lny, 43k LayoNi3o, 45h anoNi2145h and NigLng.451 Bis(2-pyridylcarbonyl)amine, a
thiophosphorous-containing tripodal hydrazone, the oxime of 2-pyridinealdehyde and the Schiff-
base of o-vanillin and 1,3-diaminopropane ligands have been employed for the synthesis of
NiDy,,** Ni,Dy,*® NisDy,** and Ni;Dy, ** compounds, respectively. Recently N-
alkyldiethanolamine ligands have been found to be very efficient for the preparation of 3d-4f
(Fe-Ln* and Mn-Ln °%) based SMMs. The magnetic centers may be connected through oxide,
hydroxide, alkoxy, azide or carboxylate bridges depending upon the ligand and magnetic coupler
used for the synthesis of the compounds. Thus, those ligands are desired which will not only bind
to different metal centers but also mediate magnetic coupling.

There are very few reports in the literature of the preparation of Cd"-Ln"™" compound.’ 2ab

52a

An imidazoledicaboxylate °~ or a mixture of carboxylate and 1,10-phenanthroline (phen) ligands

32* have been used to synthesize Cd"-Ln" compounds.

1.3.4 Ligand Selection and Synthetic Strategy

The main objective of this research is to construct heterometallic d-f coordination clusters
and to study their magnetic and/or optical properties. In contrast to M"-Ln"" systems, N-
alkyldiethanol ligands (Fig. 1.4) have mostly not been efficient in synthesizing heterometallic

MLa™ compounds containing lanthanide and divalent d ions, such as Ccu', Ni'", Co", Zn" and
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Ccd". In this work the diprotic  Schiff-base ligands  (E)-2-(2-hydroxy-3-
methoxybenzylideneamino)-phenol (H:L1), (E)-N"-(2-hydroxy-3-methoxybenzylidene)-
benzohydrazide (H;L2), (E)-N"-(2-hydroxy-3-methoxybenzylidene)-(2-hydroxy)benzohydrazide
(H3L3) and bis-(E)-N,N"-(2-hydroxy-3-methoxy)-benzylhydrazone (H,L4) were selected.

These ligands have previously been used in the synthesis of a small number of relatively
simple homometallic complexes. With H,L1, mononuclear metal complexes were reported. **

52e

Mononuclear Mn complexes52d and a CuH4 cubane were reported with H,L2. Some

mononuclear metal complexes with H;L3 were reported®*

without their crystal structures while
the cis-conformation of H,L4 is trapped in Dy, complex. ** The ligands H,L1, H,L2 and H;L3
have two pockets, I (ONO) and II (OO), the first of which is expected to have a good affinity for
divalent 3d ions, while the second pocket can coordinate oxophilic lanthanide ions. H,L.2 and
H;L3 are related to the enol form of H,LL1 (Fig. 1.4, top) and in the presence of metal ion ligands
can transform into different tautomers. It was therefore considered that these ligands were highly

suitable for the synthesis of complexes containing both divalent 3d ions and lanthanides.

3
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Fig. 1.4. All four ligands (H,L1, H,L2, H;L3 and H,;L4) are shown. For comparison N-
alkyldiethanolamine with pocket-I(ONO) (right).
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As a general synthetic strategy to prepared polynuclear clusters of d-f metal ions, the
appropriate mixture of divalent d and trivalent f metal ions was reacted with the ligand (H,L1 or
H,L2) in the presence of base (Et;N), mostly in methanol solution at room temperature. In
addition, 3d or 4f metal ions were also reacted separately with either HL.1 or H,L2 to make
homometallic 3d or 4f compounds. In some cases, clusters linked into higher nuclearity systems,
using either the modified ligands H;L3 or H,L4 or small bridging ligands such as oxalate. The
bridging modes of all four Schiff base ligands (H,L1, H,L2, H;L3 and H,L4,) are given above
(Fig. 1.4-1.6). In some of our systems CO, fixation has been observed and it is converted into

carbonate (COs>). Some of the selected bridging modes are given below (Fig. 1.7).
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Fig. 1.7. Selected bridging modes of carbonate (CO3%).
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1.4 Thesis Overview
This thesis describes the synthesis of homo- and heterometallic complexes which
have been crystallographically characterized and their magnetic and/or optical properties
investigated. The research results are divided into four chapters (3, 4, 5 and 6). Chapter 3
describes the synthetic strategy, crystal structure descriptions and magnetic properties of Ni'-4f
based coordination clusters. Chapter 4 describes the synthetic strategy, crystal structures and
magnetic and/or optical investigations of other 3d-4f and 4d-4f based coordination clusters along
with fluorescence properties of Zn"-4f and Cd"-4f compounds. Chapter 5 describes the synthetic
strategy, crystal structures and magnetic properties of tetranuclear 4f coordination clusters.
Chapter 6 describes the synthetic strategy, crystal structures and magnetic properties of Cu'-4f
coordination clusters. This chapter shows how some of those clusters could be linked or grown
into bigger clusters either by adjusting the synthetic technique or by modifying the organic
ligand, and the resulting effect on their magnetic properties. Chapter 7 summarizes the
experimental results and the findings of this research project, concluding with an outlook.
Chapter 8 gives the experimental details and describes the characterization techniques. Chapter 9
provides crystallographic data. Chapter 10 contains bibliography which supports the whole
research work.
Chapter 11 contains lists of coordination compounds, organic compounds and
abbreviations. Finally, the author acknowledges those people who have supported him while he
carried out this Ph.D. research and concluded it in the form of this thesis. Curriculum vitae, list

of publications, and details of conferences attended and poster presentations are also provided.
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Chapter 2: Research Objectives

It has been observed that the synthesis of coordination clusters showing SMM behavior is
mostly serendipitous.” Although some progress has been made in optimizing the magnetic
properties of existing SMMs, it is still not easy to control the key parameters in an existing
cluster. It is difficult to control the arrangement of the metal ions with respect to each other, the
magnetic coupling between them and the relative orientations of the single-ion anisotropy axes.
These three factors all have profound effects on the height of the energy barrier to spin
reorientation, the splitting of the magnetic states and the possibilities of Quantum Tunneling of
the Magnetization. In this thesis, a set of related ligands is used in a systematic study to target
new SMMs with improved properties.

The key requirement for SMM behavior is a combination of sufficient spin and uniaxial
anisotropy within the molecule. Some metal ions, such as Fe', Mn", Cr'™ and Gd"™, can
contribute high spin but minimal anisotropy, whereas others, such as Mn"™, Co" and most of the
trivalent lanthanide ions, can contribute high single ion anisotropy. Some of these ions can
contribute both spin and anisotropy. Previous work has shown that it can be advantageous to
introduce both spin and anisotropy into a coordination cluster using a combination of 3d and 4f
metal ions in a heterometallic complex.

To this end, Schiff-base ligands were designed incorporating two different pockets, each
with different sets of donor groups, in order to utilize the HSAB principle. Thus, one pocket has
an O;N donor set, while the other contains only O-donors suitable for oxophilic lanthanide ions.
A first objective was to investigate the coordination chemistry of these ligands with either a
single 3d ion or a single 4f ion. Drawing on these results, it was then possible to utilize the
ligands to design the syntheses of heterometallic 3d-4f complexes.

By concentrating on just a small set of related ligands, it was possible to use a highly
systematic approach, involving the variation of one reaction parameter at a time, towards the
synthesis of optimized SMMs. These studies were supported by full structural determinations
using single-crystal X-ray diffraction, detailed magnetic susceptibility measurements and in

appropriate cases (those containing d'® ions) optical studies.
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Chapter 3
Ni-Ln Coordination Clusters with (E)-2-(2-hydroxy-3-
methoxybenzylideneamino)-phenol (H,L1)

3.1 Introduction

The combination of a large ground state spin (S) along with (negative) magnetic
anisotropy (D), is a necessary condition for SMM behavior, creating an energy barrier to spin
reversal in an uniaxial (Ising type) system. Initially, S was thought to be the more essential
parameter for producing better SMMs, since the barrier height is given by the relation Uegy =
ID|S? for integer or [D|(S*— ¥4) for half-integer ground spin states. However, subsequently it has
been realized that enhancement of D is likely to be the deciding factor in increasing the barrier
height, since the parameter S is also implicated in equations describing spin-orbit coupling in
such a way that the contribution of this parameter is actually only proportional to S and not its
square.”’ Thus, as a result of these considerations much work has focused on the synthesis of
coordination magnetic compounds with both large S and D. The SMM behavior also depends on
certain pivotal parameters, such as the symmetry of the compound, the relative position of the
particular spin centers, the geometry of each ion, the magnitude of magnetic coupling, the
orientation of single-ion anisotropic axis, the ligand field etc. None of these parameters are easy
to control.

SMM behavior in purely Ni' based compounds, is not as well studied as that of Mn™
compounds,” even though Ni" ions have a favorable zero field splitting parameter D. Although
the single-ion anisotropy (D) can be bigger in Ni" ions (S = 1) as compared to Mn'"" ions (S = 2),
the spin is lower for Ni"" ions. The overall molecular D value is a tensor sum of the individual
single-ion terms. Consequently, more attentions have been given to Mn-Ln>® compounds in

4546

comparison with Ni-Ln compounds until recently. To date, among Dy"-Ni" compounds

(Ni,Ln, **¢ NigLn, *** NiLn,, *** NioLn,, *** LayNiszo, ™ LnyoNiz,*™ NigLng, *' Ni,Ln, +**4
NiDy,, ** Ni,Dy, *® NisDy, ** Ni,Dy, *' etc.) some (NiDy,, *** NiDy *** and NigLng **') show
slow relaxation but without an observable maximum peak in y” or %" vs T plots, while NiDy,, ***
Ni,Dy, *®® Ni;Dy, *¢ and Ni,Dy, *" are found to be SMMs (with a maximum in 3 or " vs T
plots). The Dy",Ni", *" compound has been found to have A =17 K, the highest among all Ln-
Ni based SMMs.
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N-alkyldiethanolamine ligands have been recognized as useful in the preparation of
compounds containing trivalent 3d ions and tri- or higher valent rare-earth 4f based compounds,
mostly in the presence of carboxylate as a co-ligand.*% However, the preparation of
compounds based on divalent 3d and trivalent 4f ions does not seem to be so straight forward.
For this, reason the design and synthesis of new ligands which can accommodate both 3d and 4f
metal ions is required.

The ligand (E)-2-(2-hydroxy-3-methoxybenzylideneamino)-phenol (H,L1) is a diprotic
Schiff base, similar to N-alkyl-diethanolamine (Fig. 1.4), but it is more rigid and has one extra
methoxy (OMe) arm. This ligand (H,L1) has been designed to have the two pockets, I (ONO)
and II (OO) (Fig. 1.4). The presence of an extra methoxy (OMe) arm helps by providing further

binding to the Ln" ions and thus a co-ligand may not be required.

3.2 Synthetic strategy
It is now well-known that factors such as the ratio, metal salt, temperature, solvent,
reaction time and so on can all affect the nature of the final product. A range of reaction

conditions have been investigated, leading to different products as shown in Table 3.1.

Table 3.1. Synthetic strategies of preparing Dy'""-Ni"' compounds (1, 2, 8, 13, 19 and 20).

Ratio * Solvent | Volume | Tempera Atmos Time of stir (min.)/ Compound

(mL) -ture -phere Crystallization (day)
A:B:C:E=1:1:2:5 DMF 10 150°C air 15/14 Dy,Ni, (1)
A:B:C:E=1:1:2:5 | MeOH 20 rt air 5-10/0.5 Dy,Ni, (2)
A:B:C:E=1:2:2:54 | MeOH 20 rt N» 1-2/7 Dy,Ni, (2)
A:B:C:E=1:2:2:54 | MeOH 20 rt air 1-2/7 Dy,Ni, (8)
A:B:C:E=1:1:1:3 | MeOH 20 rt air 521 Dy4Nig (13)
A:B:C:E=1:2:2:54 | MeOH 20 rt air 5/7 Dy,Nig (13)
A:B:C:E=1:1:2:54 | MeOH 20 N, 52 Dy,Nis (19)
A:B:C:D:E = MeOH 15 rt air 5/14 Dy4Nig (20)

2:2:1.22:1.1:4.8

(a) A= DY(NO3)36H20, B= NI(NO3)26H20, C= HQLI, D= H2C204'2H20 and E= Etg,N.
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The reaction of Dy(NOs);:6H,0O, Ni(NO;3),:6H,O and H,L1 in the presence of base
(EtsN), in the molar ratio 1:1:2:5 in DMF, produced red-green color, block-shaped crystals of
[Dy2Ni(L1)4(NO3)2(DMF);] (1) after two weeks. When the same reaction was performed using
MeOH in the same molar ratio of 1:1:2:5, light green, plate-shaped crystals of
[LnaNip(L1)4(NO3)2(MeOH),]-3MeOH [where Ln = Dy(2), Y(3), Gd(4), Tb(5), Ho(6), Er(7)]
were obtained within three hours provided the solution is stirred for 5-10 min and then left for
crystallization. Thus no effect on nuclearity of the compound was observed on changing the
reaction medium from DMF to MeOH. The crystal structures of 1-7 reveal that they all have
similar defect-dicubane structural topology.

If the reaction solution, which produces 2 is stirred for just 1-2 min before crystallization,
red block-like crystals were obtained after one week, the crystal structure of which reveals a non-
planar, distorted, U-shaped compound
[Dy2Niz(CO3)(L1)4(MeOH)g]2[Dy2Niz(COs3)(L1)4(MeOH)s(H,0)]: 14MeOH (8). If the same
reaction is performed in inert atmosphere it results in 2. The general formula of this series is
[LnyNiz(CO3)(L1)4(MeOH)g o[ LnaNin(CO3)(L1)4(MeOH)sx<(H20)<]- yMeOH [Ln = Dy(8), x = 1,
y =14; Ln = Sm(9), Eu(10), x =2,y =15; Ln = Gd(11), x =2,y =17 and Tb(12), x =1, y = 14].

The crystal structure of 8 shows that there is one carbonate (CO;%) and there are two

terminal ligands each of which are coordinated to each Dy™

ion. If the reaction which produces
8, is carried out in inert atmosphere, formation 2 is obtained. Thus the carbonate ligands results
from atmospheric CO; and it seems that the further growth of the nuclearity is prevented by

coordination of the ligand (L1)* to each Dy™

center. Hence the reaction parameters were
adjusted and the amounts of ligand base were decreased. When the reaction condition reaches a
ratio of Dy(NOs)3;-:6H,O:Ni(NO3),:6H,O:H,L1:EtsN equal to 1:1:1:3, octahedral shape, red-
brown crystals of [LnsNig(CO3)4(L1)3(NO3)(H20)s(MeOH)s] (NO3),'5SMeOH-4H,O [Ln =
Dy(13), Y(14), Gd(15), Tb(16), Ho(17) and Er(18)] are obtained. The yield is improved, if the
above ratio is changed to 1:2:2:5.4. The crystal structure shows that there are four CO5* which
unambiguously come from atmospheric CO,. To prove this, a similar reaction was performed in
same ratio (1:2:2:5.4) in MeOH under N, atmosphere, which resulted in green crystals of
[Dy2Nig(OH)2(L1)4(MeOH)4(NO3)4]-4MeOH (19) without any carbonate (COs™) in the structure.

11

Instead there are four NOs™ anions, two of which are coordinated to each Dy ion. Having in

mind the next step was to replace these nitrates by oxalates (C,04>) to link these units. Thus, in-
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situ reaction of Dy(NOs3);:6H,0:Ni(NOs),-6H,0:H,L1:H,C,04-2H,O:EtsN  in  the ratio
2:2:1.22:1.1:48 in MeOH led to the formation of [DysNig(OH)4(L1)s(MeOH)4
(H20)4(C204),](NO3)4-4H,0-8MeOH (20). The overall synthetic strategies of preparing Dy"'-Ni"
compounds (1, 2, 8, 13, 19 and 20) are given in Table 3.1.

In this chapter the syntheses, crystal structures and magnetic properties of compounds 1-

20 will be discussed.

3.2.1 Crystal structures of [Dy,;Ni>(L1)4(NO3)2(DMF);](1) and [Ln;Niy(L1)4(NO3),(MeOH);]|
:3MeOH (2-7); [ Ln = Dy(2), Y(3), Gd(4), Tb(5), Ho(6), Er(7)]:
The complex 1 crystallizes in the monoclinic space group P2;/n with inversion

11

symmetry. The asymmetric crystallographic unit contains one Ni' ion, one Dy" ion, two

dianionic ligands (L1)*, one nitrate (NOs") and one coordinated DMF molecule (Fig. 3.1, left).

Fig. 3.1. Molecular structure (left) and core (right) of coordination cluster in compound 1.

The Ni" ion has a distorted octahedral geometry with an OsN donor set, while the Dy

ion has a distorted square antiprismatic geometry with an O,N donor set. The Ni' ion is ligated
in pocket-I and is coordinated by ONO atoms on three equatorial positions while the fourth
equatorial and the axial positions are occupied by two ps-phenoxide O-atoms of the amino

phenol part of Schiff base ligands and one O-atom of the solvent (DMF) molecule. Each Dy
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ion is ligated by both pocket-I (ONO) and II (OO) from opposite directions, filling up the five
coordination sites. The sixth coordination site is occupied by p-O-atom (phenoxide) of the
aminophenol part of the Schiff base ligand and seventh and eighth sites are taken by two O-
atoms of a chelating nitrate.

The complex 1 has a heterometallic defect-dicubane or butterfly core (Dy,Ni,) with two

Ni" ions in the body positions and each Dy

ion in the wing positions (Fig. 3.1, right). Two
dianionic ligands (L1)* coordinate and bridge among the metal centers, one from above and one
from below the plane of co-planar Dy,Ni, unit, displaying n':n'm’:us (Fig. 1.5) bridging mode.
Two more ligands also bind and bridge side-wise to the Dy,Ni, core to display n'm%n'n%:ps
bridging mode (Fig. 1.5). Two ps3-phenoxide O-atoms of the aminophenol part of the Schiff base
ligands bridge Ni-Ni-Dy ions in a triangular fashion, one from above and another from below the
plane (O3-NilDyINil~ = 1.052 A) of the Dy,Ni, unit and other four bridging positions are
single-atomically bridged by alternating p-O-atoms of phenoxide of the aminol and aldehyde
part of the Schiff base ligands (L1)*. The Ni-O/N and Dy-O/N bond distances vary from
2.009(3) to 2.167(4) A and 2.148(3) to 2.503(4) A respectively. Selected distances and angles are
given in Table 3.2. There is n—n stacking (C-C = 3.5 A) interactions between the aromatic rings
within the complex 1. The closest inter complex Dy1-Dy1 distance is 7.678 A along the a-axis.
The structures of 2-4 and 6-7 are isomorphous to that of Tb,Niy (5) which was
structurally characterized, confirmed by the unit cell constants. The Tb,Ni, (5) and Dy,Ni, (1)
are structurally similar; two coordinated DMF on two Ni' ions in 1 are replaced by two MeOH

molecules in 5. There are hydrogen-bonding interactions between the molecules in 5.

Table 3.2. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 1.

Dyl—Ol 2.148 (3) Dyl—O7 2441(5) | Dyl—N3 2.873 (5)
Dyl—04 2.285 (3) Dyl—NI1 2460 (5) | Dyl—O5 2.503 (4)
Dyl—06' 2.310 (4) Dyl—O8 2479(4) | Dyl—O3 2.372 (3)
Nil—03 2.167 (4) Nil—03 2079(4) | Nil—06 2.041 (3)
Nil—O04 2.009 (3) Nil—O010 2050 (4) | Nil—N2 2.012 (5)
Dyl—Nil' 3.3913(7) | Dyl—Nil 3.4533(7) | Nil—O3—Nil' | 98.70 (16)
Nil—Dyl—Nil | 56.15(2) Dyl Nil—Dyl | 123.85(2) |Nil—O4—Dyl | 106.92 (15)
Nil—03—Dyl | 101.57 (14) | Nil—03—Dyl 96.59 (13) | Nil—O6—Dyl' | 102.23 (14)

Symmetry code: (i) —x+1, —p+1, —z+1.
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3.2.2 Static magnetic properties of compounds 1-7.

The temperature dependence of magnetic susceptibilities of complexes 1-7, were
measured on powdered samples in the temperature range 1.8-300 K under applied dc magnetic
field of 1 and/or 10 kOe. Selected dc magnetic data (Fig. 3.2-3.6) are given in Table 3.3. The T
values of 1-7 at room temperature are in good agreement with the theoretically expected T
values. The T product of Y",Ni',; (3) slowly increases with decreasing temperature to reach a
maximum of 3.13 cm® K mol™ at 7 K followed by a sharp fall to 1.88 cm’ K mol™ at 1.80 K. The
fall below 7 K is due to ZFS of Ni" ions (Fig. 3.4) and/or weak intermolecular antiferromagnetic
interactions. The shape of ¥T vs T plot of 3 indicates weak ferromagnetic coupling between two
Ni" centers in the defect-dicubane unit of Y",Ni", (3). The general trend of the 3T product vs T
plots (Fig. 3.2 and 3.4) is similar for all the complexes except 3 and 4, i.e, from room
temperature ¥ T product decreases with decreasing temperature because of depopulation of Stark
sub-levels, while the sharp increase at low temperature is due to ferromagnetic coupling between
Ni"-Ni" and Ni"-Ln" centers (implied from the maximum value at 1.8 K). The T values of 1-7

at 1.80 K are given in Table 3.3.

Table 3.3. The dc magnetic data of compounds 1-7.

Compound | Ground | yT expected for | yT measured at | T measured | Magnetization
state of | non-interacting 300 K per at1.8 Kper |at2Kand7T
Ln"™ ions per complex complex complex (ng)
ion (em*Kmol™) (em*Kmol™) (ecm*Kmol™)
Dy".Ni", (1) | °Hisp 30.34 30.61 58.97 14.26
Dy"Ni", (2) | °Hisp 30.34 31.11 60.28 14.70
Y',Ni'", (3) - 2.0 2.47 1.88 3.83
Gd",Ni", (4) *S1p 17.76 18.53 39.05 18.62
Tb",Ni", (5) "He 25.64 26.64 41.79 13.79
Ho™,Ni", (6) s 30.14 31.19 42.73 14.51
Er'", Ni',, (7) sy 24.96 25.97 24.86 13.82

The field dependence of magnetization of 1 and 2 rapidly increases below 1 T and at
higher fields, increases almost linearly and reaches the maximum value of 14.26 (1) and 14.70
ug (2) at 7 T without a true saturation at 2 K (Fig. 3.3). The magnetization at 2 K of Y',Ni',, (3)

slowly increases and reaches 3.83 ug at 7 T which is lower than 4 pg for two ferromagnetically
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coupled Ni" ions with S = 1 and g = 2.0. Both ¥ T vs T and M vs H plots of 3 suggest that two
Ni" jons are weakly ferromagnetically coupled in 3. The magnetization of Gd",Ni"; (4) at 2 K

reaches expected value of saturation of magnetization given in Table 3.3.
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Fig. 3.2. Plots of ¥ T vs T of 1 (left) and 2 (right) under indicated applied dc magnetic fields.

The magnetization of 5, 6 and 7 also rapidly increases below 1 T and at higher field
increases (Fig. 3.5-3.6) almost linearly to reach the maximum values given in Table 3.3. The
plots (Fig. 3.3-3.6) of reduced magnetization of 1-7 (M vs H/T plots) at different temperatures do
not superpose on to a single master curve, indicating the presence of low lying energy states

and/or anisotropy in the systems.*
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Fig. 3.3. Plots of M vs H and M vs H/T (inset) of 1 (left) and 2 (right).
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3.2.3 Dynamic magnetic properties of 1-7
The temperature dependent ac susceptibility measurements on the compounds (1-7) show

the presence of strong in-phase (y’) and out-of-phase (3 ") signals (Fig. 3.7) for both Dy",Ni",

(1 and 2) complexes and weak signal (without a maximum in %" and y"" vs T) (Fig. 3.8) for

Tb"™,Ni"; (5) below 10 K.
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Fig. 3.7. Plots of in-phase (") vs T (left) and out-of-phase (% ") vs T (right) of 1 (top) and 2
(bottom).

The blocking temperatures (maximum of " vs T plot) (Ty) of 1 and 2 are 3.2 and 4.2 K
at 1500 Hz respectively (Fig. 3.7). The 3D packing structure of 1 shows no H-bonding
interactions between molecules while, that of 2 reveals H-bonding interactions between the
molecules through the coordinated H,O on the Ni' ions. In addition, slight changes in bond

lengths and bond angles on replacing DMF (1) by water (2) molecule may result in the different
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blocking temperatures for 1 and 2. The slow relaxation of magnetization is similar in both the
complexes (1 and 2). Both the temperature (Fig. 3.7) and frequency dependent (Fig. 3.9) ac (y’
and ") signals are similar but complex 2 has a higher blocking temperature than that of 1. The
frequency dependent ac measurements (Fig. 3.10) at 1.8 K under different applied magnetic
fields infer the existence of QTM effects. Because of QTM, the SMMs can undergo faster
magnetic relaxation from one magnetic state to the other one by tunneling through the relaxation
energy barrier. The ac (x" and ") susceptibilities of 2 were recorded under 4 kOe applied dc
magnetic field (Fig. 3.11) to switch off the slow relaxation of magnetization through QTM
pathways and the blocking temperature of 2 was found to increase from 4.2 to 5.5 K (Fig. 3.11,
right).
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The linear fitting (t vs 1/T) on Arrhenius plots of 1 (Fig. 3.12) and 2 (Fig. 3.13) extracted
energy barriers (A) of 18.5 (1) and 21.3 K (2) under zero applied magnetic field with relaxation
time 1o = 5.4x107 (1) and 1.5%x10° s (2). The energy barrier of 2 was found to increase to 28.5 K
(Fig. 3.13, right) with 1o = 2.8x10 s (2) under applied dc magnetic field of 4 kOe.
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Fig. 3.11. Plots of " (left) and " vs log(v) (right) of 2 under 4 kOe applied dc magnetic field.
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Fig. 3.12. Arrhenius Plot of 1 under zero applied dc field.

The Cole-Cole plots (y"" vs y~ at different temperatures) of 1 and 2 are found to be
semicircular (Fig. 3.14) which is frequently noticed in SMMs or SCMs. All the ac measurements
on 1 and 2 indicate SMM behavior in both complexes. To confirm the SMM behavior, micro

SQUID measurements were performed on a single crystal of 1. The presence of temperature
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(Fig. 3.15, left) and sweep rate dependent (Fig. 3.15, right) step-like hysteresis loops below 1.2 K

confirms SMM behavior in 1.
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Fig. 3.13. Arrhenius Plots of 2 under applied fields of 0.0 (left) and 4 kOe (right).
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Fig. 3.15. Temperature (left) and sweep rate dependent (right) hysteresis loops of 1.

3.3.1 Crystal structures of [Ln;Ni»(CO3)(L1)s(MeOH)s]2[Ln;Niz(CO3)(L1)4(MeOH)g.«
(H,0)4]'yMeOH; [Ln = Dy(8), x =1,y =14; Ln = Sm(9), Eu(10), x =2,y = 15; Ln = Gd(11),
x=2,y=17 and Tb(12),x =1,y = 14].

The compounds 8-12 are isostructural and differ from each other with respect to either
coordinated or free solvent molecules. The structure of 8 is described here, and crystallizes in
monoclinic space group (C2/c). The asymmetric unit contains two different entities of Dy,Ni,
units; one is (Dy,Niy) and other one is (Dy,Niy)os. This indicates that within 8 there are two
kinds of Dy;Ni, molecules. One molecule contains six coordinated methanols
[Dy2Niy(L1)4(MeOH)s] and in on a general site, while the other one contains five coordinated
methanols and one water [Dy,Niy(L1)4(MeOH)s(H,0)], and is on a 2-fold axis with disorder the
ligands. Both molecules are structurally similar but differ with one H,O molecule in the place of
one MeOH molecule for the second one.

All the Ni" jons adopt a distorted octahedral geometry with an OsN donor set, while all
Dy ions adopted a distorted square antiprismatic geometry with an O;N donor set. The
complete molecule can be considered as a four-membered heterometallic (Dy,Ni,), non planar,
distorted U-shaped molecule with Dy-Ni-Ni-Dy torsion angle 80.74(2)°. There are two Ni" ions

111

at the bottom and two Dy ions at the top of the arms of the U. The further growth of this

molecule has been terminated by two more dianionic ligands (L1)*, each of which coordinated

11T

to each terminal Dy ion. There are two kinds of bridging modes displayed by (L1)*. One binds
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and bridges (n':n”m'm%pus) between the metal ions while other one only chelates to Dy™ ion

without bridging (n'm'm':w) (Fig. 1.5).

Fig. 3.16. Molecular structure (left) and core (right) of coordination cluster in compound 8.

The equatorial positions of each Ni' ion, are ligated by pocket-I (ONO) (scheme 3.1) and
one O-atom of CO5> while the axial positions are occupied by one MeOH and one p-O-atom of
iminophenol part of the ligand. Thus the Ni'’, unit is bridged by two p-O-atom of imino-phenol

part (Ni1-O-Ni2 = 90°). The OO (pocket-II) (scheme 3.1) coordination sites direct away from

1T

each other, occupied by the Dy ion. The Ni", unit is doubly bridged to each Dy" ion by one

phenolic p-O-atom and p-O-atom of COs* ion to the each side of Ni', unit. The coordination

11T

environment of each Dy" are completed by one terminal ligand (n':n':n":p1) and solvent

(MeOH/H,0) oxygen atoms.
The tetradentate carbonate (COs>) displays a n*:n’:p4 bridging mode (Fig. 1.7) and also

" jons through the

participates in hydrogen-bonding with coordinated MeOH/H,O on each Dy
non coordinated oxygen. The other MeOH molecules are not only coordinated to Ni'/Dy™ ion
but also are H-bonded to the phenolic oxygen of the ligand. The Nil-Ni2, Ni2-Dy1 and Ni2-Dyl
distances are 2.944, 3.506 and 3.491 A respectively. Selected distances and angles are given in

Table 3.4.
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Scheme 3.1. Ni" in pocket-I (ONO) and Dy ion in pocket-II (OO).

Table 3.4. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 8.

Dyl—06 2235 (3) Dyl—025 2.406 (3) Dyl—024 2.338 (3)
Dyl—O8 2.275 (3) Dyl—Ol 2.477 (3) Dyl—O12 2.368 (3)
Dyl—O13 2.521 (3) Dyl—NI 2.503 (4)

Dy2—029 2312 (3) Dy2—09 2.207 (3) Dy2—O11 2.286 (3)
Dy2—O15 2.340 (3) Dy2—028 2416 (3) Dy2—02 2.483 (3)
Dy2—N2 2.517 (4) Dy2—O016 2.532(3)

Nil—O14 2.040 (3) Nil—O12 1.990 (3) Nil—026 2.108 (3)
Nil—O1 2.069 (3) Nil—N3 2.000 (3) Nil—O17 2.132 (3)
Ni2—N4 2.009 (3) Ni2—02 2.061 (3) Ni2—O015 1.995 (3)
Ni2—O017 2.036 (3) Ni2—027 2.096 (3) Ni2—O014 2.158 (3)
Ni3—023' 2.125 (3) Ni3—Ni3' 2.9593 (10)

Nil— Nil' 2.945(5) Nil—01—Dyl 100.48 (10) | Ni2—02—Dy2 | 99.97 (10)
Nil— Dyl 3.505(4) Nil— Dy2 3.491(3) Ni3— Dy3 3.512(4)
Ni2—O17—Nil | 89.88(11) [ Nil—O12—Dyl | 106.76 (11) | Nil—O14—Ni2 | 89.05 (10)
Ni3—021—Dy3 | 107.46 (12) | Ni3—023—Ni3' | 90.48 (10) Ni2—O015—Dy2 | 107.03 (11)

Symmetry code: (i) —x+1, y, —z+1/2.

3.3.2 Static magnetic properties of 8-12

The dc magnetic data of 8-12 are summarized in Table 3.5. The room temperature yT

values (under applied dc magnetic field of 1 kOe) of all the complexes are in good agreement

with the theoretical values (Fig. 3.17). The Sm" ion has very low value of susceptibility, while,

Eu has a diamagnetic ground state. For Sm"™,Ni', (9) and Eu",Ni', (10) the experimental ¥ T
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values are higher because of population of low lying higher magnetic excited states. For 9, ¥ T
slowly decreases on decreasing temperature from room temperature value to 2.725 cm® K mol™
at 90 K and then slowly increases to 3.03 cm® K mol™ at 19 K followed by a gradual fall to 1.79
cm’® K mol™ at 1.8 K. The upturn is due to ferromagnetic coupling between Ni-Ni and/or Ni-Sm
centers and the fall at low temperature is due to ZFS of Ni'"/Sm' ions. For 10 the gradual
decrease of ¥ T on decreasing temperature is due to thermal depopulation of magnetic excited
states of Eu"" ions and reaches a plateau before it falls at low temperature. The plateau (3.80 cm’
K mol™) of ¥T vs T in the temperature range 50-7 K is because of additional ferromagnetic

1 - .
ions in 10.

interaction between Ni" and populated electrons on excited magnetic states of Eu
The Gd™ ions are ferromagnetically coupled to Ni" ions in 11 through oxygen bridges and thus
T product increases throughout the temperature ranges to reach 35.52 cm® K mol™ at 1.8 K (Fig.
3.17). The T products of 8 and 12 slowly decrease down to 30 K (due to depopulation of Stark
sub-levels) and then increase (possibly due to ferromagnetic coupling between Ni"-Dy"/Tb™

centers) till 4 K followed by a sharp fall till 1.8 K (due to ZFS of Ni"' and Dy""/Tb"" ions).

Table 3.5. The dc magnetic data of compounds 8-12.

Compound Ground | yT expected for | ¥T measured at | T measured | Magnetization
state of non-interacting 300 K per at 1.8 Kper |at2Kand7T
Ln" jon | ions per complex complex complex (1p)
(ecm*Kmol™) (cm*Kmol™) (ecm*Kmol™)
Dy",Ni", (8) °H s/ 30.34 30.38 28.94 14.47
Sm"™Ni", (9) °Hs)» 2.18 2.79 1.79 3.34
Eu",Ni", (10) ’F, 2.0 521 2.27 3.95
Gd",Ni", (11) ’Son 17.76 18.44 35.52 18.28
Tb"™Ni", (12) "He 25.64 26.00 30.39 13.74
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Fig. 3.17. Plots of T vs T of 8-12 (left) under applied dc magnetic field of 1 kOe. Plots of M vs
H and M vs H/T (inset) of 8 (right).
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Fig. 3.18. Plots of M vs H and M vs H/T (inset) of 9 (left) and 10 (right).

The magnetization (M) increases rapidly on increasing the dc magnetic field (H) for
complex Dy",Ni";, (8), Gd",Ni', (11) and Tb"™,Ni", (12) rapidly below 1 T, above which it
linearly increases till 7 T to reach maximum values of 14.47 (8) (Fig. 3.17, right), 18.28 (11)
(Fig. 3.19, left) and 13.74 pg (12) (Fig. 3.19, right) at 2 K. The corresponding M (Fig. 3.18) of
Sm"™,Ni', (9) and Eu",Ni', (10) increase less rapidly and reach the values at 7 T given in Table
3.5. The M vs H/T plots (Fig. 3.16-19, inset) for all the complexes (8-12) do not superpose on a
single master curve at different temperatures, indicating the presence of low lying energy states

and/or anisotropy in the systems.*
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Fig. 3.19. Plots of M vs H and M vs H/T (inset) of 11 (left) and 12 (right).

3.3.3 Dynamic magnetic properties of 8-12

The temperature dependent ac susceptibility measurements on all complexes (8-12)
reveal the presence of weak in-phase (") and out-of-phase (") signals (Fig. 3.20, left) below 15
K for Dy",Ni';; (8) and below 4 K for Tb",Ni"; (12). There is no maximum in x " and " vs T

plots for either of the complexes.
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Fig. 3.20. Plots of y"" vs T and %" vs T (inset) of 8 (left) and 12 (right).

This kind of slow relaxation of magnetization indicates that both 8 and 12 might be
SMMs with a blocking temperature below 1.8 K and/or they may possess quantum tunneling of
magnetization (QTM). The slow relaxation of magnetization could be faster through QTM

pathways leading to a lower blocking temperature (Ty).
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Fig. 3.21. In-phase (') and out-out-of phase (y'") vs frequency plots for 8 at 1.8 K under
different applied dc magnetic fields.

The y" and y"" vs frequency measurements (Fig. 3.21) were performed at 1.8 K under
applied dc magnetic fields from 0-1.5 kOe. The maximum of y"" (Fig. 3.21, right) shifts to lower
and higher frequencies from 0-750 Oe and 1000-1250 Oe respectively suggesting a small dc
magnetic field of 1 kOe could be sufficient to suppress the faster relaxation of magnetization
through QMT pathways. Thus, ¥ and y’~ vs frequency (Fig. 3.22) measurements were
performed under applied dc magnetic field of 1 kOe in the temperature range of 1.9 to 2.3 K. The
maximum in "~ vs frequency (Fig. 3.22, right) shifts from lower to higher frequency with the

increase of temperature.
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Fig. 3.22. In-phase (") and out-out-of phase (% ") vs frequency plots for 8 under 1 kOe applied
field.
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Fig. 3.23. Arrhenius plot (left) and Cole-Cole plots (" vs ") of 8 (right).

The data of Fig. 3.22 were used for the Arrhenius plot to evaluate the effective energy
barrier of slow relaxation (Fig. 3.23, left) and for Cole-Cole plots (Fig. 3.22, right). The Cole-
Cole plots look semi-circular, indicating single relaxation pathway. The linear fitting on
Arrhenius plots (t vs 1/T) of 8 (Fig. 3.12) gave energy barrier of 7.1 K (8) under 1 kOe applied
dc magnetic field with relaxation time to = 4.5x107 s (8) (Fig. 3.23, left). Micro SQUID
measurements were performed on single crystal of 8. Sweep rate dependent (Fig. 3.24, right),

hysteresis loops at 0.04 K showed extremely small coercitivities.
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Fig. 3.24. Temperature (left) and sweep rate dependent (right) hysteresis loop of 8.
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3.4.1 Crystal structures of ring like
[LnsNig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4|(NO3),'5MeOH-4H,0; [Ln = Dy(13), Y(14),
Gd(15), Th(16), Ho(17) and Er(18)]:

Complexes 13-18 are isomorphous (confirmed by the unit cell constants); hence only
structure of 13 is described below. The complex 13 crystallizes in the tetragonal space group P-
42,/c with a four-fold symmetry. The asymmetric crystallographic unit contains two Ni' ions,

"jon, two dianionic ligands (L1)*, one carbonate (CO3%), one coordinated MeOH, two

one Dy
coordinated H,O and one nitrate (NOj3"). All the Ni"' ions adopted a distorted octahedral
geometries with an OsN donor set, while all Dy™ ions adopted an Oy coordination environment
which can be best described as capped square anti-prism with O7 capping the square of O1, O2,
O11A and O8. The chelating nitrate ligands are disordered over two of the four Dy" ions in the
ring; these Dy ions have a nitrate and a water ligand, each of the other two Dy instead has three

water ligands.

Fig.3.25. Molecular structure (left) and core (right) of the coordination cluster in compound 13.
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The total molecule can be considered as a 12-membered heterometallic non-planar wheel

I 5ons. Both 8 and 13 had a similar Ni', unit with similar

with alternating Ni", units and Dy
bridging mode of the ligands. The equatorial positions of each Ni" ion, are ligated by pocket-I
(ONO) (Fig. 1.5 and Scheme 3.1) and one O-atom of COs> while the axial positions are
occupied by one MeOH and one p-O-atom of the iminophenol part of the ligand. Thus all Ni',
units are bridged by two iminophenol p-O-atoms (Nil-O6-Ni2 = 89.1(2) and Nil-O-Ni2" =
87.12(17)°). The OO (pocket II) (Fig. 1.5 and Scheme 3.1) coordination sites direct away from

jons. The Ni", unit and Dy"" ion are doubly bridged by one phenolic

each other ligating the Dy
p-O-atom and one p-O-atom of COs> ion. Each Dy ion is coordinated by four O-atoms of the
ligand and other five O-atoms coming from water and partially from nitrate anions. All four
COs”> ions come from atmospheric CO,. All four CO5* are ps and display n*mn'mps bridging
mode (Fig. 1.7). In the crystal structure, all four COs> are crystallographically equivalent and
bridge between both Ni" and Dy ions from the interior part of the NigDy4 molecule and make
H-bonds with coordinated H,O on each Dy'"" ion. This water molecule is not only coordinated to
Dy ion but also is H-bonded (for H-bonding distance see Table 3.6) between O-atom of COz™
ion and O-atom of imino-phenol part (O-O = 2.73 A). Selected bond lengths and angles are given

in the Table 3.6.

Table 3.6. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 13.

Dyl—04 2.320 (5) Dyl—Ol 2.456 (4) Dyl—O5 2.547 (6)
Dyl—02' 2.362 (5) Dyl—O12A 2.466 (13) Dyl—O8 2.600 (5)
Dyl—Ol11B 2367 (17) | Dyl—O12B 2.477 (13) Dyl—Ol1A 2.516 (17)
Dyl—O10 2.385 (5) 02—Dyl" 2.361 (5)

Nil—O1 2.059 (4) Nil—NI1 1.989 (6) Nil—O14 2.089 (5)
Nil—06 2.033 (5) Nil—O04 2.009 (5) Nil—O9" 2.142 (5)
Ni2—02' 2.049 (5) Ni2—O07 1.996 (5) Ni2—09 2.068 (5)
Ni2—O06' 2.102 (5) Ni2—N2 2.003 (6) Ni2—O03 2.060 (5)
Nil—Ni2 2.902 (5) Nil—Ni2 5.222 (6) Ni2—Ni2" 5.959(6)
Nil—Dyl 3.476(6) Ni2—Dyl 3.397(5) Ni2—Dy!' 5.622(5)
Nil—O6—Ni2" | 89.1 (2) Ni2—O09—Nil' | 87.12 (17) Ni2"—02—Dyl1" | 100.49 (19)
Nil—O4—Dyl | 106.60 (19) | Ni2—O7—Dyl | 104.7 (2) Nil—Ol1—Dyl | 100.31 (16)
010--03' 2.797 (7) 014041 2.745 (9) 031--011A 2.83 (2)
010--09" 2.729 (8) 031--011B 2.91(2)

Symmetry codes: (i) y, —x, —z+1; (ii) —y, x, —z+1.
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3.4.2 Static magnetic properties of 13-18

The dc magnetic data of 13-18 are summarized in Table 3.7. The room temperature T
values of all the complexes under applied dc magnetic field of 1 kOe are in good agreement with
the theoretical values (Fig. 3.26). On decreasing temperature the 4T product of 14 increases very
slowly from 8.36 cm® K mol” at room temperature to 8.93 cm® K mol™ at 55 K, below which
slowly decreases and finally falls to 1.56 cm® K mol™ at 1.8 K. The slight increase of 3T value at
higher temperature is due to weak ferromagnetic coupling and decrease at low temperatures is
due to ZFS of Ni" ions and/or weak intra/inter molecular antiferromagnetic coupling. Since Y™
is diamagnetic, Y'4Ni's (14) could be considered as ferromagnetically coupled four dimeric
Ni',0, units, which are weakly antiferromagnetically coupled to their nearest dimeric Ni',0,
units through syn-anti-COj; bridges.

The T product of Gd",;Ni"s (15) increases continuously from 40.64 cm® K mol” at room
temperature to 44.61 cm® K mol™ at 11 K and below that falls to 31.72 cm® K mol™ at 1.8 K. The
T product of Tb"™,Ni"s (16) follows the same trend as 15. The ¥ T products of Dy ,Ni' (13),
Ho™\Ni"s (17) and Er'",Ni's (18) slowly decrease down to 25 K (due to possible
antiferromagnetic coupling between Ni"-Dy"/Tb"" centers and depopulation of Stark sub-levels)

followed by a sharp fall till 1.8 K (due to ZFS of Ni"' and Dy""/Tb" ions).

Table 3.7. The dc magnetic data of compounds 13-18.

Compound | Ground | T expected for | T measured at | ¥ T measured at | Magnetization
state of | non-interacting 300 K per 1.8 K per at2 Kand 7T
Ln"™ ions per complex complex complex (1B)
ion (cm’Kmol™) (cm’Kmol™) (cm’Kmol™)
Dy",Ni's (13) | °Hisp 64.68 65.93 17.60 30.31
Y'",Ni' (14) - 8.0 8.36 1.56 8.36
Gd"\Ni"s (15) |  *S;» 39.42 40.65 31.72 37.74
Tb",Ni's (16) "Hy 55.28 55.40 14.68 29.92
Ho™\Ni' (17) ’Ig 64.28 64.07 18.87 31.51
Er'yNi"s (18) | *Lisp 53.92 54.55 20.24 28.48
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Fig.3.26. Plots of T vs T of 13-18 (left) under applied dc magnetic field of 1 kOe. Plots of M vs
H and M vs H/T (inset) of 13 (right).

The magnetization (M) of Y",Ni's (14) increases with increasing field (H), almost

linearly throughout the whole field range to reach a maximum value of 8.36 pup at 7 T, indicating

paramagnetic like behavior (Fig. 3.27, left). The dM/dH plot at 2 K has a broad maximum at 40

kOe which could be due to either field induced spin population or intermolecular

antiferromagnetic interactions. Intermolecular H-bonding was observed between the molecules

in this series of complexes.
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The magnetization value of Gd"\Ni's (15) smoothly increases to 37.74 ug at 7 T (Fig.
3.27, right). The 4 Gd" ions are weakly ferromagnetically coupled to the corresponding Ni"
ions, thus contributing 28 pp to the magnetization. Hence, the expected magnetization for 15 is

36.36 pug which is very close to the experimental magnetization value of 37.74 .
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Fig. 3.28. Plots of M vs H and M vs H/T (inset) of 16 (left) and 17 (right).

T T T T j M
I "',,_..!
25 "—2K e _
Cm >
20 ‘ 3 K > ¥ -~ "
i ,|1-‘-7' =
m ] 2l e
- -~
=151 2 §
o d 20 "
L e
10- !‘,: | ] 5915- { i
hd 104
N | ]
y A7
-
"P ° ] 10000 20000 30000
O ! i . . . HITJ'O_E'I_K .
0 20000 py/0e 40000 60000

Fig. 3.29. Plots of M vs H and M vs H/T (inset) of 18.

The magnetizations of complexes Dy"4Ni'g (13), Tb"™,Ni"s (16) and Ho"4Ni's (17)
increase rapidly below 1T and then linearly increase till 7 T to reach maximum values of 30.31
(13) (Fig. 3.26, right), 29.92 (16) (Fig. 3.28, left) and 31.51 (17) (Fig. 3.28, right) at 2 K without
saturation. The M vs H/T plots at different temperatures (Fig. 3.26-28, inset) for all the
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complexes (13-18) do not superpose on to single master curve, indicating the presence of low

lying energy states and/or anisotropy in the systems.*

3.4.3 Dynamic magnetic properties of 13-18

The temperature dependence of ac susceptibility measurements on the complexes (13-18)
reveal the presence of weak in-phase (') and out-of-phase (") signals (Fig. 3.30, left) in
Dy",Ni's (13) below 5 K. There are broad maxima in x’ vs T plots but the maxima are not
obvious in " vs T plots of 13, indicating a blocking temperature (Ty,) below 1.8 K and/or the
presence of QTM. The slow relaxation of magnetization could be faster through QTM pathways,

lowering the effective energy barrier. To investigate this, frequency dependence of ac

susceptibilities were measured under small applied dc magnetic field.
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Fig. 3.30. Plots of ac susceptibility vs temperature (top) and frequency (bottom) of 13.
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Fig. 3.31. Plots of ac susceptibility vs frequency of 13 at 1.8 K under indicated dc fields.
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Fig. 3.32. Plots of ac susceptibility vs frequency of 13 under 2 kOe dc field at indicated

temperatures.

The " and " vs frequency (Fig. 6.31) measurements were performed at 1.8 K with dc
fields of 0.5-2.0 kOe. The peak of " (Fig. 3.31, right) moves from higher to lower frequency
from 0.5-2.0 kOe respectively. This measurement does not envisage the presence of QTM
pathways. Thus " and "~ vs frequency measurements are performed under applied zero (Fig.
3.30, bottom) and 2.0 kOe (Fig. 3.32) dc magnetic field. The peak in " vs frequency (Fig. 3.32,
right) moves from lower to higher frequency with the increase of T. The data of Fig. 3.32 were

used for Arrhenius plot to evaluate the effective energy barrier of slow relaxation (Fig. 3.33,
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right) and for Cole-Cole plots (Fig. 3.33, left). The Cole-Cole plots looks semi-circular,

indicating single relaxation pathway.
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Fig. 3.33. The Cole-Cole (left) and Arrhenius (right) plots of 13. Red line represents the fitting
(right).
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Fig. 3.34. Temperature (left) and sweep rate dependent (right) hysteresis loops of 13.

The linear fitting to the Arrhenius plot (t vs 1/T) for 13 (Fig. 3.33, right) gave an energy
barrier of 9.0 (13) under an applied dc magnetic field of 2 kOe, with relaxation time to = 1.4x10°
6 (13) (Fig. 3.33, right). To confirm SMM behavior, micro SQUID measurements were
performed on single crystal of 13. The presence of temperature (Fig. 3.34, left) and sweep rate

dependent (Fig. 3.34, right) hysteresis loops below 0.8 K confirms SMM behavior in 13.
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3.5.1 Crystal structure of half-ring like [Dy,Nis(OH),(L1)4(MeOH)4(NO3)4].4MeOH (19):
The hexanuclear heterometallic complex 19 crystallizes in space group P2i/n. The

molecular structure is shown in Fig. 3.35.

Fig. 3.35. Molecular structure (left) and core (right) of coordination cluster in compound 19.

All the Ni" ions adopt a distorted octahedral geometry with an OsN donor set, and the
Dy"" ions a distorted capped square antiprismatic geometry with an Oy donor set. The complex
19 contains a butterfly shaped {Nis(p3-OH)2(L1)4(MeOH),} unit with two Dy'" ions at the end of
the central Ni'; butterfly unit. Each Ni" ion is coordinated by one dianionic ligand
(m":m* " n’:u; Fig. 1.5) into pocket-I (ONO) (Scheme 3.1) in such a manner that two
phenoxide O-atoms of the aminophenol part of the ligand act as a ps bridge (O1-Ni1DyINi3 =
0.917 and O2-Ni2Dy2Ni4 = 0.913 A) in the middle of the Ni"y butterfly unit and the other two
act as p bridges between wing-body Ni'-Ni" ions (Nil-Ni3 and Ni2-Ni4). All four dianionic
ligands use their pocket-I (Scheme 3.1) for Ni" ions, directing their pocket II (Scheme 3.1)
alternatively towards the opposite end of the Ni'y butterfly unit. Thus each Dy" ion is
coordinated by two alternate-ligands into their pocket-II (OO) at opposite ends of the molecular
unit. There are two kinds of bridging modes (n': n*: n': n*:us and n': n*: n': n’: s in Fig. 1.5)
displayed by the dianionic ligands. There are two p3-OH™ groups; coming from each side of Ni'y

butterfly unit, bridging among wing-body Ni"-Ni" jons (Nil-Ni3 or Ni2-Ni4) and one Dy"" ion.
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Thus, the overall Ni', O, butterfly core connects to two DyIII

ions by two us-OH’ groups in such
a manner that the two phenoxide O-atoms of o-vanillin part of the ligands act as p-bridges
between one Dy ion and one wing/body Ni" ion of the Ni'y butterfly core at opposite sides.
There are four coordinated MeOH; two are coordinated to two wing-Ni"" ions (Ni3 and Ni4) of
Ni'; butterfly units and the rest two to two Dy'" ions respectively. There are two chelating
nitrates on Dy2 while one chelating and one terminally coordinating nitrates are on Dyl center.
The angle between NilDyINi3 and Ni2Dy2Ni4 is 80.85°. The four coordinated MeOH solvent

molecules are making H-bonding to neighboring phenolic O-atoms/nitrates. The crystal lattice of

19 contains four MeOH solvent molecules around the cluster. Selected bond lengths and angles

are given in the Table 3.8.

Table 3.8. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 19.

Dyl—O03 2.293 (3) Dyl—O16 2394 (4) | Dy2—OI12 2.323 (3)
Dyl—09 2.295 (3) Dyl—04 2.568(3) | Dy2—06 2.324 (3)
Dyl—Ol 2.348 (3) Dyl—O010 2.607(3) | Dy2—025B 2.35(2)
Dyl—O18B 2.354 (9) Dyl—O15 2701 (4) | Dy2—024 2.364 (5)
Dyl—027 2.375(3) Dyl—Nil 3.4717(6) | Dy2—028 2.396 (4)
Dyl—O18A 2.391 (8) Dyl—Ni3 3.4841(7) | Dy2—02 2411 (3)
Dy2—O13 2.550 (4) Dy2—021 2590 (5) | Dy2—022 2.587 (7)
Dy2—07 2.631 (4) Ni3—N3 2.020 (4)
Nil—O3 2.014 (3) Ni2—O06 2018(3) | Ni3—Ol 2.044 (3)
Nil—NI 2.035 (4) Ni2—N2 2.033(4) | Ni3—09 2.069 (3)
Nil—O8 2.046 (3) Ni2—O05 2.055(3) | Ni3—029 2.072 (4)
Nil—O014 2.061 (3) Ni2—Ol1 2.068(3) | Ni3—O8 2.087 (3)
Nil—O1 2.136 (3) Ni2—02 2.102(3) | Ni3—Ol1 2.122 (3)
Nil—O5 2.137 (3) Ni2—O08 2.181(3) | Ni4—05 2.118 (3)
Nid—N4 2.027 (4) Ni4—02 2.059(3) | Ni4—O14 2.126 3)
Ni4—O012 2.047 (3) Ni4—030 2.094 (4) | Nil—Ni2 2.9708 (8)
Nil—Ni3 3.292(3) Nil—Ni4 3.106(4) Ni2—Ni3 3.092(3)
Ni3—OI—Nil | 103.91 (14) | Ni4—02—Ni2 104.92 (14) | Ni2—Ni4 3.299(6)
Ni3—Ol—Dyl | 10477 (13) | Ni4—02—Dy2 | 104.31(13) | Nil—O3—Dyl | 107.25 (13)
Nil—Ol—Dyl | 10137 (12) |Ni2—02—Dy2 | 101.73(13) | Nil—O14—Ni4 | 95.76 (12)
Ni3—09—Dyl | 105.84 (13) | Nil—O8—Ni2 | 89.24(11) | Ni2—OI11—Ni3 | 95.11(12)
Ni2—06—Dy2 | 10747 (14) | Ni3—O8—Ni2 | 92.82(12) | Nil—O8—Ni3 | 105.57 (14)
Ni2—O05—Ni4 | 10453 (13) | Ni4—O5—Nil | 93.80 (12) | Ni2—O5—Nil | 90.25(11)
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3.5.2 Static magnetic properties of the Dy,Ni4 half-ring (19)

The room temperature T product of 19 under applied dc magnetic field of 1 kOe is
35.72 cm® K mol™ which is close to the theoretically calculated value of 32.34 cm® K mol™ for
four non-interacting Ni" ions (with S = 1, g = 2.0) and two Dy"" ions (with °H;sp, g = 4/3, S =
5/2). The higher value is probably due to the higher g (= 2.20) value of the Ni' ions. The yT
product gradually decreases with decreasing temperature from the room temperature value to
30.93 cm® K mol™ at 6 K followed by slight increase to 31.30 cm® K mol™ at 3.5 K and finally
falling to 29.98 cm® K mol™ at 1.8 K. The ferrimagnetic like shape of the xT vs T plot (Fig. 3.36,
left) results from the combination of the depopulation of Stark sub-levels at higher temperatures,
weak ferromagnetic interaction (between Ni'-Dy") and ZFS of Ni'/Dy" ions at low

temperature.
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Fig.3.36. Plots of ¥ T vs T (left), M (right) and M vs H/T (right, inset) of 19.

The field dependent magnetization measurements show that magnetization of 19
increases rapidly below 1 T and increases linearly at higher field without reaching true
saturation, indicating the presence of magnetic anisotropy in the system. The maximum
magnetization value of 19 is 14.52 ug which is lower than the sum for four ferromagnetically
coupled Ni' ions (S = 1, g = 2.0) and two Dy"" ions. The low experimental magnetization value
of 19 at 2 K is plausibly because of lack of saturation and/or antiferromagnetic coupling between

Ni" and Ni" and/or Ni" and Dy". Moreover, M vs H/T plots at different temperatures do not
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superpose (Fig. 3.36, right-inset) on to a single master curve, also indicating the presence of low

lying energy state and/or anisotropy in the systems.*

3.5.3 Dynamic magnetic properties of the Dy,Ni4 half-ring (19)
The temperature dependent ac susceptibility measurements of complex (19) reveal the
presence of strong in-phase (y") and out-of-phase (y ") signals (Fig. 3.34) in Dy",Ni"; (19)

below 10 K. The shape of x" and %"~ vs T plots indicates that there could be two associated

relaxation processes.
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Fig. 3.38. Plots of " (left) and " (right) vs frequency of 19 under zero dc field.
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The %" and x"" vs frequency (Fig. 3.38) measurements were performed under zero
applied dc magnetic field in the temperature range of 1.8 to 3.5 K. Both the ¥ and %" vs
frequency plots show two peaks (Fig. 3.38) moving from higher to lower frequency also
indicating involvement of two clear relaxation processes. This is supported by the Cole-Cole
plots which show the beginning of a second semicircle (Fig. 3.39). The linear fitting to the
Arrhenius plots (t vs 1/T) of 19 (Fig. 3.40) gave two energy barriers; one 10.6 K (Fig. 3.40, left)
and the other 23.6 K (Fig. 3.40, right) under zero applied dc magnetic field with relaxation times
19 =4.3%x10" s and 5.6x10” s respectively.
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Fig. 3.39. Cole-Cole plots of 19 under zero dc field.
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3.6.1 Crystal structure of complex
[DysNig(OH)4(L1)s(MeOH)4(H20)4(C204):](NO3)44H,0-8MeOH (20)

The dodecanuclear heterometallic complex 20 crystallizes in C2/m space group with 2/m
symmetry. The asymmetric crystallographic unit contains one Dy'"" ion, two Ni' ions, one OH’
group, two doubly deprotonated dianionic ligands (L1)*, half of a dianionic oxalate (C;04%), one

fourth of a mono anionic nitrate (NOj3"), one coordinated H,O and one MeOH molecule.

Fig. 3.41. Molecular structure (left) and core (right) of coordination cluster in compound 20.

The complex [DY4Ni8(OH)4(L1)8(MCOH)8(C204)2]4+ (20) can be divided into two units
({DyzNi4(u3—OH)2(CzO4)(L1)4(MeOH)4}2+) similar to those found in 19 (Fig. 3.41), where
nitrates are replaced by oxalates. All the Ni' adopt a distorted octahedral geometry with an OsN

donor set while the Dy

ions adopt a square antiprismatic geometry with an Og donor set. These
two  {Dy:Nig(us-OH)o(L1)4}*" units are connected into a ring like {Dy,Nig(us-
OH)4(L1)3(C204)2(MeOH)s}** unit (20) through two dianionic oxalate ligands. There are eight
coordinated MeOH molecules of which four are coordinated to four wing-Ni" ions of each
butterfly unit and four to Dy ions. Those four p3-OH groups, four H>O and four MeOH solvent
molecules are so oriented that they all together create a hydrophilic hole within the ring like
dodecanuclear complex 20 which is big enough to trap one nitrate anion (NO3") stabilized by H-
bonding. For the charge balance there are three more disordered nitrate anions outside the ring.

Selected bond lengths and angles are given in Table 3.9. Ol lies 0.921 A out of the
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corresponding NilDyINi2 plane and the dihedral angle between the two NilDyINi2 planes are

is 82.97°.

Table 3.9. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 20.

Dyl—O05 2.290 (4) Dyl—O03 2.479 (3) Dyl—O031 2.392 (3)
Dyl—02 2.297 (3) Dyl—06 2515 (4) Dyl—O8 2.345 (4)
Dyl—Ol 2.308 (3) Dyl—032 2.335(3) Nil—O2 2.015 (3)
Nil—O04 2.142 (3) Nil—O4' 2.054 (3) Nil—O7' 2.065 (3)
Nil—O1 2.129 (3) Nil—N1 2.031 (4) Ni2—N2 2.008 (4)
Ni2—O5 2.053 (3) Ni2—09 2.076 (4) Ni2—O7 2.111 (3)
Ni2—Ol 2.073 (3) Ni2—O4' 2.090 (3) O7—Nil 2.065 (3)
Dyl—Nil 3.4672 (6) | Nil—N;jl' 2.9841(12) | Dyl—Ni2 3.4508 (7)
Nil—O1—Dyl | 102.72 (13) | Nil'—04—Ni2' | 105.08 (14) | Nil—O04—Nil | 90.64 (12)
Nil—02—Dyl | 106.86 (13) | Ni2—O5—Dy] 105.10 (14) | Ni2—O4—Nil | 92.40 (12)
Nil'—O7—Ni2 [ 94.05(14) | Ni2—OI1—Nil 103.07 (14) | Ni2—O1—Dyl | 103.81 (13)

Symmetry codes: (i) —x+1, y, —z+1.

3.6.2 Static magnetic properties of 20.

The room temperature T product of 20 is 65.30 cm® K mol” which is slightly larger than the
theoretically calculated value of 64.68 cm® K mol™ for eight non-interacting Ni" ions (with S = 1,
g = 2.0) and four Dy" ions (with °H;s;, g = 4/3, S = 5/2). The % T product gradually decreases on

decreasing the temperature from room temperature to 100 K (63.44 cm® K mol™) below which it

more rapidly decreases till 1.8 K (47.45 cm® K mol™).
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Fig.3.42. Plots of T vs T (left), M (right) and M vs H/T (right, inset) of 20.
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The shape of the xT vs T plot (Fig. 3.42, left) results from the combination of the
depopulations of Stark sub-levels at higher temperatures, weak intramolecular antiferromagnetic
interactions and ZFS of Ni'/Dy™ ions at low temperature. The shape of ¥T vs T plot of 20
suggests antiferromagnetic interactions between the two Dy;Nis units of 20 through oxalate
bridges (C,047) and/or p;-OH-NO; supramolecular pathways. The field dependent
magnetization measurements show that M increases rapidly below 1 T and increases linearly at
higher field without reaching true saturation indicating the presence of magnetic anisotropy in
the system. The rate of increase of M is less than that of 19. The maximum magnetization (Ms)
value of 20 is 29.15 pg which is all most double the Mg value of 19 but lower than the sum for
all ferromagnetically coupled Ni" ions (S = 1, g = 2.0) and Dy" ions (5.58 pg) ions (16 + 22.32
= 38.32 up) as for 19. Moreover, M vs H/T plots at different temperatures do not superpose (Fig.
3.42, right-inset) on a single master curve, also indicating the presence of low lying energy states

and/or anisotropy in the systems.*

3.6.3 Dynamic magnetic properties of 20.

The temperature dependent ac susceptibility measurements on complexes 20 reveal the
presence of detectable in-phase (") and out-of-phase (") signals (Fig. 3.43) below 6 K without
a maximum in " and y"" vs T plots. This kind of slow relaxation indicates that 20 may be a

SMM with a blocking temperature below 1.8 K.
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A structural comparison of 19 and 20 (based on their bond parameters; Table 3.8 and 3.9)
illustrates the differences in their magnetic properties. For both the complexes 19 and 20, there is
a decrease of ¥ T at low temperature (Fig. 3.36 and 3.42, left) but this is more pronounced in 20
than that in 19. The relaxation dynamics of 20 have dramatically changed and the ac signals have
been partially suppressed upon linking the two Dy,Ni4 units through oxalate (C,04>) bridges.
The average pu3-HO-Ni,Dy/RO-Ni; distances are 0.915/1.068 (19) and 0.921/1.151 A (20)
above/below the two NiDy-Ni,Dy/Ni;-Nis triangular planes which change from 80.85/120.56
(19) to 82.97°/125.21° (20). The coordination geometries of both the DyHI ions changed from a
nine coordinated capped square antiprism in 19 to an eight coordinated distorted square
antiprism in 20. Additionally, there are some supramolecular pathways through p;-OH:-NOj5
bridges between two Ni' units in 20 (Fig. 3.41, right). The dipolar interactions between the two
Ni'; units through these supramolecular pathways (p3-OH--NOj) are likely to be weakly

antiferromagnetic and/or the magnetic interaction between two Dy

ions may be weakly
antiferromagnetic. But a weak ferromagnetic interaction has been reported in a single oxalate
bridged Dy, dimer.>” However, magnetic interaction between two Dy"! ions may also depend

upon their anisotropy.37b

3.7 Discussion

The reaction of Dy(NOs3);:6H,0, Ni(NO3),-6H,O and H,L1 in 10 mL of DMF in the
presence of base (Et;N) in the molar ratio of 1:1:2:5 with heating led to the formation of red-
brown block-shaped crystals of Dy,;Ni, (1) with a defect-dicubane topology after two weeks. For

1 - .. .
ions. The similar reaction

charge balance it contains two nitrates (NOj3") coordinated to two Dy
in the same molar ratio carried out in MeOH gave green-yellow color plate-shaped crystals of
Dy»Ni, (2) with similar topology after 12 hours, with two coordinated MeOH (2) instead of two
DMEF (1). If the stirring time of the reaction, which produces 2 is reduced to 1-2 min instead of 5-
10 min, the color of the solution slowly turns from green to brown on standing for a week in air.
The red-brown prism-shaped crystals of Dy,Ni, (8) slowly form upon slow evaporation from air.
The crystal structure reveals that there is a n*m*:py carbonate (COs™) rather than two nitrates
(NO3") in the structure of the distorted non-planar Dy,Ni, (8). If the reaction is carried out in

inert atmosphere (N,), it does not change its color (i.e. remains green) and exclusively produces

the defect-dicubane Dy,Ni, (2). The incorporation of carbonate (COs>) into the structure has
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changed the topology of the core with opening of the defect-dicubane Dy,Ni, into a distorted
non-planar U-shaped Dy,Ni, core.

When a similar reaction is carried out with double amount of Ni" ions leads to the
formation of the non-planar ring like Dy4Nig (13) with four n*n':n*us bridging carbonates
(CO5™) and four non-coordinated nitrates (NO3"). The same product is also obtained from the
reaction in which the ratio of Dy":Ni" remains 1:1, but amounts of ligand and base are slowly
decreased. This observation implies that growth of nuclearity has been prevented by the terminal
ligands in Dy;Ni;, (8), while the growth of nuclearity has been extended to Dy4Nig (13) when the
number of ligands is smaller. The mechanism of formation of 8 and 13 has been illustrated in
Scheme 3.2. Such CO, fixation also has been previously reported. The p-OH™ bridged {M",(u-
OH)} active species has been suggested.™ A similar kind of intermediate species (intermediate-
1I) is plausibly involved (in our reaction conditions) in the basic solution which can react slowly

1 ons

with dissolve CO, gas to form dianionic intermediate-II1I which later on binds to two Dy
from solution with coordination of two dianionic ligands (L1%) to produce 8. If the amount of
ligand in the solution is reduced relative to the Dy" ions (intermediate-III:Dy"™ = 1:1), 13 is
formed.

The reaction with the same molar ratio which produces Dy4Nig (13), was carried out in
inert atmosphere (N,) and produces Dy,;Nis (19) with four coordinated nitrate anions (NOs’)
rather than producing Dy4Nig (13). Since the semi-circular shaped 19 contains two NO; ligands
towards same direction, they (NO3) could be substituted by two oxalates (C;04%) to synthesize
ring like Dy4Nig (20). Two common Dy;Ni4 units of 19 are bridged to form Dy4Nig unit in 20.

The implication of involvement of intermediate-II as an active species was confirmed
when the reaction is carried out in inert atmosphere (N,). Two strained intermediate-1I can
dimmerize to construct (intermediate-IV) (Scheme 3.3) the core of Ni'y of 19 with minor
rearrangement. Indeed, OH" is found to bridge in p-fashion between two Ni' and can then ligate

Dy jons resulting in a ps-bridging mode (DyNi,). Additionally, in the presence of oxalate
(CL,047), it produces 20 (Scheme 3.4) before it can react with CO; (Scheme 3.2).
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Scheme 3.3. The proposed mechanism of formation of 19. The intermediate-1V (bottom, right) is

active species for the formation of 19.

20
Scheme 3.4. The proposed mechanism (substitution of 4NO3™ by 2C,04>) of conversation of 19

into 20.
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The syntheses, crystal structures and magnetic properties of six new series of different

nuclearity Ni'-Ln™ complexes (1-20) have been presented in this chapter. The brief synthetic

strategies were given in discussion part, Table 3.1 and Scheme 3.2-3.4. The magnetic cores of

the most of the complexes are unprecedented.

In all the complexes (1-20), ferromagnetic interactions are observed between Ni' and/or

Ni'-Ln" ions. Dynamic measurements show that the Ni'-Dy" compounds exhibit slow

. . i I . . .
relaxation behavior, as do some of the Ni -Tb™ analogues. The ac properties are summarized in

Table 3.10.

Table 3.10. The ac data of Dy"'-Ni" compounds (1, 2, 8, 13, 19 and 20).

Compound | Dy;Ni, (1) | Dy,Ni; (2) | Dy,Nip (8) | DysNig (13) Dy,Niy (19) Dy,Nig (20)
QT™M observed observed observed observed Not observed | Not observed
No. of one one one one two -
processes
Ty (K) 3.2 4.2 0.04 0.8 4.0 <1.8
A (K) 18.54 21.33 7.14 8.97 10.62 and 23.56 -
5.4x107 1.5x10° 4.5x10”7 1.4x10° 4.3x107 and -
To ()

5.6x107




64

Chapter 4
Other 3d-Ln and 4d-Ln Coordination Clusters with (E)-2-(2-hydroxy-3-
methoxy-benzylideneamino)phenol (H,L1)

4.1 Introduction

Ni-Ln coordination clusters were described in the previous chapter. The Ni" ion (3d%)
frequently adopts either square planar or octahedral geometry. Ionic radius decreases with
increasing atomic number, although for the transition metals the coordination geometry and
electronic configuration of the ion must be taken into account. On the other hand, the M" ions to
the left and right of Ni" show more flexibility in their coordination geometries. The M" ions
from Co to Zn can be conveniently considered as late 3d transition metal ions and illustrate
interesting trends pertinent to their position in the periodic table. All four have relatively plastic
coordination spheres with 4, 5 and 6 coordination number geometries being known, in some
cases with distortions from ideality as a result of balancing ligand field and electrostatic effects.
For example, considering the 6-coordinate case several factors can be taken into account, firstly,
for Co" both high and low spin configurations are possible and both can be subject to Jahn-Teller
distortion. On the other hand, for Ni", the d® configuration often leads to square planar
coordination geometries as a result of ligand field effects stabilizing 16 electron complexes. For
octahedral ligand fields this configuration should represent the maximum in stability for high
spin complexes. However, as a result of J-T distortion in 6 coordinate Cu' complexes, the
maximum is actually found for this d’ configuration (Irving-Williams series). In addition, partly
as a result of the electron configurations and partly from the significantly smaller ionic radii at
this end of the first row of the d-block elements, many examples of 5 coordinate complexes are
known with geometries often intermediate between trigonal bipyramidal and square-based
pyramidal (the degree of distortion can be quantified via Addison and Reedijk’s t parameter).

These factors can exert tremendous influence on the nuclearity of the final product even
when identical reaction conditions are used. Although Zn" ions are diamagnetic, Ln'"'-Zn"
compounds can be interesting because of the luminescence of this ion as was found in this work.
Similarly, although, Cu" ions are magnetically isotropic quantum spins they can mediate strong
and often ferromagnetic coupling with Ln" ions.*> Here the Dy/Tb-Cu systems were found to

have fascinating SMM properties. The Co'-based clusters prove to be magnetically fascinating
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as a result of the first order orbital angular momentum and very large Ising type single ion
magnetic anisotropy.

m ions, and in

As has already been shown in the previous chapter, most of the Ln
particular Dy and Tb have favorable magnetic anisotropy as a result of their unquenched angular
orbital momentum of the Ising type. For these reasons, research within the group in Karlsruhe
has aimed at looking how these contributions from d and trivalent f transition metal ions can be
combined within one d-f based coordination cluster to enhance or tune the magnetic properties of
SMM:s. In particular, in the work presented here, it seemed a useful systematic approach to study
how the combination of the late M" transition metal ions with trivalent 4f ions might be used to
target and understand molecules showing SMM behavior. Hence, keeping to the molecular
composition found for the Ln",Ni", complexes (2) described in chapter 3, the d metal ions Zn",
Cd" Cu" and Co" were used in place of Ni'".

4.2 Synthetic strategy

The ligand (H,L1) has been designed to have two pockets-I(ONO) and -11(OO) (Fig. 1.4).
It is well-known that the ratio, metal salt, temperature, atmosphere, solvent, the time of reaction,
etc. can all affect the nature of the final product. Since the M" (Zn", Cd" Cu" and Co") ions can
adopt different coordination, d-metal ions are varied keeping similar reaction condition. Thus,
several reactions have been performed, leading to different products given in Table 4.T1. The
reaction of LnCl;xH,0, anhydrous ZnCl, salts and H,L1 in the presence of base (Et;N) in the
molar ratio of 1:1:2:5 in MeOH produces crystals of a series of yellow fluorescent compounds
[LnyZn3(OH)(L1)s(MeOH), 5(OH,); 5]C1-:3(MeOH)-2.5(H,0); [Ln = Dy(21), Eu(22), Gd(23),
Tb(24) and Ho(25)] from slow evaporation in air. If the reaction solution is kept in closed-vial
and left undisturbed for two more weeks, it produces needle shape brown crystals of
[Dy7Zn4(OH)4(L1)s(Cl)s(H20)4]Cl3-35H,0 (26). When the similar reaction is carried out using
CdCl;'H,O instead of ZnCl,, a series of rod-shaped crystals of [LngCde(CO3)(OH)4(p-
CD2(Ch2(L1)3(H20)12]CL 10THF [Ln = Dy(27), Tb(28), Ho(29) and Er(30)] complexes are
obtained.

When similar reactions are performed using Ln(NO3);-xH,0, Cu(NOs),-2.5H,0 salts and
H,L1 in the presence of base (Et;N) in the molar ratio of 1:1:2:5 in MeOH, the series
[Ln3Cuz(us-OH)2(L1)s(NO3)(MeOH),(H,0)]-:3MeOH-xH,O [Ln = Dy(31), Gd(32), Tb(33), and
Ho(34), x = 0 for 31, 32, 34 and x = 1 for 33] was bobtained.
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The use of Co(NOs),:6H,O instead of Cu(NO;3),:2.5H,O led to the formation
[LnyCox(L1)4(NO;)2(THF),]-4THF [Ln = Dy (35), Y(36), Gd(37), Tb(38), Ho(39) and Er(40)]
from a MeOH/THF solution. The synthetic strategies of preparation of M-Dy (M = Zn", Cd",

Cu" and Co") have been summarized in Table 4.1.

Table 4.1. Synthetic strategies of preparing Dy"-M" complexes (21, 26, 27, 31 and 36).

Ratio * A B Time of stir (min.)/ Compound
Crystallization(days)

A:B:C:D=1:1:2:5 DyCl;-6H,0 ZnCl, 10-15/7 Dy,Zn; (21)

A:B:C:D=1:1:2:5 DyCl;:6H,0 ZnCl, 10-15/21 Dy.Zn, (26)

A:B:C:D=1:1:2:5 DyCl;-6H,0 CdCl,'H,O 10/7 DysCds (27)

A:B:C:D=1:1:2:5 | Dy(NOs);-6H,O | Cu(NO;),-2.5H,0 5/3 Dy;Cu, (31)

A:B:C:D=1:1:2:5 | Dy(NO;);:6H,0 Co(NO;),:6H,O 172 Dy,Co,(35)

(a) A= DyIII salt, B=M" salt, C = H,L1, D = Et:N and, Solvent = MeOH (20 mL) or THF (35).
In this chapter the syntheses, crystal structures and magnetic and/or optical properties of

those novel complexes (21-40) are presented.

4.2.1 Crystal structure of complexes
[Ln;Zn3;(OH)(L1)s(MeOH), 5(H20):5]Cl-:3MeOH-2.5H,0; [Ln = Dy(21), Eu(22), Gd(23),
Th(24) and Ho(25)]

The pentanuclear heterometallic compound 21 crystallizes in space group P2,/c. All the
complexes 21-25 are isomorphous, confirmed by the unit cell constants and X-ray powder
diffraction (21-25). The asymmetric crystallographic unit of compound 21 consists of two Dy
ions, three Zn" ions, one OH™ group, one chloride (CI), five doubly deprotonated ligands (L1)*
and disordered coordinated solvent molecules (2.5 MeOH and 1.5 H,0).

All three Zn" ions (Znl, Zn2 and Zn3) adopt a distorted square pyramidal geometry with

jon (Dy1) has adopted a nine coordinated distorted capped square

an O4N donor set. One Dy
anti-prism (N9 capping O8017010019 square) geometry with an OgN donor set and other the
one (Dy2) adopts a distorted square antiprismatic geometry with an O;N donor set. The structure
can be illustrated as a combination of one tetranuclear heterometallic butterfly {Dy"Zn",(us-
OH)(L1)4(MeOH),(H,0)} unit and a mono nuclear {Zn"(L1)(H,0)o5(MeOH)os} fragment. The

{Dy"™,Zn"5(u3-OH)(L1)4(MeOH),(H,0)} unit can be described as one Dy, unit (Dy1 and Dy?2)



and one Zn" unit (Znl and Zn2) so connected into a butterfly core fragment that each type of

metal ions occupy one wing and one body position of the butterfly.

Fig. 4.1. Molecular structure (left) and core (right) of coordination cluster in compound 21.

There are one p3-OH™ group to one side and one phenoxide pi3-O-atom from iminophenol
part of the ligand (L1) to the other side of the hetero-metallic body-body (Dy"'Zn") part of metal
core. The p3-OH group bridges two Dy ions and one Zn" ion 0.710 A below the Zn1Dy1Dy?2
plane. The phenoxide p3-O-atom of aminophenol part of iminophenol ligand bridges among two
Zn" ions and one Dy ion in triangular fashion from 1.166 A above the Zn1Zn2Dy1 plane. The
angle between ZnlDylDy2 and ZnlZn2Dyl planes is 33.26°. These two distorted square
pyramidal Zn" ions are ligated into the pocket-I (ONO) of the ligand while each Dy ion is
ligated by one pocket-I (ONO) and -II (OO). Finally the third Zn" ion (Zn3) sits in pocket-I
(ONO) of a ligand to form a {ZnH(L)(HZO)O'S(MeOH)O.S} fragment. The dianionic ligands (Ll)z'
adopt n"m'm%us ' mbi, n¥mtmbie, n'm?mtmie and n'min'm%ps (Fig. 1.5) bridging
modes. One MeOH and one H,O coordinate to Dyl and one coordinated MeOH on Dy2 making
hydrogen-bonds with two O-atoms of pocket-II as does the H,O molecule on the Dyl. The
crystal lattice of 21 contains one chloride anion (Cl) for charge balance which is H-bonded to
two lattice MeOH solvent molecules and coordinated MeOH/H,O on Dyl. The Dyl-O/N and
Dy2-O/N distances vary from 2.291(7) to 2.651(7) A and 2.320(7) to 2.498(9) A respectively.
The Dyl-Dy2, Dyl-Zn2, Dy2-Zn3 and Znl-Zn2 distances are 3.6240(7), 3.4516(13),
3.4815(14) and 3.1453(19) A respectively. The equatorial Zn-O/N distances vary from 1.978(8)
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to 2.274(7) A. The Dyl-O1-Dy2 and Dyl-O8-Dy2 and Dyl-O11-Dy2 angles are 99.1(3),
103.6(3) and 94.5(2)° respectively. Selected bond lengths and angles are provided in Table 4.2.

Table 4.2. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 21.

Dyl—O8 2.291 (7) Dyl—Ol 2424(7) | Dyl—Oll 2.547 (7)
Dyl—O010 2.381(7) Dyl—O17 2427(7) | Dyl—N3 2.593 (9)
Dyl—O019 2417 (7) Dyl—04 2474(7) | Dyl—O12 2.651 (7)
Dy2—O08 2.320 (7) Dy2—O0l14 2356(7) | Dy2—N4 2.498 (9)
Dy2—O13 2.337(7) Dy2—Ol1 2385(7) | Dy2—09 2.592 (7)
Dy2—Ol 2.339 (7) Dy2—O18 2395(7) | Dyl—2Zn2 3.4516 (13)
Dy2—Zn3 3.4815(14) | Dyl—Dy2 3.6240 (7) | Dy2—Zn3 3.4815 (14)
Dy2—Ol11—Dyl |94.5(2) Dy2—Ol1—Dyl | 99.1 (3) Dyl—08—Dy2 | 103.6 (3)

4.2.2 Static magnetic properties of 21-25

The temperature dependence of susceptibilities of complexes 21-25 were measured on
the powder samples in the temperature range of 1.8-300 K under applied dc magnetic field of 1
kOe. The dc magnetic data (Fig. 4.2, left) of 21-25 were summarized in Table 4.3. Since Zn"
ions are diamagnetic, the magnetic properties of 21-25 solely originate from dimeric Ln'"; units.
The experimental T values at 300 K are in good agreement with the theoretically expected
values. At room temperature, the T product of Eu",Zn"; (22) is 2.67 cm’ K mol™ due to
population of magnetic excited states. With decreasing temperature it monotonically decreases to
0.03 cm® K mol™ at 1.8 K because of depopulation of the magnetic excited states, leaving only
the diamagnetic ground state of the Eu" ions occupied. The T product of Gd",Zn"; (23)
remains almost constant on decreasing the temperature from room temperature to 15 K. Below
15 K, it decreases to 13.19 cm® K mol™ at 1.8 K, indicating the presence of weak intramolecular

1,7n"; (25) remains

antiferromagnetic interactions within the Gd"; unit. The ¥ T product of Ho
almost constant from room temperature to 100 K and below which slowly decreases, possibly
due to combined effect of depopulation of Stark sub-levels and weak intramolecular
antiferromagnetic interactions. The similar observation has been reported in triply p-O bridged
Ln, complexes (Ln = Gd, Tb and Eu).

In this series of complexes (21-25), a different trend was observed in the ¥T vs T plots

for Dy",Zn"; (21) and Tb™,Zn"; (24). For both of them, the T products slowly decrease (Fig.
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4.2, left) on decreasing the temperature from room temperature to 25.40 cm’ K mol™ at 8 K (21)

and 21.60 cm® K mol™ at 17 K (24), and then below these temperatures y T products increase to

28.15 cm® K mol™ (21) and 26.96 cm® K mol™(24) at 1.8 K.
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Fig. 4.2. Plots of ¥ T vs T for 21 - 25 at 1000 Oe dc field. Plots of M vs H and H/T (inset) for 21

(right).

Table 4.3. The dc magnetic data of compounds 21-25.

Compound Ground | T expected for | ¥T measured Curie Weiss Magnetization
state of non-interacting | at 300 K per constant * constant” | at2Kand7 T
Ln" ion ions per complex C 0 (K) (ug)
complex (em’Kmol™") | (cm’Kmol™)
(cm*Kmol™)
Dy'",zn'"; (21) H,s), 28.34 28.59 28.89 -2.46 11.97
Eu', Zn'; (22) "Fo 0.0 2.67 - - 0.17
Gd"™, zn"; (23) Sop 15.76 15.42 15.46 -0.32 14.00
o™, Zn"; (24) "Hg 23.64 23.49 23.79 -2.92 9.8
Ho™, zn"; (25) I 28.14 29.28 30.12 -7.75 11.20

(a) Curie-Weiss fit is obtained above 15 K.

Since Dy™ and Tb™ are comparatively more anisotropic than the other rare-earth

analogues, the upturn of ¥T at low temperature could be due to intramolecular ferromagnetic

dipolar interactions between two Dy

Dy; **® has been reported, in which the central Dy

11

11T

ions or two Tb™ ions in 21 and 24 respectively. A linear

ion is doubly connected to each terminal
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Dy"" ion by three mono atomic p-O bridges. The ab initio calculation established that the central

Dy"" ferromagnetically coupled to other Dy" ions, while the striking aspect is that

intramolecular Dy-Dy ferromagnetic dipolar interaction is stronger than intramolecular Dy-Dy

ferromagnetic coupling. The intramolecular ferromagnetic dipolar interaction is due to highly

anisotropic nature of Dy"" ions.? 38d
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Fig. 4.3. Plots of M vs H and H/T (inset) of 22 (left) and 23 (right) at indicated temperatures.

The field dependence of magnetization (M) of 22 increases linearly with increasing

I

magnetic field but only reaching very low values since the Eu™ ions are almost diamagnetic at 2

and 3 K.
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Fig. 4.4. Plots of M vs H and H/T (inset) of 24 (left) and 25 (right) at indicated temperatures.
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The M value of 23 increases smoothly with the increase of H and reaches the expected
saturation of magnetization (Ms) value of 14.0 pp, indicating the weak antiferromagnetic
interaction can be overcome by applying a higher magnetic field. The M value of 21 (Fig. 4.2,
right), 23 (Fig. 4.4, left) and 24 (Fig. 4.4, right) rapidly increases below 1 T and above that
increases linearly without reaching true saturation. This indicates the presence of anisotropy in
these systems. The reduced magnetization plots (Fig. 4.3, right) of 23 almost superposed on a
single master curve because of isotropic nature of Gd" ions. The M vs H/T plots at different
temperatures of 21 (Fig. 4.2, right), 24 (Fig. 4.4, left) and 25 (Fig. 4.4, right) do not superpose on
a single master curve indicating presence of magnetic anisotropy and/or low lying energy states

- 43
in these systems.

4.2.3 Dynamic magnetic properties of 21-25
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Fig. 4.5. Plots of out of phase susceptibility (x"") and in phase (") and vs T of 21 at indicated

frequencies under applied zero dc field.
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The ac susceptibilities were measured on polycrystalline powder sample of compound
21-25 in the temperature range of 1.8 — 15 K at 1000 Hz. The only compound containing Dy (21)
displays the frequency-dependent in-phase (") and out-of-phase (y ") signals (Fig. 4.5) below 10
K, indicating slow relaxation of the magnetization in 21. The presence of detectable in phase (y")
and out of phase signals (") without a maximum suggests that 21 might be a SMM with a Ty,
below 1.8 K.

111

In the literature two Dy", SMMs were previously reported.’ " There are two single O-

atom (p-phenoxo) bridges in between two Dy ions and the average Dy-O-Dy bridging angles
of two Dy"', SMMs are 106.41° and 107.68° with corresponding energy barriers of 56 and 71 K
respectively.’”® Dy,Zn3; complex (21) contains three mono atomic p-O bridges between two Dy
ions with an average bridging angle of 99.06°. If the bridging angle is correlated to the energy
barrier it can be stated that energy barrier of doubly mono atomic (O) bridged Dy", SMMs,
increases with the increase of Dy-O-Dy bridging angle. The large change (8-9°) in the bridging
angle may be reason of diminishing slow relaxation in 21 if compared with Dy, SMMs though
more examples are required to accurately conclude this. Alternatively, cutting the linear

1 38d 1

trinuclear Dy 3 ™ to dinuclear Dy

in 21.

2 (21), leads to partially perish the slow relaxation behavior

4.2.4 Fluorescence properties of 21-25
The yellow crystals of all the complexes (21-25) were dissolved in THF and fluorescence

spectra were recorded in the wavelength range from 200 to 700 nm.

Absorption: Dy,Zn,
250+ Absorption: Eu Zn,
= Absorption: GuzZrlJ
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200 .20,
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Fig. 4.6. Excitation (left) and emission spectra (right) of complexes 21-25 in THF solution.
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Each of the complexes has two absorption peaks; first one at 300 — 350 nm and second
one at 430 — 460 nm. The optical excitation in either peak (300 — 350 or 430 — 460 nm) leads to
the emission at 500 — 600 nm. The absorption spectra originates from efficient energy absorption
by organic ligand (L12') followed by energy transfer from ligand to Zn" ions. The emission band
at 500 — 600 nm is most possibly due to emission from Zn" centers. The complexes 21-25

ostentatiously emit yellow radiation upon simple irradiation by a UV—lamp.

4.3.1 Crystal structure of complex [Dy;Zns(OH)4(L1)s(Cl)6(H20)4]Cl5-35H,0 (26)

Fig. 4.7. Molecular structure of coordination cluster in compound 26.

The undecanuclear heterometallic complex 26 crystallizes in space group C2/c. The
crystallographic two-fold axis is approximately in the plane of the paper and vertical running

I . In -
ions, four Zn" ions, four

through the central Dyl. The complex molecule consists of seven Dy
OH™ groups, and eight doubly deprotonated ligands (L1)*, nine chloride anions (CI') and four
coordinated and 35 lattice water molecules (Fig. 4.7).

All four Zn" ions adopt a distorted square pyramidal geometry with an OsNCI donor set

while the six Dy"" ions adopt an eight coordinated distorted square antiprismatic geometry with
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an Og (Dy4) and an OsNCl, (Dy2 and Dy3) donor sets, except the central Dyl ion which adopts
a distorted octahedral geometry with an O4CL, donor set. The {Dy",(OH)4 (OR)sCl,} " core (Fig.
4.8) can be considered as two planar rhomboidal Dy, units sharing one common edge (Dyl) in
the middle. The two halves of the molecule are related by a crystallographic two-fold axis

passing through Dy1. The dihedral angle between two planar Dy'4 units is 75.24°.

Zn2

/n2’

Zn|

c Znl’

o

Fig.4.8. Molecular core of coordination cluster in compound 26.

The central Dyl center is connected to its nearest four Dy centers (Dy2, Dy3, Dy2" and
Dy3") by four phenoxide p-O-atoms from the iminophenol part of the Schiff base ligands, each
of which is coordinated to each Dy" center (Dy2, Dy3, Dy2’ or Dy3") into pocket-I (ONO),
directing the pocket-II (OO) coordination site towards the Dy4 or Dy4" centers with one ligand

from above and one below each Dy™

4. Each phenoxide O-atom of the o-vanillin part of these
ligands acts as p-bridge between Dy2 and Dy4 or Dy3 and Dy4. The ligand displays two kinds
of bridging modes (n':n%n"m*:us and n*:n"m*:us) (Fig. 1.5). The two chloride ligands act as ps-
bridges to the Dyl1-Dy2-Dy3 and Dyl-Dy2'-Dy3" triangular units. Each p3-bridged chloride is
disordered between positions above its respective Dy; triangle, displaced either 0.641 or 0.849 A
out of the Dy; plane. The two Zn" ions (Znl and Zn2) are connected to each Dy, unit by two ps-
OH" groups to Dy2-Dy4 or Dy3-Dy4 pairs. The Zn centers are close to the plane of the
respective Dy, units, displaced £ 0.744 A from it. The p3-OH ligands are alternatively above and

below the plane. The Zn1-Dy4 and Znl1-Dy2 edges (and similarly Zn2-Dy4 or Zn2-Dy3) are
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also connected by phenoxide p-O-atoms from aminophenol and o-vanillin parts of the Schiff
base ligand respectively leaving pocket-II (OO) to accept H-bonding from water ligands
coordinated to Dy2 and Dy3. The terminal chloride ligands coordinate one to each square

pyramidal Zn" ion in an apical site. Selected distances and angles are given in Table 4.4.

Table 4.4. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 26.

Dyl—O8 2.329 (8) Dyl—CIIB’ 2326(8) |Dyl—ClIA 2.335(7)
Dyl—O5' 2.324 (8) Dyl—CIIB 2326(8) | Dyl—O5 2.324 (8)
Dy2—CIIA 2.274 (7) Dy2—O05 2292(8) | Dy2—09 2.293 (9)
Dy2—Ol 2.384 (8) Dy3—O12 2322(8) | Dy2—03 2.361 (8)
Dy2—016 2.445 (9) Dy2—CIIB 2484 (9) | Dy2—NI 2.435 (10)
Dy3—O08 2.339 (8) Dy3—O02 2.358(7) | Dy3—06 2.355 (8)
Dy3—O017 2.426 (9) Dy3—N2 2456 (9) | Dy3—CIIB 2.358 (8)
Dy3—CI1A 2.388 (8) Dy4—O03 2399(7) | Dy4—Ol 2.267 (8)
Dy4—O14 2.291 (8) Dy4—O06 2438 (8) | Dy4—04 2.499 (8)
Dy4—Ol1 2.271 (9) Dy4—O02 2308 (8) | Dyd—07 2.495 (8)
Dyl—Dy?2' 3.6024 (9) | Dyl—Dy3 3.6351(8) | Dy3—2Zn2 3.4103 (16)
Dyl—Dy2 3.6025(9) | Dy2—2znl 3.3749 (18) | Dy3—Dy4 3.7928 (9)
Dyl—Dy3' 3.6350 (8) | Dy2—Dy4 3.7514 (10) | Dy4—2Znl 3.3245 (19)
Dy4—Zn2 3.3287 (18)

Dy2—CIIA—Dyl | 102.8 (3) Dy4—Ol1—Dy2 | 107.5(3) | Dy4—02—Dy3 | 108.7 (3)
Dy2—CIIA—Dy3 | 132.9 (3) Dy2—03—Dy4 | 1040 (3) | Dy2—05—Dyl | 102.6 (3)
Dyl—CIIA—Dy3 | 100.7 (3) Dy3—06—Dy4 | 1046 (3) | Dyl—08—Dy3 | 102.3 (3)
Dyl—CIIB—Dy3 | 101.8 (3) Dyl—CIIB— | 96.9 (3) Dy3—CI1B—Dy2 | 123.9 (3)

Symmetry code: (i) —x+1, y, —z+1/2.

4.3.2 Static magnetic properties of 26.

The room temperature T product of 26 is 98.18 cm® K mol™ which is very close to the

theoretically calculated value of 99.19 cm® K mol™ for seven magnetically non-interacting Dy

111

ions (with ®H,s, g = 4/3, S = 5/2). The % T product decreases on decreasing the temperature from

room temperature to 8 K (81.62 cm® K mol™) below which it more rapidly decreases reaching

66.35 cm® K mol' 1.8 K. The shape of yT vs T plot (Fig. 4.9, left) is consequence of
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combination of the depopulation of Stark sub-levels at higher temperatures and/or weak intra

molecular antiferromagnetic interaction and ZFS of Dy"" ions at low temperature.
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Fig. 4.9. Plots of ¥ T vs T (left), M vs H (right) and M vs H/T (right, inset) of 26.

The field dependent magnetization measurements show that M value of 26 increases
more rapidly below 1 T and then increases linearly (Fig. 4.9, right-inset) at higher field without

reaching true saturation indicating the presence of magnetic anisotropy in the system. The Mg

37-38 111

per Dy ion is generally reported due to random orientation

1T

value in between 5-6 up
magnetic moments of each Dy~ ion in the powder sample. The maximum magnetization value
of 26 is 37.59 pg which is expected for 7 Dy ions ions (7x5.37 = 37.59 ug). Moreover, M vs
H/T plots at different temperatures do not superpose (Fig. 4.9, right-inset) on a single master

curve, also indicating the presence of low lying energy states and/or anisotropy in the system.*’

4.3.3 Dynamic magnetic properties of 26.

The temperature dependent ac susceptibility measurements on polycrystalline sample of
complex 26, reveal the presence of ac (x" and y ") signal (Fig. 4.10) below 10 K but without a
maximum in " and " vs T plots. This kind of slow relaxation suggests that 26 may be a SMM
with a blocking temperature below 1.8 K. Up to now, three defect-dicubane Dy, SMMs with two
u3-OH bridges, are reported.’ 60-d The Dy7 unit of 26 can considered as combination of two Dy,

M edge in the center, making a dihedral angle 75.24° between two co-

units sharing a common Dy
planar Dy, units. The anisotropy may have been partially nullified the uniaxial magnetic

momentum of 26 because of dihedral angle (75.24°), making Ty, below 1.8 K.
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Fig. 4.10. Plots of " vs T (left) and yy"" vs T (right) of 26.

4.3.4 Fluorescence properties of 26.

The yellow-brown needle-shaped crystals (0.5 mg) of complex 26 were dissolved in THF
(7.5 mL) and fluorescence spectra were recorded (Fig. 4.11) in the wave length range of 300 to
700 nm. First, two emission peaks are detected at 510 and 544 nm. Then absorption spectra have

been recorded with a corresponding emission peaks at 510 and 544 nm respectively.

250 - Aey = 500 nm Agm; at 544 nm
200 Lex = 468 nm
— | Aemi at 510 nm
=i — Absorption
81504 Absorption
2 J——Emission
@ —— Emission
£100 -
E ] Fluorescence spectra
50 - of Dym7 Zn"4
0+ T T T T — T | — T T T T T v
300 350 400 450 500 550 600 650 700

A (nm)

Fig. 4.11. The excitation and emission spectra of 26.

The excitations with corresponding emission peak at 510 and 544 nm result from one

absorption peak at 468 nm and two peaks at 468 and 500 nm respectively. Thus they have a
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common absorption peak at 468 nm. The excitations at 468 and 500 nm led to the two
bathochromic emission peaks at 510, 544 nm and one peak at 544 nm respectively. Both the
excitations have a common bathochromic emission at 544 nm with a shoulder at 580 nm (Fig.

4.11). Two Zn" centers are likely to be the corresponding emission centers.

4.4.1 Crystal structures of [LnsCdes(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(OH2)12]ClL*10THF; [Ln =
Dy(27), Tb(28), Ho(29) and Er(30)]

The dodecanuclear complex 27 crystallizes in the space group C2/m. It contains six Cd"
ions, six Dy'" ions, two carbonates (ps-CO3”), eight dianionic ligands (L1)*, four us-OH groups,
two p-bridging CI” ions, two coordinated CI', two free Cl ions, twelve coordinated water
molecules and ten disordered THF molecules. The molecule occupies a site of 2/m symmetry.
The two-fold axis passes through the central Dy of each Dy; unit, while the bridging chlorides
and carbonate carbons are in the mirror plane which relates the two Dys units. There are two

' (Dy1 and Dy?2) ions with a distorted square

crystallographically distinct eight coordinated Dy
antiprismatic geometry. Dyl and Dy2 are coordinated by an OgN, and an O;N donor sets

respectively.

Fig. 4.12. Molecular structure (left) and core (right) of the coordination cluster in compound 27.

There are two different types of Cd" ions (Cdl and Cd2) of which Cd2 ions are

disordered over two positions on either side of the mirror plane, with the two sites 1.52 A apart
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as Cd2A and Cd2A" (Fig. 4.12). The Cd1 and Cd2A ions have a distorted octahedral geometry
with an OsCl donor set. The "o-vanillin end" of one of the Schiff base ligands is also a bit
disordered, to accommodate this Cd disorder. Attempts were made to refine the structure in C2
with the C2/m mirror plane now only a twin-low but the disorder Cd2A persisted.

The (n3-OH) ligand O1 bridges between Dyl, Dy2 and Cdl. Iminophenol phenoxides
also form p,-bridges between Cdl and Dyl, and Cdl and Dy2. The chloride ligandCIl1 forms a
np-bridge between Cdl and Cd1’, its equivalent from mirror symmetry. Chloride also accepts H-
bond from symmetry-equivalents of the hydroxyl ligand O1. The carbonate ligand forms a (us-
CO5™) bridge between Dyl, Cdl and to their respective mirror symmetry equivalents. The non-
planar dodecanuclear core {DysCds(pts-CO3)a(ps-OH)a(u-Cl)a(n-OR)16}*" (Fig. 4.12, right)
contains two bent (Dy2-Dyl1-Dy2" = 153.09°) Dy""; units at the top and the bottom of the core.
Each Dy| center is coordinated by two dianionic ligands (L1)* through pocket-I (ONO) bridging
through the vanillin phenoxides to Dy2/Dy2" which fit in the pocket-II. Dy2 is also chelated by
pocket-IT of another ligand which isalso bridges through its vanillin phenoxides to Cd2A. The

selected bond lengths and angles are given in Table 4.5.

Table 4.5. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 27.

Dyl—04' 2.273 (6) Dyl—Ol' 2.348 (5) Dyl—NI1 2.537 (6)
Dyl—04 2.273 (6) Dyl—O6' 2.381 (5) Dyl—NI' 2.537 (6)
Dyl—Ol 2.348 (5) Dyl—O06 2.381 (5) Dy2—O07 2.252 (6)
Dy2—04 2.304 (5) Dy2—Ol 2.354 (5) Dy2—N2 2.485 (7)
Dy2—O03 2.307 (5) Dy2—010 2.409 (6) Dy2—O05 2.786 (6)
Dy2—09 2.310 (5) Dyl—O1—Dy2 | 106.78 (19) | Dyl—O4—Dy2 | 111.10 (19)

Symmetry codes: (i) —x+1, y, —z+1.

4.4.2 Static magnetic properties of 27-30.

The temperature dependence of the dc susceptibility data of 27-30 are given in Table 4.6.
The experimental data at 300 k are in good agreement with theoretical values. The T vs T plots
of all the complexes show similar trend (Fig. 4.13) except 27. The T product of Dys'Cds" (27)
remains almost constant on decreasing the temperature from room temperature (24.70 cm® K

mol™) to 100 K (24.70 cm® K mol™) followed by a steady decrease to 13 K (75.65 cm® K mol™),
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below which it steeply increases until the temperature reaches 1.8 K where T has the value
89.52 cm’ K mol™. This shape of the yT vs T plot of 27 implies weak intramolecular

ferromagnetic interactions below 13 K. The slow decrease of ¥ T from 300-13 K is presumably

1T -

due to depopulation of Stark sub-levels of Dy ions.
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Fig. 4.13. Plots of 7 vs T of 27-30 at 1000 Oe dc field.

Table 4.6. The dc magnetic data of compounds 27-30.

Compound Ground | yT expected for | yT measured | yT measured at Magnetization
state of non-interacting at 300 K per 1.8 K per at2 Kand 7T
Ln"" ion | ions per complex complex complex (ug)
(cm*Kmol™) (cm*Kmol™) (cm*Kmol™)
Dy"sCd"s (27) °H,s), 85.02 86.97 89.52 33.65
Tb"Cd"s (28) "He 70.92 71.26 45.45 28.68
Ho"¢Cd"s (29) s 84.42 85.05 54.81 33.88
Er'sCd" (30) s 68.88 69.36 31.99 30.28

A similar trend has been observed in reported Dy"'s compound **¢ with Dy-O-Dy angles
ranging from 103.89(10)1 to 105.27(10)°. The ab initio calculation showed that the central Dy™"

ferromagnetically coupled to other Dy™

ions, while the striking aspect is that intramolecular Dy-
Dy ferromagnetic dipolar interaction is stronger than intramolecular Dy-Dy ferromagnetic
coupling. 384 The T product of Tbe'Cdg" (28), HogM'Cdyg" (29) and Ers ' Cdg" (30) slowly

decreases on decreasing the temperature from room temperature to 15 K and below which they
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fall sharply until 1.8 K (Fig. 4.12, left) and reaches the values given in Table 4.6. The slow
decrease of T value at higher temperature is due to gradual depopulation of Stark sub-levels,
while the sudden fall below 10 K is due to intramolecular antiferromagnetic interactions and/or
ZFS of Ln" ions. Since Dy (27) analogue can be magnetically more anisotropic in nature than
that of the other rare-earth analogues, the intramolecular dipolar ferromagnetic coupling is

stronger in 27 and the upturn of ¥ T below 13 K, can be explained by this feature.
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Fig. 4.14. Plots of M vs H and H/T (inset) of 27 (left) and 28 (right).
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Fig. 4.15. Plots of M vs H and H/T (inset) of 29 (left) and 30 (right).

The field dependence of magnetization (Fig. 4.14-4.15) of all complexes (27-30)

increases steeply below 1T at 2 K and reaches the values given in Table 4.6. Among all four
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complexes, the M value of 27 increases relatively faster with increase of H as expected since it
also has ferromagnetic interactions. Moreover, the M vs H/T plots of 27-30 at low temperatures
(Fig. 4.14-4.15, inset) do not superposed on a single master-curve further indicating the presence

of magnetic anisotropy and/or low lying excited states.*’

4.4.3 Dynamic magnetic properties of 27-30.

The temperature dependence of the ac susceptibilities of all four complexes (27-30) were
measured under the applied frequency of 1000 Hz but only compound 27 shows slow relaxation
of magnetization below 10 K (Fig. 4.16). Neither in-phase (y ") nor out-of-phase (y"") vs T plots
(Fig. 4.16) show any maxima, implies curtailment of relaxation of energy barrier through QTM
or there may be more than one relaxation processes involved. A careful look at the out-of-phase
(x"") vs T plots at different frequencies reveals that the out-of-phase susceptibility () ") increases
on decreasing the temperature in the frequency range 1-100 Hz but above 100 Hz, the rate of
increase of " decreases below 5 K. This kind of " vs T signature suggests that the relaxation
process is weakly temperature dependent and relaxation dynamic is taken by that of static. The
in-phase and out-of-phase vs frequency measurements (Fig. 4. 17) at different temperatures were
performed. On increasing temperature from 1.8 to 5.0 K, the maxima of y"" vs frequency plots

shift to higher frequency.
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Fig. 4.16. Plots of y~ (left), %" (right) vs T of 27 at indicated frequencies.
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Fig. 4.17. Plots of y~ (left), %" (right) vs frequency of 27 at indicated temperatures.

The ac susceptibility vs frequency measurements (Fig. 4.18) under different applied
magnetic fields at 1.8 K reveal the presence of no obvious QTM pathway. There is a maximum
in " vs frequency plots at 1.8 K under the magnetic field range of 0.0 Oe to 1.5 kOe but when
the magnetic field is increased to 2 kOe the maximum appears to split into two, indicating the

presence of more than one relaxation process.
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Fig. 4.18. Plots of " (left), x " (right) vs frequency of 27 at indicated dc magnetic fields.

The data of Fig. 4.17 are used for Cole-Cole and Arrhenius plots (Fig. 4.19) which suggest the

presence of two relaxation processes and crossing temperature is close to 3.2 K. The linear
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fittings on Arrhenius plots of 27 gave two energy barriers; first one is 4.82 K with 7o = 1.73x10™
s and second one is 14.89 K with 1o = 7.33x10 s (Fig. 4.19, right).
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Fig. 4.19. The Cole-Cole (left) and Arrhenius plots (right) of 27 under applied zero dc field.

4.4.4 Fluorescence properties of 27-30.
The yellow rod-shaped crystals of complexes 27-30 were dissolved in THF and
fluorescence spectra were recorded (Fig. 4.20 and 4.21) in the wavelength range from 275 to 700

nm. Multiple emission peaks were detected at wave lengths given in Table 4.7.
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Fig. 4.20. The excitation and emission spectra of 27 (left) and 28 (right).
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Fig. 4.21. The excitation and emission spectra of 29 (left) and 30 (right).

Table 4.7. The excitation and emission peaks of 27-30.

450 500
A (nm)

T T T T T 1
560 600 650

compound 27 28 29 30
Absorption 345, 375, 450 370, 395, 439, 467 366, 395, 425, 335, 370, 395, 450
Peaks (nm) 463, 500
Excitation ~ wave 345, 375, 370, 395, 439, 467 366, 395, 425, 335, 370, 395,450
length (Aex) (nm) 450 463
Emission 345, 375: 400, 370: 405, 431, 366: 405, 430 457, 335: 405, 432,
Peaks (Aem) (nm) 432, 460, 488, 527 460, 485, 525 488 466, 485
450: 520 395: 430, 460, 395:430 457, 488. 370: 405, 432,
494,534 425: 485, 532. 466, 485
439: 485, 505, 540 463: 532 395: 432, 466 492,
467: 540, 567 533

450: 492, 520, 540

Absorption spectra were then recorded with corresponding emission peaks as given in

Fig. 4.20 and 4.21. The excitation wavelengths and bathochromic emission peaks are listed in the

Table 4.7. All four compounds (27-30) absorb in both UV and visible range and emit visible

range with some common sets of values of wave lengths (Table 4.7). The Cd" ions are likely to

be responsible for the bathochromic emission spectra.
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4.5.1 Crystal structures of [Ln;Cu,(u3-OH)2(L1)s(NO3)(MeOH),(H,0)]:3MeOH-xH;0; [Ln
= Dy(31), Gd(32), Tb(33), and Ho(34), x = 0 for 31, 32, 34 and x =1 for 33]
Compounds 31-34 crystallise isomorphouly in the triclinic space group P-1. The

molecular structure of 31 is depicted in Fig. 4.22, and selected bond distances and angles are

listed in Table 4.8.

Fig. 4.22. Molecular structure (left) and core (right) of coordination cluster in compound 31.

The pentanuclear compound consists of two Cu'" ions, three Dy""

, five dianionic ligands
(L1)*, two triply bridging hydroxyl groups, one coordinated water and two methanol. In the
crystal lattice three are three MeOH solvent molecules for crystallization. The pentanuclear core
of the coordination complex can be considered as two trinuclear {Dy",Cu"(13-OH)} units,
sharing a common Dy vertex (Dy1) within the resulting Dy;Cu,(OH), core, the Dy2-Dy1-Dy3
angle of 132.3° is similar to that in 27. The two p3-OH groups are 0.864 (O1-CulDy1Dy2) and
0.857 A (02—-Cu2Dy2Dy3) above the respective Dy,Cu metal planes. The dihedral angle
between CulDyl1Dy2 and Cu2Dy2Dy3 triangular planes is 78.40°. The heteropentanuclear core
is held together by the five dianionic ligands (L1)* which show four different coordination
modes; one chelating/bridging (1°m'/m':12), one chelating/bridging (n”:n'm':us), one chelating
Mm'n'm"w) and two chelating/bridging (m'm®n'm":p) ligands (Fig. 1.5), with the
heterometallic Cu — Dy distances being Dyl — Cul = 3.4359(3) A, Dy2 — Cul = 3.863(3) A, Dy2
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— Cu2 =3.3709(4) A and Dy3 — Cu2 = 3.730(2) A, and the Dy — Dy distances are Dyl — Dy2 =
3.5494(2) A and Dy2 — Dy3 = 3.5526(2) A. Peripheral ligation is provided to Dy3 by two
methanols and a water molecule and to Dyl by one chelate nitrate molecule. Both Cu" ions are
four coordinated, in a square planar OsN geometry; three positions are occupied by the ligand
while the fourth equatorial position is occupied by a hydroxy oxygen atom belonging to a
hydroxyl group. Dyl and Dy2 are nona-coordinate with their coordination polyhedra best

described as capped square antiprisms; N1 and O16 are capping the square antiprisms,

respectively. Dy3 is octa-coordinate with a square antiprismatic geometry.

Table 4.8. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 31.

Dyl—O05 22687 (17) | Dyl—NI 2514(2) | Dy2—03 2.3365 (17)
Dyl—O8 23186 (17) | Dyl—OI19 2.5523 (18) | Dy2—O8 2.3489 (16)
Dyl—O03 23393(17) | Dyl—O13 2.6052 (17) | Dy2—06 2.3824 (17)
Dyl—O12 24039 (16) | Dyl—N6 2.943(2) | Dy2—02 2.3850 (17)
Dyl—Ol 24139 (16) | Dyl—Cul 3.4360 (3) | Dy2—Ol1 2.3915 (17)
Dyl—O18 2.4950 (18) | Dyl—Dy2 3.5494 (2) | Dy2—Ol5 2.3964 (17)
Dy2—Ol 2.5014 (17) | Dy3—06 2.3380 (17) | Dy3—022 2.4736 (19)
Dy2—N2 2.505 (2) Dy3—Ol1 2.3477(17) | Cul—O012 1.9139 (17)
Dy2—016 27057 (17) | Dy3—02 2.3866 (18) | Cul—O14 1.9281 (18)
Dy2—Cu2 33706 (3) | Dy3—023 2.4158 (19) | Cul—O1 1.9449 (16)
Dy2—Dy3 3.5526(2) | Dy3—021 24162 (19) | Cul—N4 1.945 (2)
Dy3—09 22159 (18) | Dy3—N3 2470(2) | Cu2—o0l5 1.9126 (17)
Cu2—O017 1.9215(19) | Cu2—N5 1.946 (2) | Cuz—02 1.9519 (18)
Cul—Ol—Dyl |103.53(7) | Cul—Ol—Dy2 |120.14(8) |Dyl—Ol—Dy2 |92.44(6)
Cu2—02—Dy2 | 101.54(7) | Cu2—02—Dy3 |11824(8) |Dy2—02—Dy3 | 96.24 (6)
Dy2—03—Dyl | 98.77 (6) Dy3—06—Dy2 | 97.63(6) | Cu2—O15—Dy2 | 102.35 (7)
Cul—O12—Dyl | 104.89(7) | Dy3—OI1—Dy2 |97.11(6) | Dyl—08—Dy2 | 99.01 (6)

4.5.2 Static magnetic properties of 31-34

The temperature dependence of dc susceptibility data of 31-34 are given in Table 4.9.
The experimental data at room temperature are in good agreement with theoretical values. The
plots of T vs T for all complexes (31-34) show similar trends (Fig. 4.23, left). The T product

of Gd;™Cu," (32) remains almost constant on decreasing temperature between temperature
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(24.70 cm® K mol™) and 25 K (24.70 cm® K mol™) below which it rapidly decreases reaching

12.45 cm® K mol™ at 1.8 K. The shape of the xT vs T plot of 32 indicates that paramagnetic

behaviour in temperature range of 25-300 K and below 24 K weak intramolecular

antiferromagnetic in 32. The T products of Dy;""Cu," (31), Tbs"'Cu," (33) and Hos"'Cu," (34)

slowly decrease from room temperature to 10 K, below which they fall sharply until temperature

reaches 1.8 K (Fig. 4.23, left). The slow decrease of T value at higher temperature (25-300 K)

is due to gradual depopulation Stark sub-levels, and the sharp fall below 10 K is due to

intramolecular antiferromagnetic interactions and/or ZFS of Ln

Table 4.9. The dc magnetic data of compounds 31-34.

ions.

Compound Ground | yT expected for T measured | T measured at | Magnetization
state of | non-interacting at 300 K per 1.8 K per at2 Kand7T
Ln"" ion | ions per complex complex complex (up)
(cm’Kmol™) (cm’Kmol™) (ecm’Kmol™)
Dy"sCu', 31) | °Hisp 43.26 4425 27.50 19.48
Gd"cu', (32) Sspn 24.39 24.70 12.45 23.19
Tb"™;Cu", (33) "Hg 36.21 37.06 21.96 17.88
Ho™Cu'"; (34) ’Is 42.96 42.96 18.66 18.42
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Fig. 4.23. Plots of T vs T of 31-34 (left), M (right) and M vs H/T (right, inset) of 31.
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Fig. 4.24. Plots of H and M vs H/T (inset) of 32 (left) and 33 (right) at indicated temperatures.

At 2 K, the field dependence of the magnetizations for all the complexes (31-34) increase
on increasing dc field to reach the maximum values without true saturation of magnetization
except for 32. The magnetization values of complexes (31-34) are given in Table 4.9. (Fig. 4.23,
right; 4.24 and 4.25). The magnetization value of 32 reaches 23.19 at 2 K, which is expected for
3 Gd"™ and 2Cu" ions. This infers that the intramolecular antiferromagnetic interactions in 32 are
weak and could be overcome when the applied dc magnetic reaches more than 30 kOe (Fig. 4.24,

left).
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Fig. 4.25. Plots of H and M vs H/T (inset) of 34 (left).
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Moreover, the M vs H/T plots at low temperatures (Fig. 4.23, right; 4.24 and 4.25; inset)
of complexes 31, 33 and 34 do not superpose on a single master-curve as expected for isotropic
systems, further indicating the presence of magnetic anisotropy and/or low lying excited states.

The same trend is observed in 32 indicating the presence of low lying excited states.

4.5.3 Dynamic magnetic properties of 31-34

The temperature dependence of ac susceptibility measurements on all the complexes (31-
34) reveal the presence of detectable in-phase (") and out-of-phase (") susceptibility below 10
K only for 31. The out-of-phase susceptibility (") of Dys"'Cu," (31) increases with increasing
frequency (Fig. 4.26) below 6 K. The presence of out-of-phase susceptibility without a maximum
indicates that complex 31 might be an SMM with blocking temperature below 1.8 K. The
reported **¢ linear Dy"™; complex is ferromagnetically coupled and possesses two relaxation
processes below 15 K. The magnetic core of Dy 3Cu'", (31) is rather different, containing a bent
Dy""'; unit with two Cu" ions coupled to Dy™ ions through the two p3-OH bridges. The coupling
of two Cu" ions with linear Dy"'s may have changed the directions of easy axis and spin energy

levels as well, resulting in changed relaxation behaviour (Fig. 4.26).
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Fig. 4.26. Plots of " and " (inset) vs T of 31 at indicated applied frequencies.
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4.6.1 Crystal structures of [Ln,Co,(L1)4(NO3)(THF);]-4THF; [Ln = Dy(35), Y(36), Gd(37),
Tb(38), Ho(39) and Er(40)]

All the tetranuclear Ln,Co, complexes (35-40) are isomorphous, crystallizing in the space
group P-1. The compounds 35 and 36 are fully crystallographically characterized while for the
other the unit cell constants were checked. The structures of 35-40 are very similar to that of
[Dy2Nix(L1)4(NO3)2(DMF),] (1) or [DyaNiy(L1)4(NO3)2(MeOH),]-3MeOH (2) which has been
described in chapter 3, and so their structures need not to be described in detail. The Dy,Ni, (1/2)
and Dy,Co; (35) crystallizes in different space group. The coordinated 2 DMF/MeOH ligands in
1 or 2 are replaced by two THF ligands in 35-40 (Fig. 4.27). Selected bond lengths and angles

are given in Table 4.10.

Fig. 4.27. Molecular structure (left) and core (right) of coordination cluster in compound 35.

Table 4.10. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 35.

Dyl—Ol 2.155 (3) Dyl—O7 2.441 (3) Dyl—N3 2.892 (3)
Dyl—O04 2.306 (2) Dyl—NI1 2.454 (3) Dyl—O5 2.518 (3)
Dyl—O6' 2.343 (3) Dyl—O08 2.480 (3) Dyl—O03 2.390 (3)
Col—O06 2.036 (3) Col—O03' 2.261 (3) Col—O10 2.197 (3)
Col—04 2.038 (3) Col—O3 2.077 (2) Col—N2 2.062 (3)
Dyl—Col 3.4962 (6) | Col—Dyl' 3.4886 (6) | 03-ColCol Dyl | 1.069
Col—O3—Dyl | 102.77 (10) | Col—O4—Dyl | 107.03 (10) | Col—O06—Dyl" | 105.41 (10)
C28—06—Dyl' | 121.1(2) Col—03—Dyl | 97.15(9)

Symmetry code: (i) —x+1, —y+1, —z+1.
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4.6.2 Static magnetic properties of 35-40.
The magnetic data of 35-40 are summarized in Table 4.11. At room temperature, the T
value of 5.20 cm® K mol™ for 36 is larger than the expected (3.75 cm’® K mol™) spin-only value

for two Co" ions (S = 3/2 spin) and two diamagnetic Y'"" ions (Fig. 4.28, inset).
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Fig. 4.28. Plots of T vs T of 35-40 at 1000 Oe dc field. Plots of M vs H and H/T (inset) of 35
(right).
Table 4.11. dc magnetic data of compounds 35-40.
Compound Ground | %T expected for | T measured | ¥T measured | Magnetization
state of | non-interacting | at300 Kper | at1.8§ Kper |at2Kand7T
Ln"™ ions per complex complex (ug)
ion complex (em’Kmol™) | (em’Kmol™)
(cm’Kmol™)
Dy"™,Co", 35) | °Hisp 32.09 35.34 75.42 15.17
Y",Co", (36) - 3.75 5.20 438 3.98
Gd",Co", (37) Sqp 19.51 21.19 51.71 20.16
Tb™,Co", (38) "He 27.39 30.14 47.13 13.86
Ho™,Co", (39) ’Tg 31.89 34.40 68.40 16.47
Er'",Co", (40) Tisp 26.71 27.77 30.71 13.74

This is often found for Co" containing compounds, as a result of the orbital contribution

of the high spin Co" ions to the magnetization. On lowering the temperature the T product of 36
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remains almost constant till 110 K and below that slowly decreases reaching a minimum value of
5.01 cm’ K mol™ at 29 K possibly due to depopulation higher of J levels (5/2, 3/2 etc.). Below

29 K, %T product increases to a maximum of 6.66 cm® K mol™ at 5.5 K due to ferromagnetic

coupling between two Co" ions, followed by a sharp fall to 4.38 cm® K mol™ at 1.8 K due to ZFS
of Co" ions (Fig. 4.28, inset).
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Fig. 4.29. Plots of H and M vs H/T (inset) of 36 (left) and 37 (right) at indicated temperatures.
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Fig. 4.30. Plots of H and M vs H/T (inset) of 38 (left) and 39 (right) at indicated temperatures.

The room temperature T values of 35 and 37-40 are 35.34, 21.19, 30.14, 34.50 and
27.77 em’® K mol™ respectively, which are in good agreement with the expected values for the

sum of the experimental value of the Co"'; unit obtained from 36 and the Curie constants for two
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respective Ln""" ions. On lowering the temperature, the T products of 37 and 39 remain almost
constant down to 50 K, below which they continuously increase to reach 51.71 cm® K mol™ at
1.8 K and 73.71 cm® K mol™ at 3 K, respectively. Below 3 K, the xT product of 39 falls sharply
to 68.40 cm® K mol™ at 1.8 K possibly due to ZFS of Co"/Ho™ ions (Fig. 4.28).

H. =16 Oe (2K)
H.= 9 Oe (16 K)

—=—16K

0 10000 20000 30000 -154 4
HIT / OelK T T T T T T T L

0 20000 40 40000 60000 H(T)

Fig. 4.31. Plots of H and M vs H/T (inset) of 40 (left) at indicated temperatures. Hysteresis loops
of 35 at2 and 16 K.

The % T products of 35, 38 and 40 slowly decrease with decreasing temperature reaching
minimum values of 35.15 cm® K mol™ at 55 K (35), 27.75 cm® K mol™ at 35 K (38) and 23.52
cm’® K mol™ at 17 K (35). Below these respective temperatures, the % T products of 35, 38 and 40,
sharply increase to maximum values at 3 K (35 and 38) and 1.8 K (40), followed by sharp falls
till 1.8 K (35 and 38). The gradual fall of ¥ T products of 35, 38 and 40 at higher temperatures, is
due to depopulation of Stark sub-levels. The shape of the T vs T plots of 35 and 37-40 indicates
intramolecular ferromagnetic interaction between Co-Co and Co-Ln at low temperatures (Fig.
4.28).

The field dependence of the magnetization of compounds 35-40 measured at low
temperatures shows a gradual increase of the magnetization for 36, 37 and 40 with a lack of
saturation even at 7 T. The magnetizations of 35, 38 and 39 increase sharply below 0.5 T and
increase linearly at higher fields (Fig. 4.28-4.31), indicating the presence of stronger
ferromagnetic interactions within 35, 38 and 39 compared to 36, 37 and 40. The M vs H/T curves
(Fig. 4.28-4.31, inset) of 35-40 do not superpose on a single master-curve which further indicates
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the presence of magnetic anisotropy and/or low lying energy states in all the complexes (35-40).
The measurement of hysteresis loops on powder sample of 35 revealed appearance of very
narrow hysteresis loops at 2 and 16 K with coercive field (Hc) of 16 and 9 Oe respectively (Fig.

4.31, right). Complex 35 reaches saturation of magnetization (15.17 pg) value even at 16 K.

4.6.3 Dynamic magnetic properties of 35-40.

In order to detect any slow relaxation associated with SMM behavior, variable-
temperature ac susceptibility measurements on 35-40 were performed with 1000 Hz frequency.
There is no out-of-phase susceptibility detected above 1.8 K for 36 and 40, while compounds 35,
37, 38 and 39 display a frequency-dependent out-of-phase signal (Fig. 4.32-4.34).
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Fig. 4.32. Plots of " (left), x " (right) vs T of 35 at indicated frequencies.

Since no out-of-phase signal was observed for the Y,Co, (36) or Er,Co, (40) analogues,
it can be concluded that the magnetic slow-relaxation behavior of Dy,Co; (35), Tb,Co, (38) and
Ho,Co, (39) complexes arises largely from the anisotropic contribution of respective Ln'" ions
(Dy, Tb and Ho). However, the presence of weak out phase signals in y"" vs T plots (Fig. 4.34,
left) of Gd,Co, (37) infers that anisotropic contribution from Co" ions towards SMM behavior is

not negligible.
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Fig. 4.33. Plots of ¢~ (left), 1" (right) vs frequency of 35 at indicated temperatures.
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Fig. 4.34. Plots of " (left), " (left, inset) vs T of 37 (left) and 38 (right).

There is no maxima in the " vs T plots (Fig. 4.34) of 37 and 38 indicating that they may
be SMM with T, below 1.8 K. The slow relaxation of magnetization of 35 was observed at
temperatures up to 30 K. In this series (35-40), Dy,Co» (35) has the highest blocking temperature
(Ty) of 22 K (maximum in 3" vs T plot) at 1500 Hz (Fig. 4.32, right). The detectable ac signals
were also observed in " and " vs frequency plots (Fig. 4.33, right) in the temperature range of
1.8-25 K. All the above mentioned ac plots (Fig. 4.32-4.33) of 35 indicate more than one
relaxation path ways are operating. The " and " vs frequency measurements at different field

indicate absence of QTM path ways in 35. The linear fittings on the Arrhenius plot of 35 (Fig.
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4.39, left) gave two energy barriers; one is 17.67 K with 1o = 4.9x10™ s and other one is 81.68 K
with 19=3.9x10"s.
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Fig. 4.35. Plots of " (left), %" (right) vs T of 39 at indicated frequencies.

The relaxation dynamics of 39 is little different than rests of this series. Both " and "
vs T plots of 39 (Fig. 4.35) do not show maxima, instead but a shoulder is visible, suggesting the
presence of QTM or there may be more than one relaxation process involved. A careful look at
" vs T plots at different frequencies reveals that the out-of-phase susceptibility (y ") increases
with the decrease of T as the frequency increases from 1-400 Hz but above 400 Hz, the rate of
increase of %" decreases below 2.5 K as the frequency increases from 400-1500. This kind of "*
vs T signature suggests that the relaxation process is weakly temperature dependent and relation
dynamic is taken by that of static and/or there may be more than one relaxation processes
involved. The ac susceptibility vs frequency measurements (Fig. 4.36) under zero applied
magnetic field in the temperature range of 1.8 to 3.5 K show the appearance of a further
maximum at higher frequencies. The ac susceptibility vs frequency measurements (Fig. 4.37)

under different applied magnetic fields at 1.8 and 2.5 K reveal the presence of QTM pathway.



98

T ' H=000e —'—18K——19K {- Ko
...... atH=0.0 Oe —-—z:nK 2:3K. _ . atH=0.00e
: ——25K—-—27K
35- . —e— 3.0 K—=—3.2 K
F:'-'h
S 307
E
©
§
=257
"=
201 senaiBEnT ] o reemmear Ll 1
ur proe | 0.0 il b= .

0.0 05 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

—— atT=18K | atT=18K

301 T ] —+—500 Oe
-------- v, | 254 -—1000 Oe
25- _._500 Oe " . —=—1500 Oe
—+—1000 Oe 1 2000 Oe
2.04 —=— 2500 Oe
—=— 3000 Oe

----- L CTTT N L

F:'-'lt
-------------------------------- E
——.. 1 Es
0 15- —+—2500 Oe 1% ™
3 .
L
>

—+— 3000 Oe

5- i 0.5 4=

e ",
L LU i

0 T T T T T M T T T T T T T 0,0 T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
log(v) log(v)

U N T T T N T T T T T T T T T T T T T T T T

™ atT=25K

atT=25K Tre—— | 1.004 M \\ —+—500 Oe N
—._5000e \\\\ ~—--—1000 Oe

25 [Frrte .

)

]
o
I

—+—1000 Oe i —=—1500 Oe
—=— 2000 Oe
—»—1500 Oe

\'\-} { .'.} {.:‘I.
—+—2000 Oe | Fa
.| T0.50 - \A.. o / 1

W \

_________ | S Mo, N.,-..f y

10 . S /
0.25

. . x""‘-,.-v-..-../‘"’h.

00 05 10 15 20 25 30 00 05 10 15 20 25 30
log(v) log(v)

Fig. 4.37. Plots of ¢~ (left), %" (right) vs frequency of 39 at 1.8 (top) and 2.5 (bottom) K under
indicated dc fields.
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Fig. 4.38. Cole-Cole plots of 35 (left) and 39 (right) under zero dc field.

/s

10

10

10

10

A
-2

'3_

1/

y = 0.00049693 *
y=39679¢-6 * eM(81.682x) R=0.99527

eM17.67Tx) R=0.99894

/s

0 0.05 01 015 02 0.25 0.3 0.35 0.4

T /K"

1077

102 |

103 |

0

4-...|...|....' P R PRERT S U SR T KSR A T
.25 0.3 0.35 0.4 0.45 0.5 0.55 06 0.€

- ALy =9.828e-6 " eM(11.357x) R=0.99832
- Biy =2.4498e-6 * e"(13.865x) R=0.99984
[C:y=4.4232e-6 * e*(13.461x) R=0.96555]

iy

C

T1IK?

Fig. 4.39. Arrhenius plots of 35 (left) and 39 (right) under zero applied dc field.

This kind of shape of 39 originates from mixing of more than one relaxation processes

which is bolstered by Cole-Cole (Fig. 4.38, right) and Arrhenius plots (Fig. 4.39, right). The

linear fittings on the Arrhenius plot of 39 gave three energy barriers of similar magnitude; the
first one is 11.35 K with 19 = 9.82x 10 s, the second one is 13.86 K with tg = 2.44% 10 s and the
third is 13.46 K with 1o = 4.42x10° s (Fig. 4.39, right).
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4.7 Conclusion:

In this chapter five different series of heterometallic M'-Ln™ M = Zn", cd", cu" and
Co™) compounds have been obtained using similar molar ratios and reaction conditions. The five
series are [Ln,Zn3(OH)(L1)s(MeOH),s(OH»);5]CI-:3(MeOH)-2.5(H,0); [Ln = Dy(21), Eu(22),
Gd(23), Tb(24) and  Ho(25)], [Dy7Zn4(OH)4(L1)3(Cl)s(H20)4]Cl3-35H,O0  (26),
[LngCde(CO3)2(OH)4(-Cl)2(Cl)2(L1)s(OH,)12]Cl- 10THF [Ln = Dy(27), Tb(28), Ho(29) and
Er(30)], [Ln3Cux(u3-OH),(L1)s(NO3)(MeOH),(H,0)]-:3MeOH-xH,O [Ln = Dy(31), Gd(32),
Tb(33), and Ho(34), x = 0 for 31, 32, 34 and x = 1 for 33] and [Ln,Coy(L1)4(THF),(NO3),]-
4THF [Ln = Dy (35), Y(36), Gd(37), Tb(38), Ho(39) and Er(40)]. The cores of the most of the
above mentioned different series are unprecedented. The nuclearity and topology of the final
products has been found to be different with variation of M" ions. A careful look at all the
structures with consideration of the sizes, geometries and number of d-electrons of the M" ions
M = Zn", cd", Cu" and Co") led the following possible explanations.

The divalent zinc and cadmium ions have 3d' and 4d' electronic configurations
respectively. The Cd" ions are blatantly larger in size than that of Zn" ions and hence their ionic
radius and geometries are different. Thus their affinities towards the dianionic ligands (L17) are
different.

The Cu" ions are found to display distorted square pyramidal geometries in 31-35 like
Zn" ions in 21-26. But the equatorial Cu-O/N distances are always smaller than that of Zn-O/N
and apical axes of Cu" ions are longer than that of Zn" ions resulting from the d’ Jahn-Teller
distortion. In Ln";Cu", (31-35) complexes both the Cu" ions sit in the plane of pocket-I (ONO)
while Zn" ions (Zn1 and Zn2) are found to be 0.739 and 0.760 A respectively above the plane of
pocket-I (ONO) in Dy";Zn"; (26). These immanent differences between the two ions (Cu" and
Zn") might have played pivotal role on the deciding fate of the final products (21-26 and 31-35).
The imminent growth of pentanuclear Ln"5Cu'", (31-35) is blocked by two terminal ligands. The

1

Cd" ions are far bigger in size than Zn"/Cu" ions but similar to the size of Na'/Ln"" ions. As a

consequence positive change density is higher in Ln" jons than that in Cd" ions and hence

' jons than than Cd" ions. Under the basic

dianionic ligands (L1*) may bind to more cationic Ln
condition {Cd(OH),} units might have trapped atmospheric CO, to convert it into carbonate
(CO,™) which joined the two Ln"™5Cd"; units of Ln™¢Cd"s (27-30), together with the p-CI

ligands. When the M" is octahedral (either Ni" or Co" ions) it produced Ln,M, with a defect-
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dicubane topology before it captures atmospheric CO,. The synthetic strategies of preparation of
five new series M-Dy (M = Zn", Cd", Cu" and Co") have been illustrated in Table 4.1.

The magnetic and/or optical properties of all complexes (21-40) have been investigated.
Among the Ln"™,Zn"; series the Dy (21) and Tb (24) analogues show intramolecular
ferromagnetic interactions while the rest of this series possibly exhibit antiferromagnetic
interaction. Only Dy (21) analogue of this series displays slow relaxation of magnetization below
10 K, but without a maximum in ac susceptibility vs T plots, implying T, below 1.8 K. The
fluorescence measurements at room temperature reveal bathochromic emission peak in between
475 to 650 nm when excited either at wavelength either of 300-350 or 430460 nm. The
complexes 21-25 ostentatiously emit yellow fluorescence radiation upon irradiation by UV—
lamp.

The undecanuclear Dy";Zn"; (26) complex contains an unprecedented Dy"; magnetic
core which is connected to four {Zn'"L1} optical units connected by four pi3-OH bridges. The dc
magnetic measurements reveal possible weak intramolecular antiferromagnetic interactions. The
ac measurements show frequency dependent ac signal below 15 K without a peak in ac
susceptibility vs T plots, implying Ty, below 1.8 K. The fluorescence measurements reveal
interesting bathochromic emission peaks either at 510 and 544 nm or 544 nm when excited either
at wavelength either of 468 or 500 nm respectively.

The dodecanuclear LngCde [Ln = Dy(27), Tb(28), Ho(29) and Er(30)] clusters were
found to have fixed atmospheric CO, during the reaction in ambient temperature and pressure.
The dc magnetic measurements show that among this series, the Dy(27) analogue has
intramolecular weak ferromagnetic coupling while the other (28-30) are possibly
antiferromagneticaly coupled. The ac measurements reveal the presence of ac signal and
relaxation dynamic is weakly temperature dependence and taken by that of static. The
fluorescence spectroscopy of all four (27-30) compounds show multiple bathochromic emission
peaks in the visible range when excited in either UV or visible range. Thus bi-functional DysCde
(27) is a fluorescence SMM with two energy barriers of 4.82 and 14.89 K. LnsCde (27-30) are
the highest nuclearity coordination clusters based on Cd"-Ln"" ions.

The dc magnetic measurements on Ln"5Cu'; [Ln = Dy(31), Gd(32), Tb(33), and Ho(34]
compounds reveal the presence of intramolecular weak intramolecular antiferromagnetic

interactions and ac measurements show that only the Dy(31) analogue has slow relaxation of
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magnetization below 10 K, without a maximum in ac susceptibility vs T plots, implying T
below 1.8 K. The Gd-Cu magnetic interactions in Gd(32) have been found to be weakly
antiferromagnetic.

The LnyCo, [Ln = Dy (35), Y(36), Gd(37), Tb(38), Ho(39) and Er(40)] clusters with a
defect-dicubane topology were found to be magnetically interesting though they are consisted of
only two (36) or four (35 and 37-40) highly anisotropic magnetic centers. The dc magnetic
measurements reveal the presence of dominant ferromagnetic coupling in all complexes (35-40).
The magnetization increases very rapidly (below 0.5 T) with the increasing H at 2 K. The
dynamic measurements reveal that Dy (35) analogue has engrossing slow relaxation of
magnetization with a Ty, of 22 K and two relaxation energy barriers (= 17 and 81 K), thus 35 has
the highest blocking temperature and energy barrier among all 3d-4f based SMMs so far reported
in the literature. The ac dynamics of 37 shows the presence of weak out-of-phase signal in
Gd(37) analogue implying the anisotropic contributions from Co" ions are not negligible. The Tb
(38) analogue shows the presence of ac signals below 10 K without a maximum in ac
susceptibility vs T plots, implying Ty, below 1.8 K. The relaxation dynamics of Ho (39) analogue
is more complicated by the mixing of more than one relaxation pathways. The fittings on

Arrhenius plots produce three energy barriers ranging from 11 to 13 K.
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Chapter 5
Tetranuclear 4f Coordination Clusters with (E)-2-(2-hydroxy-3-
methoxybenzylidene-amino)phenol (H,L.1) and (E)-N"-(2-hydroxy-3-
methoxybenzylidene)-(2-hydroxy)-benzohydrazide (H;L3)

5.1 Introduction
Coordination chemistry has become an effective tool for designing and synthesizing new
materials from zero dimensional’ molecular clusters to multidimensional polymeric networks.'?

The proper combination of organic ligands and metal ions results in the synthesis of compounds

7,12 54b-c

which possess various physical properties such as magnetism, catalysis,”* porosity,

1,>* photo-luminescence™ etc. Initially coordination compounds of 3d metal ions were

optica
employed for reaching some targeted properties in the materials. More recently 4f (lanthanide)
ions have been found useful for some applications.”*® The 4f ions generally have higher
coordination numbers than the 3d metal ions and thus different coordination compounds may be
expected with same the ligand.*

One of the most promising aspects of the 4f ions (Ln"") is their optical properties.”**>* B

y
virtue of this they have been employed as dopants in the semiconductor GaN in order to produce
visible-light emitting materials.”” Some lanthanide compounds are also able to absorb UV
radiation and emit in visible region.’***> Mixed lanthanide, for example Gd™ and Eu",
compounds have also been found useful for their photoluminescence properties with high
quantum yields.” Lighting devices such as eco-friendly luminescent lamps, light emitting
diodes used in television and computer displays, optical fibers, optical amplifiers, lasers, as well
as responsive luminescent stains for biomedical analysis, medical diagnosis, and cell imaging

rely heavily on lanthanide ions.****

Trivalent lanthanide ions are also employed to produce
materials which emit in the Near Infra Red (NIR) region®® as NIR photons can penetrate deep
into tissues without causing damage and without significant loss of intensity owing to the low
absorption of NIR photons in such media and NIR light also diffracts much less than visible
light.”®

Probably the most interesting aspect of the 4f ions is their magnetic properties.” Some
trivalent lanthanide (Dy™", Tb™, Ho" etc.) ions have unquenched orbital angular momentum and

display Ising type single-ion magnetic anisotropy,* so that magnetic clusters of these 4f ions can
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display fascinating magnetic properties such as SMM behavior.”® As a result the nature of the 4f
orbitals, exchange interactions between lanthanide ions, e.g. Dy" ions in a purely Dy"" based
clusters, is very weak. Nevertheless, because of their single ion anisotropy they can have higher
blocking temperatures and energy barriers to reversal of magnetization and also often display
multiple relaxation processes.*” Thus lanthanide compounds give vast range of deeply engrossing

materials with a broad range of physical properties.**>*-*4¢->8

5.2 Synthetic strategy

In the previous two chapters, 3d-4f chemistry based on the H,L1 ligand was described.
The Schiff-base ligand H,;L.1 was prepared through condensation of o-vanillin and 2-
aminophenol. The H,L.1 has two phenolic —OH groups which are easier to deprotonate because
of the increased acidity (compared with amide proton) resulting from the stabilization of
phenolate anions through the aromatic ring structure. Similar ligands (H,L2 and H3L3) were
synthesized in order to explore the coordinative analogies in this set of ligands. Thus, the ligands
H,L2 and H3L3 are similar to H,L1 (Scheme 5.1) but with the phenolic OH-group in H,L1
replaced by the amide O-atom of a -CO-NH group (or OH group of -C(OH)=N-). Since the lone
pair on amide O-atoms are more delocalized on conjugated m-electronic clouds, the donation
tendency of lone pairs on amide O-atom decreases. In comparison to the H,L.2, the H3L3 has an
additional phenol —OH in the aromatic ring.

The reaction of LnCl;-6H,0 and CdCl,-H,O with H;L1 in the presence of base (Et;N) in
the molar ratio of 1:1:2:5 led to the formation of a series of defect-dicubane tetranuclear
[Ln"4(OH),(L1)4(HL1),]-2THF [Ln = Dy(41), Gd(42), Tb(43), Ho(44) and Er(45)] complexes
from MeOH and THF solvent mixtures. The Cd" salt apparently prevents further hydrolysis of
lanthanide salts. After the successful isolation of compounds 41-45, the H,L.2 ligand was reacted
in a similar fashion but only an amorphous yellow mass was obtained. Thus, the ligand was
modified to H3;L3. The H,L2 was functionalized into its ortho-position of aromatic ring of the
hydrazide part, by OH-group instead of H-atom to make H;L3 (Scheme 5.1). The reaction of
Ln(NO3);-6H,0O with H3;L3 in the presence of base (Et;N) in the molar ratio of 2:1:2 led to the
formation of a series of chain like tetra nuclear (Et;NH)s[Lns(HL3)2(NO3)10(H20)4](NO3)4 [Ln =
Er(46), Gd(47), Tb(48), Dy(49) and Ho(50)] complexes from THF solution upon ether diffusion.
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Scheme 5.1. Synthetic strategy for preparation of two tetranuclear Ln""; compounds.

In this chapter the synthesis of two different series of Ln'"; cluster (41-50), obtained by

adjusting reaction conditions are described.

5.2.1 Crystal Structures of [Lns(OH)(L1)4HL1);]-2THF [Ln = Dy(41), Gd(42), Tbh(43),
Ho(44) and Er(45)]

The compounds from 41-45 are isomorphous and crystallize in the triclinic space group
P-1, thus only the crystal structure of 41 will be described here. The identities of compounds 42-
45 were established by checking their unit cells parameters as well as the X-ray powder
diffraction patterns.

The asymmetric crystallographic unit contains two Dy"" ions, one ps-OH’, two fully
deprotonated dianionic ligands (L1)*, one zwitterionic ligand {H'(L1)*} and one lattice THF
molecule. All four Dy ions are coplanar forming a defect-dicubane core (Fig. 5.1), although
two external Dy-Dy edges are bridged by two axygen, not one. Dyl and Dy2 have coordination
number eight with a square antiprismatic O;N donor set. Two triply bridging OH™ groups are

situated 0.893(2) A either above or below the plane of the four Dy™

ions. The ligand displays
three different bridging modes (n":m*n" m*:us,n'm' m*: 2 and n'in' ', Fig. 1. 5). All ligands
act in a chelating and/or bridging mode; the first ligand joining Dy1’-Dy2-Dyl1, the second with
Dy1’-Dy2 and the third one Dy2-Dyl. Between the Dy1-Dy2 and Dyl’-Dy2’ centers there are

two Hp-phenoxide O-atom bridges. Both Dyl and Dy2 centers are chelated by pocket-1 (ONO)



and pocket-II (OO). The mono deprotonated ligands are zwitterions with the two phenolic
oxygens in each ligand as phenoxides, both accepting a hydrogen bond from the N-H of the
protonated imine nitrogen (Fig. 5.1). These two ligands are nearly coplanar with Dy4 plane
where as the fully deprotonated ligands are nearly perpendicular to it. The shortest

intermolecular Dy1-Dy1 distance is 10.25A. Selected bond lengths and angles were given in
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Table 5.1 along with three other similar reported Dy, defect-dicubanes.

Fig. 5.1. Molecular structure (left) and core (right) of the coordination cluster in compound 41.

Table 5.1. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 41

along with three other similar reported Dys.

Dy-X (41) 41 Dy, % Dy, > Dy, %
Dyl-O5 2.430(4) 2.358(4) 2.534(9) 2.543(4)
Dy1-08' 2.357(5) 2.488(4) 2.724(3) 2.299(5)
Dy1-06 2.220(5) 2.557(4) 2.297(6) 2.458(4)
Dy1-02 2.259(4) 2.354(6) 2.493(7) 2.410(5)
Dyl1-N2 2.470(6) 2.369(5) 2.565(8) 2.576(5)
Dy1-09 2.389(5) 2.369(4) 2.197(7) 2.286(5)
Dyl-Ol 2.415(5) 2.370(4) 2.367(6) 2.334(4)
Dyl-010 2.562(5) 2.358(4) 2.448(6) 2.258(4)
Dy2-O1' 2.351(4) 2.346(4) 2.451(6) 2.447(4)
Dy2-01 2.329(5) 2.337(4) 2.306(6) 2.373(4)
Dy2-09 2.342(5) 2.306(4) 2.344(6) 2.284(4)
Dy2-03 2.292(4) 2.351(4) 2.454(8) 2.372(5)
Dy2-N3 2.503(6) 2.467(5) 2.509(8) 2.402(5)
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Dy2-0O4 2.687(5) 2.388(4) 2.196(6) 2.397(5)
Dy-X (41) 41 Dy, % Dy, >* Dy, *
Dy2-08 2.370(4) 2.472(5) 2.592(6) 2.343(5)
Dy2-05' 2.293(5) 2.289(4) 2.312(6) 2.370(4)
Dy-O-Dy (41) 41 Dy, % Dy, > Dy, >*
Dy2-09-Dy1 111.6(2) 112.8(2) 114.8(3) 106.5(2)
Dy2-O1-Dyl 111.1(2) 110.3(2) 107.4(2) 101.7(2)
Dy2-O1-Dy2' 110.3(2) 111.4(2) 105.4(2) 113.90(2)
Dy2-01-Dyl 95.3(2) 94.78(14) 102.5(2) 107.0(2)
Dy2'-05-Dyl 96.3(2) 95.95(15) 106.2(2) 102.4(2)
Dy1'-08-Dy2 96.4(2) 94.46(14) Dyl1-N1N2-Dy2 Dy1-OCO-Dy2
O1- Dys(plane) 0.893(2) 0.922 0.905 0.872(4)
Dy(1) - Dy(2) 3.9116(6) 3.8693(4) 3.883 3.8319(4)
Dy(1) -+ Dy(2) 3.5227(6) 3.4650(5) 3.737 3.6509(4)
Dy(2) -+ Dy(2)' 3.8401(8) 3.8671(6) 3.786 4.0407(6)
Dy(1) geometry SAP SAP SAP DOD
Dy(2) geometry distorted SAP SAP SAP DOD—-BCTP

Symmetry code: (i) —x, —y+1, —z+1. X = O/N/Cl-atom when viewed in similar orientations alike 41.

5.2.2 Static magnetic properties of 41-45:

The temperature dependent magnetic susceptibilities of 41-45 were measured on
powdered samples in the temperature range 1.8-300 K under an applied dc magnetic field of
1000 Oe (Fig. 5.2). The data are summarized in Table 5.2. The experimental 7 values at room
temperature in most of the systems, are close to the expected theoretical ones for four non-

interacting Ln"" ions'"*

although slight lower 4T values are obtained for 41 and 43 possibly due
to population of the low-lying orbitals with lower J values. For the theoretically isotropic
complex Gd" (42), the % T product remains almost constant from room temperature to 25 K and
then rapidly decreases to 13.66 cm® K mol™ at 1.8 K indicating the presence of antiferromagnetic
intramolecular interactions and/or small ZFS contributions of Gd"' ions. The temperature
independent behavior suggests the coupling between the Gd'" ions is very weak, which is also
supported by the small Weiss constant of -2.45 K obtained from the Curie-Weiss fit of the ¥ T
product above 15 K. The rapid decrease of the y7 product of 42 below 20 K is probably due to
the small ZFS and/or weak antiferromagnetic intermolecular interaction. The thermal evolution

of the 4T of Dy"; (41) and Ho"; (44) is similar, in which the T product slowly decreases with
the decrease of temperature to 46.37 (41) at 13 K and 48.35 (44) cm® K mol™ at 15 K and then
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rapidly increases to 62.32 (41) cm® K mol™ and 58.08 (44) cm’ K mol™ at 1.8 K. This type of
behavior suggests the presence of overall intramolecular ferromagnetic couplings among the
Ln"" ions, but the decrease (Fig. 5.2) of the T product in the higher temperature range (15-200

" jons.® Additionally, for

K) is likely due to the depopulation of Stark sublevels of Ln
compounds Tb", (43) and Er'; (45), the yT product decreases monotonically in the full
temperature range, suggesting the presence of overall antiferromagnetic interactions, however,
the depopulation of its Stark sublevels of these Ln"" ions can also contribute to the decrease of
the ¥ T product.

Looking at the static magnetic behavior of this family, the question presents itself as to
why the overall interaction changes from antiferromagnetic to ferromagnetic on going from the
Tb/Er and Dy/Ho cases? From the result of what might be considered as the isotropic case of the

Gd" analogue, the spin-spin magnetic exchange interactions between the Ln™" ions in this family

are overall likely to be antiferromagnetic. However, as illustrated for the Dy"'s complex,”™ the

11 1T

dipolar interactions between the anisotropic Ln" ions such as Dy" or Ho" ions can be
ferromagnetic and rather large depending on the orientation of the easy axes. Since the magnetic
exchange intramolecular interaction of this family is very weak we can expect that the dipolar
contribution in the case of Dy and Ho"™ complexes is sufficient to dominate the exchange

interaction, thereby leading to the observed increase of the ¢ T product.
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Fig. 5.2. Plots of T vs T of 41-45 under 1000 Oe dc field.
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Table 5.2. The dc magnetic data of compounds 41-45.

Compound | Ground | T expected xT Curie Weiss Magnetization
state of for non- measured at constant * constant® | at2 Kand 7 T

Ln" interacting 300 K per | C (cm’Kmol™) 0 (K) (ug)

ion ions per complex
complex (cm3Kmol'1)
(em*Kmol™)

Dy",(41) | °Hisp 56.68 53.21 53.81 -5.78 20.73

Gd",(42) | Sy, 31.50 31.59 31.85 -2.45 28.03

Tb", (43) "He 47.25 44.90 45.79 -5.63 18.38

Ho'", (44) ’Tg 56.28 56.23 57.16 -5.57 22.41

Er'', (45) s 45.92 45.61 47.18 -10.15 19.51

a) Curie-Weiss fit is obtained above 15 K.

The field dependence of magnetization measurements at low temperatures reveals that
the magnetization has a relative rapid increase below 1 T and then follows a steady increase up

to 7 T. The magnitude of the magnetization is listed in Table 5.2.
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Fig. 5.3. Plots of M vs H and H/T (inset) of 41 (left) and 42 (right) at indicated temperatures.

The lack of true saturation in magnetization of complexes 41 and 43-45 indicates the

presence of magnetic anisotropy and/or low lying excited states. However, in the case of
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isotropic complex Gd"'y (42), the magnetization almost reaches a saturation of 28.0 g, which is
in good agreement with the expected value for four non-coupled Gd"' ions (7.0 ug per Gd™).
This behavior further suggests that the interaction between Gd'"' and Gd" is very weak so
that the antiferromagnetic interactions are easily overcome by the external field. Furthermore, the
M vs H/T plots at low temperatures (Fig. 5.3-5.5, inset) for all the compounds are not superposed
on a single master-curve as expected for isotropic systems further indicating the presence of
magnetic anisotropy and/or low-lying excited states.” The slight deviation of M vs H/T at
different temperatures for isotropic complex Gd"4 (42) is due to the population of low-lying

excited states (Fig. 5.3, right, inset).
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Fig. 5.4. Plots of M vs H and H/T (inset) of 43 (left) and 44 (right) at indicated temperatures.

0¥ T T v .
0 10000 20000 30000
0 HIT | OelK

0 20000 _ 40000 60000
H (Oe)

Fig. 5.5. Plots of M vs H and H/T (inset) of 45.
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If four isotropic Gd"™ ions couple to each at low temperature (below 20 K), they can
produce several (15) energy states with corresponding spin value ranging from S =0 to S = 14.
Since the magnetic coupling is very week, several closely spaced low-lying energy states are
possible. The spin energy states starting from lower S-values to higher S-values are gradually
populated depending upon their energies of separations and strength of the applied dc magnetic
field.

5.2.3 Dynamic properties of 41-45.
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Fig. 5.6. Plots of In phase (") and out of phase susceptibility (x"") vs T (top) and frequency

(bottom) of 41 at indicated temperatures under applied dc field H = 0 Oe.
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The ac measurements were carried out for all five compounds. Of these, only Dy
compound 41 shows a non-zero out-of-phase component indicating the presence of slow
relaxation of the magnetization. The captivative ac susceptibilities of 41 are strongly frequency

dependent below 6 K but no maximum could be detected up to 1500 Hz (Fig. 5.6).
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Fig. 5.7. Plots of in-phase (") and out-of-phase susceptibility (% ") vs frequency of 41 under

indicated external dc fields.

35 r T T T 10 ‘‘‘‘ T LS T L S B A |
1 —19K
30 { —20K
5 _ | =—201K
T BE = | —22K
o) X
£ 20 f= £ g 23K
o ‘€ § —24K
g 15 L, o ——25K
S 0L = ——2.8}
gt 1 3.0 ¥
0 SO S B ST, ——4.0K
1 10 100 1000

v/ Hz

Fig. 5.8. Plots of ", " vs frequency of 41 at indicated temperatures under applied dc field H =
500 Oe.

It is noticeable that the temperature dependence of out-of-phase susceptibilities are not
increasing with the increase of the frequency as often observed in SMMs, suggesting that this
complex has a very weak temperature dependence of the relaxation time, probably because
tunneling is strong. In this case, the use of ac data vs T is not recommended as the change in the

static components overwhelms that of the dynamic. Therefore, the frequency sweeping ac
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susceptibilities were collected from 1.8 K to 3.5 K (Fig. 5.6). Both " and y'" are frequency
dependent with maxima detected up to 3.5 K. The relaxation time of 41, deduced from those data
(Fig. 5.6), follows an activated behavior with an energy gap (A) of 3.7 K and a pre-exponential
factor () of 4.8x107 s ( 5.9, left). The analysis of Cole-Cole plots of y*" vs x exhibits a nearly
semicircular shape ( 5.9, right). Fitting the data using a generalized Debye model™ leads to  in

the range of 0.04 - 0.07, which proves that there is one dominant relaxation process (Table 5.3).

Table 5.3. Analysis of Cole-Cole plots of 41.

T (K) a %o (cm’/mol) Yint (cm/mol)
1.8 0.046(2) 36.707(6) 10.757(78)
1.9 0.044(7) 33.315(15) 10.380(195)
2.0 0.048(8) 30.728(14) 9.946(228)
2.1 0.049(9) 28.650(14) 9.579(244)
2.2 0.058(11) 27.293(17) 9.144(304)
2.4 0.062(8) 24.002(10) 8.476(232)
2.6 0.057(0) 21. 440(7) 7.990(146)
2.8 0.046(7) 19.388(6) 7.726(179)
3.0 0.041(0) 17.693(5) 7.421(130)

The frequency dependence of the ac susceptibility was also measured at 1.8 K in an applied
dc field (Fig. 5.7). With increasing field the relaxation rate 1/7 slightly decreases from 520 Hz at
zero field to a minimum value of 430 Hz at 500 Oe and then increases. This slowing down of

>% Therefore, frequency sweeping

magnetic relaxation is typical for quantum tunneling in SMMs.
ac susceptibilities were performed again under a dc field of 500 Oe (Fig. 5.8). The parameters of
the relaxation process now become an energy barrier of 4.9 K and relaxation time of 3.0 x107 s (
5.9, left), which are not very different from the one obtained in the absence of dc field. Overall,
these experimental results have revealed that this compound indeed exhibits quantum tunneling
effect but the dynamic component is not influenced much by an applied transverse field.

A literature survey shows that only three defect-dicubane Dys complexes have been
previously reported. In each case, the all four Dy ions are eight coordinated with an O;N donor
set in 41, (OgN,)/(O6N»),**® (OsN,C1)/(06N5),** and (O,N)/(05)**® donor sets. In all cases two -
OH groups are above and below the plane by 0.893 (2), 0.922 (2), 0.905 (2) and 0.872 (4) A
respectively (Table 2). However they differ around the periphery of the metal-hydroxide core.
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Fig. 5.9. 7 vs 1/T plot for 41 obtained from frequency dependent ac susceptibility measurements
both under a dc field of zero and 500 Oe. The solid lines represent the Arrhenius fits at H =0 Oe
(spots) and H = 500 Oe (squares) (left). Cole-Cole diagram of compound 41 in the temperature
range of 1.8 — 3.0 K under zero dc field. The solid red lines represent the least-squares fit

obtained with a generalized Debye model (right).

The Wing-body Dy-Dy of the Dy, of Po-Heng Lin et. al.** has alternative two single O-
atom and two single O-atom plus one bi-atomic (-N-N-) bridges. The second Dyy of Yan-Zhen et.
al’® has alternating two and three single O-atom bridges and that of Abbas et. al **® it has two
single O-atom and one syn-syn carboxylate bridges. The structural parameters of the core of 41
more closely resemble that of Dys of Yan-Zhen et. Al,36b but their relaxation behaviors are
different. The analysis of Cole-Cole plot 41 of " vs y” exhibits a nearly semicircular shape (Fig.
5.9, right). Fitting the data using a generalized Debye model’™ implies a single relaxation
process (Table 5.4) while that of Abbas er. al **® does not produce good fit, infers more than one
relaxation processes. Number of relaxation processes is not reported on Dy, of Yan-Zhen et.
al*® The Dy, of Po-Heng Lin et. al® has two clear dominant relaxation processes.

The difference in magnetic behavior between the previously reported complexes and the
complex 41, could be due to differences in ligand fields, bond lengths and slightly acute bridging
angles in the central core of 41 as well as different orientations of the anisotropy axes. For
comparison the structural parameters of all four complexes are given in Table 5.1. A careful look
at both bond parameters and magnetic cores, led to the conclusion that single ion magnetic

11

anisotropy of each Dy~ ion of all four Dys; complexes likely to play pivotal role on the ac
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dynamics. This implies ligand field effect pivotal for Dy, of Po-Heng Lin et. al’®® while QTM
effect may have perished ac dynamic of rest three Dy4 compounds. However, different ligand has
been used in all four cases thus ligand field effect does not remain unaltered. Further
comparative ab initio calculations are required to incisively elucidate this kind of experimental

observations.

Table 5.4. The energy barriers and relaxation times of 41 and of previously reported Dy,

compounds.
41 Dy, >® Dy, > Dy, >
QTM observed - Not observed observed
No. of relaxation processes one - two More than one
A (K) 4.9 7.0 9.7 and 170 6.9
To (S) 3.0x10-5 3.8x10-5 3.2x10-5 and 4x10-7 4.8%10-5

5.3.1 Crystal structures of (Et;NH)¢[Lng(HL3)>(NO3)10(H20)4](NO3)4; [Ln = Er(46), Gd(47),
Th(48), Dy(49) and Ho(50)]

The compounds 46-50 are isomorphous, thus only the crystal structure of 46 will be
described here while rest of the complexes (47-50) of this series were characterized by unit cell
constants and X-ray powder diffraction. The complex 46 crystallizes in P-1 space group and the
center of symmetry passes through the molecule. The total molecule contains four Er'" ions, two
doubly deprotonated ligands (HL3)*, ten coordinated nitrates (NOs") and four coordinated water
molecules (Fig. 5.10). The crystal lattice in 46 also contains two (Etz;NH)' ions for charge

balance and four sets of (Etz;NH)" (NO3)  rather than some solvent molecules.



116

b

03\, éc

*’. g i

| 04 -llllL EI’
R Er . P { C
¢ ' T o
‘ N

Fig. 5.10. Molecular structure of the coordination cluster in compound 46.

In the crystal structure, the amide proton on N2 of the ligand is not deprotonated but both
the phenolic OH-groups are deprotonated. In the center two Er'" ions are bridged by two p-
phenoxide O-atoms (02 and O2") and each ligand provides additional coordination through the
methoxy oxygen O1, the imine nitrogen Nland amide oxygen O3 with an overall bridging mode
n'm*n'm'm':us (Fig. 1.6, middle). There are two nitrate ions coordinated to each Er'" ions in
chelating fashion perpendicular to the plane of aromatic ring of the ligands (Fig. 5.10). The
central dimeric {Er'",(HL3),(NO3)4}* unit is linked to the two more {Er'" (NO;3);(H,0),} units
from both sides of the {Er',(HL3)2(NO3)s}* unit by with a two deprotonated phenolic O-atom
(O4) (phenolic OH-group corresponding to amide part of H3L3; Fig. 5.10) to form
{Er'"4(HL3),(NO3)10(H,0)4}* unit. The Er1-Erl” distance and Er1-O2-Erl” angle are 3.667(5) A
and 105.14(16)° respectively. The Erl-Er2 distance is 7.247 A, and the mononuclear
{Er'"(NO;)3(H,0),} units can be magnetically isolated from the central Er, dimer. All four free
NO;" ions are hydrogen-bonded to NH-protons on Et;NH" ions and coordinated water molecules
on Er2 center. The Er1-O/N and Er2-O distances vary from 2.278(4) to 2.473(5) A and 2.183(4)
to 2.506(4) A respectively. All four Er'' ions have adopted a distorted capped square
antiprismatic geometry an OgN (Erl) or Og (Er2) donor set. There is intramolecular H-bonding
(Fig. 5.10, blue dotted line) between H2N2 and O4 (2.636(6) A). The selected bond parameters

of complex 46 are given in Table 5.5.
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Table 5.5. Selected bond lengths (A) and bond angles (°) within the coordination cluster in 46.

Erl—02 2.278 (4) Erl—O010 2.458 (5) Er2—017 2.452 (4)
Erl—O03 2.290 (4) 02—Erl 2.340 (4) Er2—O13 2.453 (5)
Erl—O02' 2.340 (4) Er2—04 2.183 (4) Er2—019 2.461 (5)
Erl—Ol’ 2.392 (4) Er2—016 2.506 (4) Erl—Erl’ 3.667(5)
Erl—O07 2.404 (5) Er2—06 2.298 (4) N2--04 2.636 (6)
Erl—O8 2431 (5) Er2—O5 2.325 (4)

Erl—N1 2.446 (5) Er2—020 2.423 (4) Erl—02— 105.14 (16)
Erl—Ol1 2.473 (5) Er2—O0l4 2.441 (5) |

Symmetry code: (i) —x, =), —z.
5.3.2 Static magnetic properties of 46-50.

The susceptibility (Fig. 5.11) data of 46-50 are summarized in Table 5.6. The
experimental yT values at room temperature in all cases are in good agreement with the

" jons."'™* The 4T products of compounds 46-50 all

theoretical ones for four non-interacting Ln
follow a similar trend, remaining almost constant down to a certain temperature (100-300 K) and
then decreasing with the decrease of temperature (Fig. 5.11). For theoretically isotropic complex
Gd"; (47), the T product remains almost constant from room temperature to 30 K and then
rapidly decreases to 21.26 cm® K mol™ at 1.8 K implying the presence of antiferromagnetic
intramolecular interactions. The temperature independent behavior suggests the coupling
between the Gd™ ions is very weak, which is also supported by a small Weiss constant of -1.09
K obtained from the Curie-Weiss fit of the 4T product above 15 K. The rapid decrease of the T
product below 25 K is probably due to the small ZFS and/or intermolecular interaction. The
thermal evolution of xT for Tb", (48) and Dy"; (49) is similar, with the T product remains
almost constant until 100 K and then slowly decreases with the decrease of temperature to 19.41

(48) and 30.27 (49) cm® K mol” at 1.8 K respectively. The shape of ¥T plots suggest the

presence of overall intramolecular weak antiferromagnetic interactions which is also

I 111

accompanied by depopulation of Stark sublevels of Ln"" ions* (Fig. 5.11). For compounds Er'’y

(46) and Ho, (50), the % T product decreases continuously over the full temperature range, also

suggesting the presence of overall weak intramolecular antiferromagnetic interactions together

1II

with the depopulation of the Stark sublevels of these Ln ions. The similar trend has been




118

observed in previously reported triply p-O bridged Ln™, ** compounds (Ln = Gd, Tb and Eu)

with bridging ranging from 98.86(8) to 103.36(9)°. In contrary, the intramolecular ferromagnetic

. . . 11T
interactions were observed in two Dy, ¥’

complexes with Dy-O-Dy bridging angle of 106.41°
and 107.68°. The geometries of the reported Ln™, (Ln = Gd, Tb and Eu) **" and Dy, *"® are
distorted capped square and square antiprismatic respectively. The central doubly single atomic
bridged Dy1-O-Dyl of 49 with distorted capped square anti-prism, is expected to be close to
105° since 49 is iso-structural to 46 (in 46, Er1-OErl = 105.14(16)°). The change in geometry of
Dy ions and Dy-O-Dy angle might be the reason why T value of 49 monotonically decreases

with the decrease of T.
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Fig. 5.11. Plots of T vs T for 46-50 at 1000 Oe dc field.

The field dependence of magnetization at low temperatures shows that the magnetization
has a relative rapid increase below 1 T and then follows a steady increase up to 7 T. The
magnitude of the magnetization is listed in Table 5.5. The lack of true saturation in
magnetization of complexes 46 and 48-50 indicates the presence of magnetic anisotropy and/or
low lying excited states. However, in the case of isotropic complex Gd"4 (47), the magnetization

almost reaches a saturation of 28.30 pup, which is in good agreement with the expected value for
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four non-coupled Gd" ions (7.0 pgp per Gd™). This further suggests that the interaction between
Gd" and Gd" is very weak so that the antiferromagnetic interactions are easily overcome by the
external field. Furthermore, the M vs H/T plots at low temperatures (Fig. 5.12-5.14, inset) for all
compounds are not superposed on a single master-curve as expected for an isotropic system
further indicating the presence of magnetic anisotropy and/or low-lying excited states.* The
slight deviation of M vs H/T at different temperatures for isotropic complex Gd"'; (47) is due to
the population of low-lying excited states (Fig. 5.13, left, inset).

Table 5.6. The dc magnetic data of compounds 46-50.

Compound | Ground | yT expected for | %T measured Curie Weiss | Magnetizati
state of | non-interacting at 300 K per constant * constan onat2 K
Ln"™ ions per complex complex C (em’Kmol t? and 7 T (ug)
ion (cm’Kmol™) (cm’Kmol™) D) 0 (K)
Er'', (46) s 45.92 46.34 48.48 -14.39 19.73
Gd", (47) s 31.50 31.69 31.85 -1.09 28.30
Tb"™, (48) "He 47.25 47.48 48.57 -6.59 19.78
Dy",(49) | °Hisp» 56.68 56.87 57.77 -5.10 21.51
Ho™, (50) I 56.28 56.80 58.89 -10.66 20.87

(a) Curie-Weiss fit is obtained above 15 K.
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Fig. 5.12. Plots of M vs H and H/T (inset) of 46.
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Fig. 5.13. Plots of M vs H and H/T (inset) of 47 (left) and 48 (right) at indicated temperatures.
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Fig. 5.14. Plots of M vs H and H/T (inset) of 49 (left) and 50 (right) at indicated temperatures.

5.3.3 Dynamic properties 46-50.

The ac measurements were carried out for all compounds. Out of the five compounds
(46-50), only the Dy compound 49 shows a non-zero out-of-phase component indicating the
presence of slow relaxation of the magnetization. The ac susceptibilities of 49 are strongly
frequency dependent below 10 K with a detectable maxima around 4 K at 1500 Hz (Fig. 5.15). It
is noticeable that the temperature dependence of out-of-phase susceptibilities are increasing with
the increase of the frequency without a clear maxima as often observed in SMMs, suggesting that
this complex has a very weak temperature dependence of the relaxation time, probably because

tunneling is strong and/or associated with more than one relaxation process. Therefore, the
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frequency sweeping ac susceptibilities were collected from 1.8 K to 4.0 K (Fig. 5.15). Both y’

and y'" are frequency dependent with maxima detected up to 4 K.
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Fig. 5.15. Plots of In phase (") and out of phase susceptibility (y ") vs T (top) and frequency

(bottom) of 49 at indicated temperatures under applied dc field H = 0 Oe.

The y" and y’" vs frequency plots at 1.8 K (Fig. 5.16) indicates the possible presence of
QTM. From y" and " vs T plots, it seems there are more than one relaxation process involved.
The relaxation time of 49, deduced from those data (Fig. 5.17, left), follows an activated
behavior with energy gaps (A) of 1.59 and 11.85 K and pre-exponential factors (z) of 1.1x10™
and 3.1x10° s respectively ( 5.17, left). The Cole-Cole plots of y'* vs x' show a nearly
semicircular shape ( 5.17, right).

In the literature there are two Dy™, compounds reported.*” In compound 49, a Dy, unit

can be found which is similar to the reported one.”” The terminal Dy ions (Dy2) of 49 are
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separated by 7.247 (5) A (Dyl-Dy2) from central Dy, unit. Thus, the magnetic interactions
between Dyl and Dy?2 are likely to be very week. The central doubly single atomic p-bridged
Dy1-O-Dyl angle is expected to be close to 105° (Erl-OErl = 105.14(16)° in 46). In this
context, the Dy-O-Dy bridging angles of the Dy"™, *"> SMMs are 106.41° and 107.68° and

corresponding energy barriers are 56 and 71 K respectively.
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Fig. 5.16. Plots of in-phase (") and out-of-phase susceptibility (y ") vs frequency of 49 under

indicated external dc fields.
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Fig. 5.17. zvs 1/T plot for 49 obtained from frequency dependent ac susceptibility measurements
both under a dc field of zero. The solid lines represent the Arrhenius fits at H =0 Oe (left). Cole-

Cole diagram (right) of compound 49 in the temperature range of 1.8 — 4.0 K under zero dc field.
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5.4 Conclusion:

In this chapter syntheses, crystal structures and magnetic properties of two different
series of tetranuclear lanthanide compounds are presented based on H,LL1 and Hs;L3 with general
formulae [Ln""4(OH)»(L1)4(HL1),]-2THF [Ln = Dy(41), Gd(42), Tb(43), Ho(44) and Er(45)] and
(EtsN)6[Lna(HL3)2(NO3)10(H20)4](NO3)s  (46-50) respectively. But the topology of the
coordination clusters is different with respect to each other. Crystal structures reveal that
compounds 41-45 have a defect-dicubane while 46-50 have a non-planar chain-like topology.
From structural comparison, it is found that deprotonated iminophenolic O-atom of H,L1
coordinates and bridges thus producing tetra nuclear coordination cluster (41-45). The enol form
of amide O-atom of H3;L3 only acted as coordinating atom (not bridging) to produce dinuclear
unit which then binds two Ln"" ions by its functionalized deprotonated phenolic O-atom (46-50).

From magnetic point of view the Dy-analogues (41 and 49) of both the series are SMMs.
Among the coplanar Ln"' series (41-45), Dy(41) and Ho(44) analogues show over all weak
intramolecular ferromagnetic interactions at low temperature while the other three compounds
(Gd(42), Tb (43) and Er(45)) show weak antiferromagnetic interactions. Complex 41 shows slow
relaxation of magnetization characteristic of SMM behavior with QTM relaxation pathways
making lower energy barrier for magnetic relaxation. Generally, Ln complexes are in the weak

360-d the exact nature

limit of magnetic coupling. Among all three reported defect-dicubane Dya,
of magnetic coupling (ferro or antiferro) has not been envisaged. In contrast, 41 has over all
weak ferromagnetic coupling below 15 K within Dys complex and inspite of that, the ac
relaxation dynamic of 41 does not improved much when compared to that of Yan-Zhen et. al.*®
and Abbas ef. al.**® The absence of QTM and pivotal single-ion magnetic anisotropy are the
impetus of higher energy barrier in Dy4 of Po-Heng Lin et. al.*®*

The dc magnetic measurements reveal that all (46-50) compounds are weakly
antiferromagnetically coupled. Dynamic magnetic property measurements show that compound

Dy"!; (49) is a SMM with two energy barriers (A = 1.59 and 11.85 K) with nice slow relaxation

of magnetizations through two relaxation pathways below 7 K.
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Chapter 6

Cu-Ln Coordination Clusters with (E)-N’-(2-hydroxy-3-methoxybenzylidene)-

benzohydrazide (H,L2) and bis-(E)-N,N’"-(2-hydroxy-3-methoxy)-

benzylhydrazone (H,L4)

6.1 Introduction

Since the discovery of Single Molecule Magnet (SMM) behavior in Mnj,-Ac,*”’
considerable effort has been employed on developing the synthetic routes to a variety of homo->""
2% and hetero-metallic?”****° high spin coordination clusters. In order to observe SMM behavior
it is necessary to combine a non-zero and preferably high spin state (S) with an Ising-type

uniaxial magnetic anisotropy (D).*>%

Below the blocking temperature Ty, slow relaxation of the
magnetization can be observed and the hope is to utilize this so that each molecule may function
as a data storage or processing unit.'” The SMMs must have a negative axial zero-field splitting
(D), which leads to a double-well potential with an energy barrier between “spin-up” (S, = +S)
and “spin-down” (S; = -S) states.®® On the other hand, the above mentioned double well
formalism is not obeyed by the compounds containing highly anisotropic metal ions (such as
Co", Dy, Tb™ etc.). The height of the barrier Us is related to the spin and anisotropy providing
a giant spin model can be used and then given by the equation Uy = IDS*I. Thus a logical goal
seems to be to combine high total spin, S with a significant and negative uniaxial anisotropy, D.
However, it has recently become clear that the attractive idea of achieving very high spin
molecules in order to optimize barrier height fails if the combination with the anisotropy is to be
taken into account. In fact, any significant orbital contribution (and thus single ion magnetic
anisotropy) automatically implies that the quantum number for the total spin on the molecule, S,
is no longer a good quantum number and since S is also a part of the description of for the zero-
field splitting parameters this leads to a linear rather than quadratic dependency on S for the
barrier height, suggesting that the more useful parameter to optimize is, in fact, the D
parameter.”’ The giant spin model, implicated if we take S to be the dominant factor in
increasing U, 1s mostly valid for Mn and Ni-based SMMs, but is not valid for highly
anisotropic systems.” It is apparently thought that adding together a lot of anisotropic single ions
will give an anisotropic molecular system. This tends not to be working because of the difficulty

of aligning the single-ion anisotropies close to parallel. Hence, it is better to use one strongly
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anisotropic ion and try to give it an environment that will maximize the anisotropy of a particular
magnetic center. Since Ln" (4f") metal ions such as b, Dym, Ho™, Tm™, Er'™ etc. contain
large unquenched orbital angular momentum because of the internal nature of valence f orbitals,
they are rich source of large and inherent single ion magnetic anisotropy.* This is also one of the
reasons why rare earths are widely used in magnet technology. Some examples of this are
provided by the SmCos and Nd,Fe 4B permanent magnets, which have found large market use in
the past few years.* It is well known that f orbitals are deeply buried, so the interactions between
f electrons are expected to be small producing measurable effects at extremely low temperatures.
This is one of the reasons for the intense recent efforts to produce systems containing both 3d
and 4f metal ions as the hope is that this will result in a stronger magnetic interaction of the f
electrons with more expanded d orbitals and also measurable effect at higher temperatures.*

I~ 11 . SO . | 43,44d,61
In most cases, the Gd"-Cu" magnetic interaction is found to be ferromagnetic.”" "™

"jons can give an anisotropic spin

However, replacing Gd"' by highly anisotropic Tb"" or Dy
pair with an easy axis,*® In the literature several engrossing Ln"™-Cu” SMMs (TbCu,*"
szCU2,44a DY2CL12,44a DY2CL1,44b DyQCUQ,44e’h Dy6Cu6,44i Dy6Cu6,44j CLl24Dy8,61b etc.) are reported.

The Dy,Cu *** has the highest energy barrier (46 K) among the Ln"-Cu" based SMMs.

6.2 Synthetic strategy

Ln3;Cu; complexes synthesized using the H,L.1 ligand, have been discussed in chapter 4.
Here the synthesis of Ln-Cu complexes using the H,L2 ligand is described. From the
coordination chemistry point of view both H,L1 and H,L2 are similar (Scheme 6.1). Each
diprotic ligand (H,L2) can be described in terms of possessing two pockets (I and II) (Scheme
6.1). The first provides ONO (a phenolic O from the vanillin part of the ligand, an imine N and
an amide O) and the second provides two oxygen donors from the phenol O-atom and an O from
the OMe group of o-vanillin part of the ligand. As before, the phenolic O-atom can also bridge
between metal ions in the two pockets. The H,L4 ““double-ligand”” now has two pockets of type
IT (O0), but instead of pocket-I, we now have two pocket-III (ON) such that metal ions in these
pockets are bridged by the hydrazine linkage.

It is well-known that the ratio, metal salt, temperature, solvent, and the time of reaction

can all affect the nature of the final product. Bearing this in mind, these parameters were
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modified and the influence influence on the resulting structural characteristics of the final

products noted (Table 6.1).
S No” ; ﬁ

o o

(H,L1) (H,L2) (H,L4)

Scheme 6.1. View of H,L.1 (left), H,L2 (middle) and H,L4 (right).

The reaction of Dy(NO3)3;-6H,0, Cu(NO3),-2.5H,0 and H,L2 in 20 mL of MeOH in the
presence of base (Et3N) in the ratio of 2.5:2.5:1:7.8 led to the isolation of needle-shaped green
crystals of [DyCu(L2)(OMe)(NO3)2(H,0)(MeOH)]-2MeOH (51). When the above ratio was
changed to 2.5:2.5:1:6, block shaped green crystals of
[DyCuy(L2),(OMe)2(NO3)(H20),]'H,0-1.5MeOH (52) is obtained. Utilization of sodium azide
in the previous reaction, produces black color block-shaped crystals of
[DyCu,(L2)2(N3)3(MeOH)(H,0)]-3MeOH:1.5H,0 (53).

The reaction of Dy(NO3)3;-6H,0, Cu(NO3),-2.5H,0 and H,L2 in 20 mL of MeOH in the
presence of triethylamine (Et;N) as a base in the ratio of 1:1:2:5 led to the isolation of needle-
shaped green crystals of [LnCus(L2)3;(OMe);]-xMeOH-yH,O [Ln = Dy(54), x = 1.5, y = 0.215;
Tb(55) and Gd(56) x =1, y = 0; Ho(57) and Er(58) x = 1.5, y = 0.215].

After the isolation and characterization of propeller shape DyCu; (54) complex, H,L4
was formed in situ to connect two DyCus; (54) magnetic units giving
[Dy,>Cus(OMe).76(N3)1 24(L2)s(H,O)(MeOH)(L4)]- 10MeOH-2H,0 (59). In the crystal structure
there are two partially disordered OMe/N; bridges between Dy" and Cu" within the molecule.
The reaction without addition of sodium azide has been attempted but no such compound is
obtained with pure methoxide (OMe) bridges.

In order to investigate the influence of solvent, the reaction which produced the propeller
shaped Dy"'Cu"; (54) molecule with three p-OMe bridges, was performed in EtOH instead of
MeOH, but instead of a propeller system, hexagonal-shaped light green crystals of
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[LngCuy(L2)4(HL2)4(OH)s(CO3)3(NO3)3(H20)4(EtOH)[(NO3)»-9EtOH-6H,O [Ln = Dy(60) and
Er(61)] were obtained. The carbonate (CO;”) originates from the fixation of carbon dioxide
which transforms into carbonate in the presence of base. If the reaction is carried out in inert
atmosphere no crystals containing Dy"" ions can be obtained.

The similar reaction, but using DyCl;-6H,0 instead of Dy(NO3);-6H,O in EtOH, gave
block-shaped green-brown crystals of the pu;-OH bridged [Dy,Cu(OH)(L2),(HL2),(H,O)]Cl-
SEtOH-2.5H,0 (62) triangle, the core of which seems to be a fragment of the much larger
Dy"sCu'"; (60). In this chapter the syntheses, crystal structures and magnetic properties of these

novel complexes (51-62) are presented.

Table. 6.1. Comparison of DyIH-CuH products (51, 52, 53, 54, 59, 60 and 62) with various

reaction conditions.

Ratio * Solvent Atmosphere | Time of stir (min.)/ Compound
/temperature | Crystallization(days)

A:B:C:G=2.5:2.5:1:7.8 MeOH air/rt 15/14 DyCu (51)

A:B:C:G=2.5:2.5:1:6 MeOH air/rt 15/14-21 DyCu, (52)

A:B:C:F:G=1:1:1:3.8:2.4 MeOH air/rt 15/60 DyCu, (53)

A:B:C:G=1:1:2:5 MeOH air/rt 10/2-3 DyCu; (54)

A:B:C:E:F:.G= MeOH air/rt 15/14-21 Dy,Cug (59)
6:15:12:1.02:19.38:24.23

A:B:C:G=1:1:2:5 EtOH air/rt 20/21 DyoCu, (60)

D:B:C:G=1:1:2:5 EtOH air/rt 20/21 Dy,Cu (62)

(a) A =Dy(NOs);-6H,0, B =Cu(NOs),-2.5H,0, C =H,L2, D =DyCl;-6H,0, E = H,L4, F = NaN;, G
= Et;N, Volume of solvent =20 mL.

6.2.1 Crystal structure of complex [DyCu(L2)(OMe)(NO3)(H,0)(MeOH)|-2MeOH (51).
The complex 51 crystallizes in the orthorhombic space group Pbca with Z = 8. The

. . . 1I - I - .. . . 2-
asymmetric unit of 51 contains one Cu ion, one Dy ion, one dianionic ligand (L27), one p-

OMe, two chelating nitrates (NO5s"), one coordinated MeOH and one H,O. The Cu" ion has

I jon has

adopted distorted a square planar geometry with an OsN donor set while the Dy
adopted a nine coordinate distorted capped square antiprism geometry with an Oy donor set (Fig.

6.1).
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Fig. 6.1. Molecular structure of the coordination cluster in compound 51; Cul and Dy centers in

pocket-I and -II respectively.

The square planar Cu" ion is ligated into pocket-I(ONO) of the dianionic ligand (L2%)
while Dy™ ion is ligated into pocket-II(OO) and they are linked by the phenoxy oxygen O2.
Thus the ligand displays a n':n%mn'n": 2 coordination mode (Fig. 1.6). The fourth coordination
site of the square planar Cu" ion is completed by the bridging p-methoxide oxygen (O1) which
also bridges between the Cu" and Dy" ions (Fig. 6.1). In addition to the two oxygens from this

bridge, the coordination sphere of the the Dy™

ion is completed by four O-atoms of two
chelating mono anionic nitrates, one H,O oxygen and one MeOH oxygen. The Dy-O bond
distances vary from 2.264(3) to 2.578(3) A while Cu-O/N bond distances vary from 1.910(3) to
1.934(3) A. The Cul-Dyl1 distance is 3.3499(5) A and Cul-O1-Dyl and Cul-O2-Dy1 bridging
angles are 106.44(13) and 104.30(13)° respectively. The crystal lattice in 51 also contains two
MeOH solvent molecules which are hydrogen-bonded to coordinated nitrate and water molecules
on the dysprosium (O11-021 = 2.643(5) A and 08-022 = 2.769 A). There are also 7-n stacking

interactions between the aromatic parts of the ligand. Selected bond lengths and angles are

provided in Table 6.2.
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Table 6.2 Selected bond lengths (A) and bond angles (°) within the coordination cluster in 51.

Dyl—Ol 2.264 (3) Dyl—O12 2.354 (3) Dyl—06 2.495 (4)
Dyl—02 2315 (3) Dyl—O8 2.410 (4) Dyl—09 2.526 (3)
Dyl—Ol1 2.348 (3) Dyl—O05 2.478 (4) Dyl—O3 2.578 (3)
Cul—Ol 1.910 (3) Cul—02 1.916 (3) Cul—04 1.919 (3)
Dyl—NI1 1.934 (3) Dyl—Cul 3.3499 (5)

Cul— 02—Dyl | 10430(13) | Cul—Ol—Dyl | 106.44 (13)

6.2.2 Static magnetic properties of 51.
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Fig. 6.2. Plots of T vs T (left), M vs H (right) and H/T (right, inset) of 51.

The temperature dependence of the magnetic susceptibility was measured on a powdered
sample of 51 in the temperature range 1.8-300 K under an applied dc magnetic field of 1000 Oe
(Fig. 6.2). The experimental ¥T value (14.41 cm® K mol™) at room temperature, is in good
agreement with the theoretical value (14.51 cm’® K mol™) for one Dy"' and one Cu" ions.'""* The
T product of 51 slowly decreases on decreasing temperature to reach a value of 13.93 cm® K
mol™ at 50 K, after which it rapidly increases to 15.15 cm® K mol™ at 1.8 K. This type of
behavior (increase below 50 K) suggests the presence of intramolecular ferromagnetic couplings

between the Dy and Cu" ions, with the decrease of the ¥T product in the high temperature
range is more likely due to the depopulation of Stark sublevels of the Dy" ion.* The field
dependence of the magnetization at low temperatures (Fig. 6.2) reveals that the magnetization
has a relative rapid increase below 1 T and then follows a steady increase up to 7 T. The Mg

value at 7 T is 5.84 up, lower than expected value of 6.5 pp, indicating lack of saturation.
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Furthermore, the M vs H/T plots at low temperatures (Fig. 6.2, right inset) for 51, are not
superposed on to a single master-curve as expected for isotropic system further indicating the
presence of magnetic anisotropy and/or low-lying excited states.* Ac measurements did not

show any out-of-phase signals indicating that there is no SMM behavior above 1.8 K.

6.3.1 Crystal structures of the complexes [DyCu,(L2),(OMe)(NO3)(H,0):]-H,0:1.5MeOH
(52) and [DyCu2(L2)2(N3):(MeOH)(H,0)]:3MeOH-1.5H,0 (53)

Fig. 6.3. Molecular structure of the coordination cluster in compounds 52 (top) and 53 (bottom).
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The complex 52 crystallizes in monoclinic space group P2/n with Z = 4. The asymmetric

111

unit of 52 contains two Cu" ions, one Dy" ion, two dianionic ligands (L2%), two p,-OMe

groups, one coordinating nitrate and two coordinated H,O molecules. Both the Cu" ions have

111

distorted square pyramidal geometry with O4N donor sets while the Dy~ ion with an Og donor

set has a distorted square antiprismatic geometry (Fig. 6.3, top).

Table 6.3 Selected bond lengths (A) and bond angles (°) within the coordination cluster in 52.

Dyl—02 2.254 (3) Dyl—O06 2.337 (3) Dyl—O7 2.551 (3)
Dyl—Ol 2.256 (3) Dyl—O10 2.342 (3) Dyl—O4 2.652 (3)
Dyl—O03 2.316 (3) Dyl—09 2.344 (3) 041--N2" 2.846 (5)
Cul—NI1 1.920 (3) Cu2—O06 1.925 (3) 010--013' 2.741 (5)
Cul—O03 1.930 (3) Cu2—O02 1.910 (3) 09012’ 2.661 (5)
Cul—O5 1.935 (3) Cu2—N3 1.921 (3) 09--041 2.718 (5)
Cul—Ol1 2.629 (5) Cu2—O08 1.936 (3) 010--N4" 2.713 (4)
Cul—Ol 1.914 (3) Cu2—O041 2.694 (4)

Cu2—O06—Dyl | 102.78 (12) | Cul—O3—Dyl | 103.49(12) | Cul—Dyl 3.3403(10)
Cu2—02—Dyl | 10636 (12) | Cul—O1—Dyl | 106.32(12) | Cu2—Dyl 3.3431(10)

Symmetry codes: (i) x+1, y, z; (1) x+1/2, —y+1/2, z+1/2; (iii) x+1/2, —y+1/2, z—1/2.

Two square pyramidal Cu" ions of 52 are ligated into pocket-I(ONO) of two dianionic
ligands (L2)*. The central Dy ion is ligated by two pocket-II(OO) and linked by the phenoxy
p-O-atoms O3 and O6 to Cul and Cu2 respectively. Thus both the ligands display a
n'm*n' "z coordination mode (Fig. 1.6) as observed in 51. The fourth coordination site of
each Cu" ion occupied a p-OMe ligand (O1 or O2) each of which also bridges between the

respective Cu and Dyl (Fig. 6.1). Thus, central Dy

ion is doubly coupled to each of two
adjacent Cu" ions (Cul-Dyl-Cu2 = 110.93(2)°) through one u-OMe and one p-O phenoxide
bridges (Fig. 6.3, top). The fifth coordination site of each Cu" ion is completed by one O-atom of
either a unidentated nitrate or a water ligand (Cul-O11 = 2.629(5) A and Cu2-041 = 2.694(4)
A). The square anti-prism geometry of Dyl is completed by two coordinating H,O oxygens. The
Dy-O bond distances vary from 2.254 (3) to 2.652 (3) A. Selected bond distances and angles are

given in Table 6.3. Two coordinated H,O molecules make intra complex hydrogen-bonding with
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water molecule on Cul (09-O14 = 2.717 A) and inter complex hydrogen-bonding (09-013 =
2.663 and 010-012 = 2.728 A) with coordinated NO; on Cu2 center and non coordinated N-
atom (N4-O10 = 2.714(3) A) on the amide part of the ligand of another complex. There are also
n-1 stacking interactions between the aromatic parts of the ligand.

The complex 53 crystallizes in the triclinic space group P-1. The asymmetric unit of 53
contains two Cu" ions, one Dy" ion, two dianionic ligands (L2)*, two p-N3', one n-MeOH, one
terminally coordinating azide (N3°) and one coordinated water molecule (Fig. 6.3, bottom). Both
the Cu" ions have a distorted square pyramidal geometry with an O;NO donor set while the Dy
ion adopts a distorted square antiprismatic geometry with an OsNs3 donor set. Both the square
pyramidal Cu" ions are placed in pocket-I of each ligand (L2)* and coordinated by ONO sites of
each dianionic ligand (L)2*" while Dy"" ion sits in both pocket-II (OO) and linked to each Cu" by

a p-phenoxide O-atom. The fourth equatorial coordination site of square plane of each Cu" ion is

occupied by one end-on p,-N3~ anion which bridges between the Cu" and the Dy

Table 6.4 Selected bond lengths (A) and bond angles (°) within the coordination cluster in 53.

Dyl—O¢4 2.304 (2) Dyl—O7 2.329 (2) Dyl—O5 2.551 (2)
Dyl—N31 2315 (3) Dyl—N21 2.436 (3) Dyl—O2 2.578 (2)
Dyl—Ol 2318 (2) Dyl—N11 2.454 (3) 07--N2' 2.753 (4)
Cul—Ol 1.940 (2) Cu2—N21 1.962 (3) 031041 2.711 (6)
Cul—NI1 1.926 (3) Cu2—N3 1.920 (3) 07-+045A" 2.660 (11)
Cul—O3 1.932 (2) Cu2—O06 1.920 (3) 07--045B" 2.660 (13)
Cul—NI11 1.958 (3) Cu2—O04 1.929 (2) Dyl—Cu2 3.3976 (5)
Cul—O031 2.490 (3) Cu2—O031 2.618 (3) Dyl—Cul 3.3944 (5)
Cul—Dyl—Cu2 | 83.376 (12) | Cul—O031—Cu2 | 124.34(10) | Cu2—N21—Dyl | 100.58 (12)
Cul—O1—Dyl |10539(9) | Cul—NI11—Dyl [99.99 (11) | Cu2—04—Dyl 106.45 (10)

Symmetry codes: (i) —x+2, —y+1, —z+1; (ii) x+1, y, z.

The Jahn-Teller axial sites of the square pyramidal Cul and Cu2 centers are completed
by one p,-O-atom of MeOH (Cul-O31-Cu2 = 124.34 (10)°, Cu-O31 = 2.490(3) A and Cu2-031
=2.618(3) A). Thus, Dy"" ion is doubly coupled to two adjacent Cu" ions through one end-on pi-
N3 and one p-O phenoxide bridges (Fig. 6.3, bottom). The bridging methanol ligand has pulled
the two Cu' centers close together so that the Cul-Dy1-Cu2 angle is 83.376(12)° compared to
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110.93(2)° in 52. Selected bond distances and bond angles are given in Table 6.4. Two complex
molecules remain close to form an intermolecular dimer through H-bonding (N---HO) and n-nt
stacking interactions between aromatic parts of the ligand. The H,O molecules on the
dysprosium center make inter complex hydrogen-bonding with one of the non coordinated N-
atoms of other complex (N2-O7 = 2.753(4) A). The intramolecular Cul-Cu2, inter molecular
Cul-Cul” and Cul-Cu2’ distances are 4.517, 4.298 and 6.027 A respectively. There are also n-n

stacking interactions between aromatic parts of ligand.

6.3.2 Static magnetic properties of 52-53.

The magnetic cores of 52 and 53 are closely related. The two u-OMe bridges in 52 are
replaced by two p,-Nj3 bridge in 53. Additionally, there is a p-HOMe bridge between Cul and
Cu2 centres in 53, so that the Cul-Dyl1-Cu2 angle is much smaller in 53 than in 52 (Fig. 6.4,
left).
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Fig. 6.4. The magnetic cores (left) of 52 (top) and 53 (bottom). Plots of ¥T vs T of 52 and 53
under 1 kOe applied dc magnetic field (right).

The room temperature T products of 52 and 53 are 15.40 and 15.97 cm’ K mol™
respectively which are slightly larger than that of theoretically calculated value of 14.92 cm® K

mol™ for non-interacting 2 Cu" ions (with S = 1/2, g = 2.0) and one Dy"" ions (with ®H;sp, g =
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4/3, S = 5/2). The yT products of both the complexes gradually decrease on decreasing the
temperature to reach values of 14.87 cm’ K mol™ at 50 K (52) and 15.44 cm® K mol™ at 35 K
(53), followed by rapid increase to 17.0 cm® K mol™ at 3 K (52) and 20.94 cm® K mol™ at 1.8 K
(53). Below 3 K, the % T product of 52 falls to 16.76 cm® K mol™ at 1.8 K while 53 does not. The
shape of the T vs T plots (Fig. 6.4, right) is due to a combination of depopulation of Stark sub-
levels at higher temperatures, weak ferromagnetic interactions between the Cu" and Dy at low
temperature. The fall of T of 52 below 3 K is due to ZFS of Dy" ion. The stronger
ferromagnetic coupling in 53 at low temperature dominates the depopulation of Stark sub-levels
and/or ZFS of Dy" ion. Since azide bridges are well known for mediating stronger magnetic
coupling than OMe bridges, the ¥ T value of 53 reaches higher values at 1.8 K than that of 52
(Fig. 6.4, right).
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Fig. 6.5. Plots of M vs H and M vs H/T (inset) of 52 (left) and 53 (right) at indicated

temperatures.

The field dependence of the magnetizations of 52 and 53 show that M values of both
increase rapidly below 1 T and then increase linearly at higher field without reaching true
saturation, indicating the presence of magnetic anisotropy in the systems. At 2 K and under an
applied dc magnetic field of 7 T, the maximum magnetization values are 7.42 (52) and 7.94 (53)
up which are close to the expected value for two Cu" (S = 1/2, g = 2.0) and one Dy"" (5.58 ug)
ions (2 + 5.58 = 7.58 up) with spins parallel. Moreover, M vs H/T plots of either 52 or 53 at
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different temperatures do not superpose (Fig. 6.5, inset) on to a single master curve, also
indicating the presence of low lying energy states and/or anisotropy in the systems.*’
6.3.3 Dynamic magnetic properties of 52 and 53.

The temperature dependent ac susceptibility measurements on complex of 52 and 53,
reveal the presence of strong ac (y” and y"" vs T) signal (Fig. 3.34, left) in both compounds
below 10 K under zero applied dc field.
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Fig. 6.6. Plots of " (left), 1" (right) vs T of 52 (top) and 53 (bottom) at indicated frequencies.

There was no maximum observed (Fig. 6.6, top) for 52. However, the shape of the " and

" vs T plots for 53 indicates that there could be two associated relaxation processes (Fig. 6.6,

bottom).
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Fig. 6.7. Plots of y~ (left), "~ (right) vs frequency of 52 (top) and 53 (bottom) under indicated
applied dc fields.

The blocking (Ty) temperatures (the maxima of " vs T plot) of 52 and 53 are below 1.8
K (52) and 3.5 K (53) at 1500 Hz respectively (Fig. 6.6) under zero dc field. The slow relaxation
behavior of 52 and 53 are different with respect to each other. The frequency dependent ac
measurements (Fig. 6.7) at 1.8 K with different applied magnetic fields revealed that there might
be some QTM effect. The plots of ac (" and ¢"") susceptibilities of 52 and 53 reveal there is one
maximum (Fig. 6.7, top) for 52 and two maxima (Fig. 6.7, bottom) for 53 instead. From the plots
in Fig. 6.7, top, it was clear that the applied dc field of 1 kOe field is sufficient to suppress the
QTM pathways in 52, while the critical field was not clear in 53. This suggests that there might
be two relaxation pathways in 53 but relaxation time might be too fast at higher fields. Thus, ac
(x" and ") susceptibilities of 52 and 53 were recorded under 1 kOe (Fig. 6.8, top) and zero Oe
applied dc magnetic field (Fig. 6.8, bottom).
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Fig. 6.8. Plots of y" (left), x"" (right) vs T of 52 (top) and 53 (bottom) at indicated temperatures.
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Fig. 6.9. Arrhenius plots of 52 (left) at 1 kOe and 53 (right) at zero applied dc field respectively.
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The linear fitting on Arrhenius plot (t vs 1/T) for 52 (Fig. 6.9, left) gave an energy
barriers of 14.64 K with relaxation time to = 2.9x10° s under 1 kOe and zero applied dc
magnetic field and corresponding values of 14.82 K and 4.4x10° s for 53 under zero dc field.
Thus, both the SMMs 52 and 53 have similar energy barriers but different relaxation behavior.
and 53 (Fig. 6.9, right)

6.4.1 Crystal Structure of [LnCu3(L2);(OMe);]'xMeOH-yH,0; [Ln = Dy(54), x = 1.5,y =
0.215; Tb(55) and Gd(56) x =1,y =0; Ho(57) and Er(58) x=1.5, y = 0.215].

The complexes 54-58 are structurally similar, although 55 and 56 crystallize very
differently from 54, 57 and 58. The structure of 55, which crystallizes in the monoclinic space
group P2/n with the TbCus complex on a general position, will be described in detail, and is
shown in Fig. 6.10. Compounds 55 and 56 are isomorphous confirmed by measuring the unit cell

constants of 56.

HsC
Scheme 6.2. The dianonic ligand (L2%) (left) and {Tb(OMe)(L2)}" unit (right) of 55.

The central Tb(1) is surrounded by three of the {CuL2(OMe)} metalloligands shown in
Scheme 6.2, in each of which the ligand (L2)* chelates the corresponding Cu" cation through its
two deprotonated oxygens and the imine nitrogen, with a methoxo ligand derived from
deprotonation of the methanol solvent completing the square-planar O;N environment of the Cu"
ion. The organic phenoxo and methoxy oxygens of each metalloligand then in turn chelate Tbl,
with the methoxo ligand forming an additional Cu--Tb bridge. The Cu-O and Cu-N bond lengths
are all in the range 1.898(4)-1.937(4) A, typical for square-planar Cu" cations.
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Fig. 6.10. Molecular structure of the [TbCus(u-OH)3(L2);] complex in 55, H-atoms omitted for

Cu(2)

clarity (left); the core of the complex projected onto the TbCu; mean plane, with the very long
Tb1-O11 bond shown as a dashed line (right).

The Tb(1)-O bond distances involving the bridging methoxo ligands, 2.285(3)-2.310(3)
A, are slightly shorter than those to the phenoxo oxygens, 2.349(3)-2.393(3) A. Those to the
organic methoxy groups are, however, considerably longer, with Tb1-O5 and Tb1-O8 2.663(4)
and 2.770(4) A, respectively, while Tb1--O11 at 3.006(4) A constitutes at most a very weak
interaction; it is shown dotted in Fig. 6.10. O8 is aligned with an axial site on Cu3, and O11
similarly with Cu2, but the corresponding Cu--O distances are both over 2.9 A and there can
therefore be no significant interactions. The six Tb-O-Cu angles are all in the range 98.62(15)-
105.96(15)°.

In transition metal complexes with a hexa-coordinate central metal cation, such a
construction often results in a rather regular “three-bladed propeller” core with three-fold
symmetry. In the present complex this is not the case, as a consequence of the higher
coordination number of Tbl, eight rather than six. Two of the metallo-ligands, those involving

Cu2 and Cu3 are arranged mutually antiparallel, such that they are related by an approximate
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twofold axis through Tb1, while the third one, that involving Cul, lies close to perpendicular to
the other two with its phenoxo oxygen O4 close to the twofold axis relating the other two
ligands. The {Tb(u-OR)sCus} propeller core thus deviates significantly from threefold
symmetry. Although the three Tb--Cu distances are not that different, at 3.3480(8), 3.3398(6) and
3.3038(7) A, the Tb3Cu unit deviates from planarity, with Tb1 0.393 A out of the plane through
the three Cu centres. More significantly, the three {Tb(u-OR),Cu} linkages make very different
angles to the TbCus mean plane; with the three individual TbO,Cu mean planes involving Cul,
Cu2 and Cu3 subtending dihedral angles of 83.38(8)°, 47.94(12)° and 10.44(12)°, respectively,
to the TbCus plane. The coordination geometry of the eight-coordinate Tb1 can best be described
as a distorted bicapped trigonal prism, with O(4) and O(8) forming the caps; if O(11) were
within bonding distance of Tb1, then it would form a third cap to the prism.

Compounds 54, 57 and 58 are isostructural to 55 and 56, but have a very different crystal
structure. The structure of 54 will be described here. The unit cell constants for 57 and 58 are
very similar to those of 54. At first, sight 54 crystallizes in a C-centered monoclinic unit cell with
one molecule in the asymmetric unit. But after structure solution in C2/c and initial refinement of
the molecule it became apparent that the metalloligand involving Cul showed rather ill-defined
twofold disorder, corresponding to rotation about the Tb1-O4 axis, with a ca. 3:1 occupancy
ratio. Furthermore the temperature factors of the other atoms were higher than expected, and it
proved impossible to refine the structure in any satisfactory manner. Noting that the systematic
absences for the ¢ glide were not very clean, and that the mean value of |E* -1| was rather low,
the possibility that the apparent monoclinic cell was the result of pseudo-merohedral twinning
was investigated.

After transformation of the unit cell to primitive triclinic, the structure could again be
solved, this time with two molecules in the asymmetric unit. One of these, centred around Dyl,
was ordered (apart from one of the phenyl groups), while the other showed the same disorder as
before, with a 57:43 occupancy ratio. Now, after allowing for the twinning (“TWIN 1001 -10
0 0 -1 2”), the structure could be refined satisfactorily; a modest use of similarity restraints (both
geometrical and for thermal parameters of closely adjacent partial atoms from different disorder
components) allowed refinement of the disordered metalloligand in molecule 2. The structures of
the two molecules are shown in Fig. 6.11. It may be noted that, if the phenyl substituent is

ignored, the external shape of the metallo-ligand involving Cu4A/Cu4B conforms rather well to
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the twofold symmetry of the rest of the molecule, as does its ligation of Dy2; the resulting
structural flexibility is presumably the cause of the twinning and disorder. The Dyl and Dy2
centers of 54, are situated 0.392 and 0.511/0.557 A above CulCu2Cu3 and Cu4ACu5Cu6/
Cu4BCu5Cu6 planes respectively. Both of the two molecules are closely iso-structural to

complex 55.

Fig. 6.11. Molecules 1 (left) and 2 (right) in the crystal structure of 54. Atoms from the second
disorder component in molecule 2 are drawn smaller and paler than for those in the first

component; bonds in the second component are drawn dashed.

6.4.2 Static magnetic properties of 54 -58.

The dc magnetic data of 54-58 are summarized in Table 6.5. The room temperature y T
values for Dy"'Cu"; (54) and Tb™Cu"; (55) are 16.31 and 14.78 cm’® K mol™, respectively,
which are slightly greater than those calculated for the Dy or Tb"" ion and three Cu" ions: 15.30
for 54 and 12.95 cm® K mol™ for 55. On lowering the temperature, the xT value of 54 stays
almost constant from 300 K to 80 K and then continuously increases to reach 26.22 cm’ K mol™
at 1.8 K, however, that of 55 decreases slowly between 300 K and 60 K, and then rapidly
increases to reach a maximum of 17.67 cm® K mol™ at 7 K with a final fall to 15.70 cm® K mol™

at 1.8 K (Fig. 6.12). These features of T vs T plots of 54 and 55 indicate the presence of overall
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ferromagnetic interactions. The fall of ¥ T of 55 below 7 K is probably due to zero field splitting
of the Tb™ ion.

Table 6.5. The dc magnetic data of compounds 54-58.

Compound Ground %T expected for T measured | T measured | Magnetization
state of non-interacting at 300 K per at 1.8 Kper [at2Kand7T
Ln" jon | ions per complex complex complex (1)
(cm3Kmol'1) (cm3Kmol'1) (cm3Kmol'1)
Dy"'Cu"; (54) °H,s/, 15.30 16.37 26.22 8.2
Tb"'Cu"; (55) "Hy 12.95 14.54 15.70 7.6
Gd"'cu"; (56) s 9.0 9.37 14.0 10.33
Ho"'Cu'"; (57) ’Ig 15.19 15.48 13.68 8.36
Er''Cu'; (58) Lispn 12.60 12.50 10.16 8.32

For anisotropic Dy and Tb" ions, the thermal depopulation of the excited Stark
sublevels can contribute to a decrease of the ¥T product, and results in the decrease of T in the
higher temperature regime in 55, but this effect is not obviously observed in the Dy compound.
Although the magnetic cores of the two compounds has a simple topology °‘three-bladed
propeller’, it is known that the coupled systems including at least one ion with an orbital
momentum contribution are not amenable to a quantitative analysis and the symmetry of these

propeller is low.
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Fig. 6.12. Plots of T vs T of 54-55 (left) and 56-58 (right) under indicated applied magnetic
field.
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The ¥T product of 56 increases from room temperature to 4 K where it reaches a
maximum before falling slightly to 14.0 cm® K mol™ at 1.8 K. The shape of the curve indicates
strong ferromagnetic interaction between Gd'"' and Cu" ions. While the T products of 57 and 58
decrease steadily between room temperature and 20 (57) K and 8 K (58) (due to the depopulation
of Stark sub-levels) followed by an increase to a maximum at 4 K (57) and 3 K (58) (due to weak
intramolecular ferromagnetic coupling) and finally fall till temperature reaches 1.8 K (due to
ZFS of Ho"/Er'™) (Fig. 6.12, right). The field dependence of the magnetizations of both 54 and
55 (Fig. 6.13) reveal that the magnetization rapidly increases below 10 kOe, as expected for a
ferromagnetically coupled system above which slowly increases to 8.2 and 7.6 pug at 2 K for 54

and 55 respectively in a linear fashion till the dc magnetic field reaches 7 T.
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Fig. 6.13. The M vs H and M vs H/T (inset) plots of 54 (left) and 55 (right) at the indicated

temperatures.

The lack of saturation of M and the non-superposed M vs H/T plots of 54, 55, 57 and 58
indicate the presence of anisotropy and/or low lying excited states in the system.” At 2 K, the
magnetization of 56 saturates to 10.33 ug at 7 T as expected for ferromagnetically coupled one
Gd" (with S = 7/2 and g = 2.0) and three Cu" ions (with S = 1/2 and g = 2.0) (10.0 pg). The M
vs H/T plots of 56 almost superposed on to a single master curve as expected for an isotropic

system (Fig. 6.14, left).
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Fig. 6.14. The M vs H and M vs H/T (inset) plots of 56 (left) and 57 (right) at the indicated

temperatures.
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Fig. 6.15. The M vs H and M vs H/T (inset) plots of 58.

6.4.3 Dynamic magnetic properties of 54-58.

The dynamic properties of all compounds 54-58 have been investigated at 1 kHz under
zero dc field in the temperature range of 1.8-10 K. Only compounds 54, 55 and 57 exhibit
detectable in-phase (y") and out-of-phase (") signals. The %" and x"" vs T data are plotted in
Fig. 6.16-6.17. There is no maximum in " and "~ vs T plots of 57 indicating that 57 may be a
SMM with Ty below 1.8 K (Fig. 6.17). The ac susceptibilities of both real and imaginary
components for 54 and 55 exhibit strong frequency- and temperature-dependence below 10 K
suggesting (Fig. 6.16-6.18) both these compounds are better SMMs compared to 57. The

maxima of the out-of-phase susceptibilities (54 and 55) were extracted to quantify the energy
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barriers A and relaxation times 1o. The thermally activated regimes in 54 and 55 could be
observed from 1.8 K up to 4.4 and 3.8 K, respectively, in which the fit to the Arrhenius equation
leads to the following parameters: A = 19.6 K and 1o = 2.4x10° s for 54 and A = 18.7 K and 1) =
1.0x10°® s for 55 (Fig. 6.19). Another important parameter o, the width of the distribution of the

relaxation time, could be obtained by analyzing the Cole-Cole diagrams of 54 and 55 (Fig. 6.20).
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Fig. 6.16. Plots of in-phase (y") and out-of-phase (") susceptibilities vs T of 54 (top) and 55

(bottom) at indicated frequencies under zero dc applied magnetic field.
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The fits to a generalized Debye model’”® result in the o parameters between 0.18 and 0.24
for 54, and 0.30 and 0.39 for 55, respectively (Table 6.6). Such values are comparable to that
reported in some 3d-4f SMMs.***° The frequency dependence of the ac susceptibilities of 54 and

55 were also measured with an applied static field.
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Fig. 6.18. Plots of in-phase (y') and out-of-phase (") susceptibilities vs log(v) of 54 (top) and

55 (bottom) with v in the range of 1-1500 Hz at indicated temperatures under zero dc applied

magnetic field.

This effect is indeed experimentally observed in both compounds. The optimum field to

slow down the relaxation process was found to be 1.5 kOe in both cases (Fig. 6.21). Therefore,

the frequency dependence of the ac susceptibility measurements were remeasured under 1.5 kOe

external dc field (Fig. 6.22). The thermally-activated regimes observed under 1.5 kOe extended

to higher temperatures: 5.0 and 4.2 K for 54 and 55, respectively.
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Fig. 6.19. Arrhenius plots of complexes 54 (left) and 55 (right) under zero dc field. The red lines

indicate the best fits.



Fig. 6.20. Cole-Cole plots using the frequency dependence of ac susceptibility data shown in Fig.
6.15 for 54 (left) and 55 (right). The solid lines are the best fit obtained with a generalized Debye
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The effective energy barriers of spin reversal and the relaxation times are now found to

be 30.8 K and 3.8x10” s for 54 and 22.5 K and 5.3x107 s for 55, respectively (Fig. 6.23). The

observation that the energy barrier for spin reversal is higher and its relaxation time is shorter

under static field than those under zero dc field is consistent with that of a system possessing a

relaxation process influenced by quantum tunneling.

Table 6.6. The ac parameters of DyCuj; (54) and TbCuj; (55).

54 54 54 54 55 55 55 55
T a Xo Yinf T (K) o %o (cm’*/mol) Yinf
(K) (cm’/mol) | (cm’/mol) (cm’/mol)
1.8 | 0.239(11) | 16.484(32) | 0.341(25) 1.8 0.389(2) | 10.154(28) 0.165(7)
2.0 | 0.227(6) | 14.790(10) | 0.325(15) 2.0 0.352(4) 8.602(27) 0.172(15)
22 | 0.2144) 13.173(4) | 0.338(10) 22 0.335(8) 7.867(35) 0.186(32)
24 | 0.207(3) | 11.741(17) | 0.358(8) 2.4 0.345(5) 7.362(17) 0.167(26)
3.0 | 0.199(1) 9.016(4) 0.385(8) 2.6 0.355(5) 6.820(13) 0.143(32)
4.0 | 0.187(3) 6.450(2) 0.423(3) 2.8 0.329(8) 6.216(14) 0.271(54)
44 | 0.183(5) 5.770(2) 0.484(6) 3.0 0.337(7) 5.926(9) 0.351(55)
3.4 ]0.302(10) 5.244(8) 0.679(85)
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Fig. 6.21. Plots of in-phase (") and out-of-phase (y ") susceptibilities vs log(v) of 54 (top) and

55 (bottom) at different applied dc fields.

To confirm the SMM behavior, magnetization measurements on a polycrystalline sample

of 54 show hysteresis loops opening at 2 K with a field sweep rate of 0.46 T/s. The

measurements were performed at 1.49 K with different field sweep rates and at different

temperatures with a fixed sweep rate of 0.46 T/s. Both experiments show strong temperature-

and field-sweep rate-dependent hysteresis (Fig. 6.24). The step-like features in hysteresis loops

due to resonant quantum tunneling, which are characteristic for SMMs, are not clearly present in

these data. However, this is a common finding in experiments on powder samples at

temperatures just below the blocking temperature.
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Fig. 6.22. Plots of in-phase (") and out-of-phase (y'") susceptibilities vs log(v) of 54 (top) and
55 (bottom) with v in the range of 1-1500 Hz at indicated temperatures under a dc applied
magnetic field of 1.5 kOe.
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Fig. 6.23. Arrhenius plots of complexes 54 (left) and 55 (right) at a dc field of 1.5 kOe. The red

lines indicate the best fits.
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Fig. 6.24. Hysteresis loop measurements of 54 at different temperatures with a fixed field sweep
rate of 0.46 T/s (left) and at different field sweep rates at 1.49 K (right). The magnetization is

normalized to the saturation value Ms.

6.5.1 Crystal structure of [Dy,Cug(OMe):.76(N3)1.24(L2)s(H20)(MeOH)(L4)]-10MeOH-2H,O
(39

The complex 59 crystallizes in the centrosymmetric space group P-1 with a center of
symmetry within the molecule. The asymmetric crystallographic unit contains three Cu" ions,
one DyHI ion, three (L2)2', one Wp-OMe, one disordered p,-(OMe)oeo/(N3)o31 and half a (L4)2'
ligand. The crystal lattice of 59 also contains ten MeOH and two H,O solvent molecules. All
three Cu" ions have elongated Jahn-Teller axes. The Cu2/Cu3, Cul and Dyl centers adopt
distorted octahedral, square pyramidal and square antiprismatic geometry respectively.

Each half of the Dy,Cug complex has structural a similarity (Fig. 6.25) to the propeller-
shape DyCu; complex (54). In the center of the propeller, there is again a Dy ion with Cu" ions
at the three vertices. Each blade (Cu3-Dyl, Cu2-Dyl and Cul-Dyl) is double p,- bridged by
OMe-phenoxide, mixed azide/OMe-phenoxide and phenoxide-phenoxide combinations. Cul and
Cu2 are ligated into pocket-I (ONO) and Dy™ jon into pocket-II (OO) of the ligand (L2)*.
However, Cu3 and Cu3” are now both liganted by pocket-III of (L4)* ligand, and these two Cu"
centers are now by the =N-N= linkage. The bridging ligand (L4)* not only connects two

propeller shaped DyCus units but also replaces one p,-OMe by one p,-phenoxide bridge in each
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DyCus unit of Dy,Cug complex 59. Thus the L4> displays n': n*: n*: n': n%: n': s (Fig. 6.25,
bottom). The two DyCu; units are therefore joined magnetically, with Cu3-Cu3” 5.185 A.

Fig. 6.25. Molecular structure (top) and core (bottom) of the coordination cluster in compound
59.

Thus, the magnetic core (Fig. 6.25, bottom) has been distorted with respect to the original
propeller shape DyCus core, and the geometries of the Cu'" ions have also changed in complex
59. One MeOH/H,0 molecule and a methoxy (-OMe) group are coordinated to each of Cu2 and
Cu3 centers in their respective Jahn-Teller axial sites. The Dy-O/N bond distances range from
2.248(6) to 2.595(6) A. The equatorial and axial Cu-O/N bond distances range from 1.920(7) to
1.985(6) A and 2.249(6) to 2.839(6) A respectively. The Dyl-Cul, Dyl-Cu2 and Dyl-Cu3
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distances are 3.3049(11), 3.3309(12) and 3.3258(12) A respectively. Since Dyl is only slightly
displaced 0.253 A out of the coplanar Cu; unit, each Cu-Dy-Cu angle only deviates slightly from
120° (Cul-Dyl-Cu3 = 121.66(3), Cul-Dy1-Cu2 = 125.02(3) and Cu3-Dyl-Cu2 = 111.58(3)°).
The Cu-O/N-Dy bridging angles are in the range of 97.6(2) to 106.2(3).

6.5.2 Static magnetic properties of 59.

The room temperature % T value for the Dy",Cu" unit (59) is 34.81 cm® K mol”, which
is slightly greater than the expected value of 30.60 for 59 containing two Dy"" (S =5/2, L =5,
Hys, g = 4/3, C = 14.17 em® K mol ') and six Cu" ions (S = 1/2 and g = 2.0). On lowering the
temperatures, the yT value of 59 continuously decreases from 300 K to 50 K, and rapidly
increases to reach a maximum of 36.56 cm® K mol™ at 7.5 K, and finally falls to 27.08 cm® K
mol™ at 1.8 K (Fig. 6.26, left). The shape of the T vs T plot indicates ferromagnetic interactions,
which are probably weaker in 59 than that in 54. The magnetic core of 59 can be considered as
two three-bladed propellers magnetically connected through a (trans-) =N-N= pathway (Fig.
6.25, right) which may have mediated an antiferromagnetic interaction between the two units.

The field dependence of the magnetization of 59 (Fig. 6.26, right) reveals that the
magnetization rapidly increases with dc field up to 1 T, as expected for a ferromagnetically
coupled system. Above 1 T, the magnetization slowly increases in a linear fashion up to 7 T to
reach 15.84 pp at 2 K. Both the lack of saturation of M and the non-superposed M vs H/T plots,

indicate the presence of anisotropy and/or low lying excited states in the system.*’
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Fig. 6.26. Plots of ¥T vs T, M vs H (right), M vs H/T (right, inset) of 59 (left).
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6.5.3 Dynamic magnetic properties of 59.

Below 10 K, compound 59 exhibits detectable in-phase (') and out-of-phase (y")
signals. The presence of temperature (Fig. 6.27) and frequency (Fig. 6.28) dependent in-phase
(") and out-of-phase (") signals, suggests SMM behavior in 59. At 1.8 K, the %" and %" vs
frequency plots under the dc magnetic field range 0.0-2.0 kOe indicate the presence of QTM in
the system (Fig. 6.29).
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Fig. 6.28. Plots of ¢ (left) and " (right) vs frequency of 59.

The " vs frequency plots suggest the application of a dc field of 1.5 kOe could be
sufficient to suppress the QTM pathways (Fig. 6.29, right). Thus, frequency dependent in-phase



(x") and out-of-phase (y’’) susceptibilities were measured under 1.5 kOe dc field in the
temperature range of 1.8-3.0 K (Fig. 6.30). The blocking temperature (T,) was found to be
increased from 2.5 to 3.0 K. The Cole-Cole plots under zero and 1.5 kOe dc magnetic field look
semicircular (Fig. 6.31), indicating the involvement of a single relaxation process. The data of
Fig. 6.28 and 6.30 were utilized for Arrhenius plots (Fig. 6.32) and linear fitting gave an energy
barrier of A =10.33 K with 1y = 1x10° s under zero dc field and A = 18.39 K and To = 1.7x107 s
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under 1.5 kOe applied dc field (Fig. 6.32).

Fig. 6.29. Plots of " (left) and " (right) vs frequency of 59 at 1.8 K under indicated applied dc

magnetic fields.
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Fig. 6.31. Cole-Cole plots for 59 under zero (left) and 1.5 kOe (right) dc magnetic fields.
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Fig. 6.32. The Arrhenius plots for 59 under zero (left) and 1.5 kOe (right) dc magnetic fields.

6.6.1 Crystal structures of [LnyCu,(L2)4(HL2)4(OH)s(CO3)3(NO3)3(H20)4(EtOH)|(NO3),
9EtOH-6H,0 [Ln = Dy(60) and Er(61)]

Both 60 and 61 are isomorphous, which was confirmed by checking the unit cell
constants of 61. The structure of 60 was fully determined and will be described here; it

m - i
1ons, two Cu

crystallizes in monoclinic space group C2/c. The molecule contains nine Dy
ions, four dianionic ligands (L2)*, four monoanionic ligands (HL2), eight ps;-OH, three
carbonate dianions, three chelating nitrates, four coordinated H,O and one ethanol molecule (Fig.
6.33, top). The lattice of 60 contains two nitrate counter ions for charge balance and solvent

molecules (9 EtOH and 6 H,O) of crystallization.
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Fig. 6.33. Molecular structure (top) and core (bottom) of the coordination cluster in compound
60.

The coordination geometry of Cul and Cu2 are distorted square planar and square prism.
The Dy8 center has an eight-coordinate square-antiprismatic geometry with an O;N donor set,

while the other Dy™

ions are all nine-coordinate with distorted capped square-antiprismatic
geometries. Dyl, Dy2, Dy3, Dy4, Dy5 are coordinated by nine O-atoms, Dy9 by an OgN donor
set, while Dy6 and Dy7 are coordinated by seven O-atoms and two N-atoms (O7N>).

The metal-oxygen core (Fig. 6.33, bottom) can be described as follows. Dy3, Dyl and

Dy2 form an almost linear Dy; unit (Dy3-Dy1-Dy2 = 173.2°) through the centre of the molecule.
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To one side of this, Dy3 and Dyl, and Dyl and Dy2, are linked by p3-OH bridges to Dy9 and
Dy8 respectively. Between these two triangles, a n*n'n':us carbonate forms a rather
unsymmetrical bridge between Dyl, Dy8 and Dy9. Dy3 and Dy9, and Dy2 and Dy8, are then
linked by further p3-OH bridges to the Cu" centres Cul and Cu2, respectively. On the other side
of the linear unit, Dy3 and Dyl, and Dyl and Dy2, are similarly linked by us;-OH bridges to Dy5
and Dy4 respectively, with further p3;-OH bridges linking Dy3 and DyS5 to Dy7, and Dy2 and
Dy4 to Dy6. The Dy3/Dy1/Dy5/Dy4 and Dy2/Dy1/Dy4/Dy6 unit from rather open tetrahedral
units, with additional bridging from two n*n%n":n"m'-us carbonates.

Alternatively, the central section of the core can be considered as being composed of two
Dy4(p3-OH); butterfly units that share a common “body” Dy center, Dyl. Each of the two Dy,
units is itself close to planar, but the two butterflies are far from mutually coplanar, making a
dihedral angle of 77° between them. Four external Dy-Dy edges of this “fused di-butterfly”

11 .
centres, which

Dy+(u3-OH), unit are then bridged by ps-OH ligands to two Cu" and two Dy
form a distorted external rectangle about the Dy(u3-OH)4 core.

Peripheral ligation is provided mainly by four mono-deprotonated ligands (HL2) and
four doubly-deprotonated ligands (L2)*. The ligands display two types of bridging mode
(M'm*n'm" 2 and n?m'm':ps Fig. 1.6). In each ligand, the phenoxy oxygen bridges between
two metal atoms, providing further bridging around the edge of the core, while the amide
oxygens each ligate only one metal centre. Both the Cul and Cu2 ions are coordinated within the
pocket-I (ONO) of doubly-deprotonated ligands (L2)*. The DyllI centres are coordinated by
pocket-I and/or pocket-II (OO) of the ligands. There are two chelating nitrates, coordinated to
Dy4 and Dy5, while four water ligands are coordinated to Cu2, Dy3, Dy4 and DyS5 and one

ethanol ligand coordinates to Dy4.

6.6.2 Static magnetic properties of 60 and 61.

The room temperature T values for 60 and 61 per Dy"sCu'; (60) and Er''sCu", (61)
units are 126.23 and 104.70 cm’ K mol™ respectively, which are in good agreement with
expected values of 128.28 for 60 containing nine Dy" (S = 5/2, L = 5, °H;s5, g = 4/3) and two
Cu! ions, and 104.07 cm’ K mol™! for 61 containing nine ErM (§=3/2,L=6, 4115/2, g = 6/5) with

and Cu" ions. On lowering the temperatures, the T values of 60 and 61 continuously decrease
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from room temperature to 25 K and then rapidly decrease more rapidly to reach the values of
63.27 (60) and 33.54 cm’® K mol™ (61) at 1.8 K (Fig. 6.34). The feature of T vs T plots of 60
and 61 indicates the presence of overall weak intramolecular antiferromagnetic interactions
though it is difficult to quantify the interactions.” For anisotropic Dy"" and Er'" ions, the thermal
depopulation of their excited Stark sublevels can contribute to the decrease of the ¥T product at

higher temperature.
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Fig. 6.34. Plots of ¥ T vs T of 60 and 61 under applied dc magnetic field of 1 kOe.
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Fig. 6.35. Plots of M vs H and M vs H/T (inset) of 60 (left) and 61 (right) at indicated

temperatures.



160

The field dependence of the magnetizations of 60 (Fig. 6.35) reveal that the

magnetization increases more rapidly up to dc field of 10 kOe compared to that of 61, since Dy

ions are more anisotropic than Er'

ions. Above 10 kOe, the magnetization slowly increases in a
linear fashion up to 7 T and reaches 52.36 and 43.25 pp at 2 K for 60 and 61, respectively. The
M vs H/T plots at different temperatures do not superpose on to single master curves (Fig. 6.35)

indicating the presence of anisotropy and/or low lying excited states in the systems.*

6.6.3 Dynamic magnetic properties of 60 and 61.

Below 10 K, compound 60 exhibits slow relaxation of magnetization while 61 does not.
The presence of temperature dependent in-phase (") and out-of-phase (y ") signals (Fig. 6.36),
suggests 60 might be a SMM with Ty, below 1.8 K. The preliminary magnetic measurements
indicate the absence of QTM in the system. To confirm the SMM behavior in 60, micro-SQUID
measurements were performed on a single crystal of 60. The presence of temperature and sweep

rate dependent hysteresis loops below 0.6 K (Fig. 6.37), confirms SMM behavior in 60.
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Fig. 6.36. Plots of " and y~ (inset) vs T of 60.
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Fig. 6.37. The temperature (left) and sweep rate (right) dependence hysteresis loops of 60.

6.7.1 Crystal structure of [Dy,Cu(OH)(L2),(HL2),(H,0)]CI-SEtOH-2.5H,0 (62).

The complex 62 crystallizes in the space group P-1. The asymmetric unit contains two

Dy ions, one Cu" ions, three doubly deprotonated ligands (L2)*, one mono deprotonated ligand

(HL2) and one water molecule coordinated to Dy™ ion (Fig. 6.38, left).

Fig. 6.38.

Molecular structure (left) and core (right) of the coordination cluster in compound 62.
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Both the Dyl and Dy2 centers are nine coordinated with an O;N, (Dyl) and OsN (Dy2)
donor sets with a distorted capped square antiprismatic geometry. The Cu" ion has adopted a
distorted square planar geometry with an OsN donor set. The crystal lattice in 62 contains five
EtOH and two and half water molecules.

The metal-hydroxide core (Fig. 6.38, right) is a hetero-atomic triangle (Dy'",Cu") with a
u3-OH which is 0.955 A above the Dyl1Dy2Cul triangular plane. The first two vertexes are

" jons and third vertex is by one Cu" ions, which is

occupied by two nine coordinated Dy
shielded by organic ligands bridging among the metal ions. Dyl is coordinated by three doubly
deprotonated ligands; two pocket I (ONO) and one pocket II (OO) while Dy?2 is coordinated by
one mono deprotonated ligand (HL2)™ into pocket II (OO) and one doubly deprotonated ligand
(L2)* into pocket I (ONO). The ligands display n': n': n':uy and n': n*: n': n':p, (Fig. 1.6)
bridging modes. There is a water molecule coordinated to Dy2 center. Other than p3-OH bridge,
the Cul-Dy1 and Dy1-Dy?2 edges are bridged by an additional one and two p-phenoxide bridges,
respectively. The Dyl-Cul, Dyl-Dy2 and Dy2-Cul distances are 3.4106(10), 3.6285(5) and
3.6322(10) A. The Cul-O-Dyl angles are 105.1(2) and 101.9(2)°. The Dy1-O-Dy2 angles are
94.7(2), 102.3(2) and 102.18(18)° and Dy2-O-Cul angle is 111.4(2)°. The Cu-N/O distances
varry from 1.903(6) to 1.953(5) A. Dy1-O/N and Dy2-O/N bond distances ranges from 2.268(5)
to 2.702(5) A and 2.189(6) to 2.817(6) A respectively.

6.7.2 Static magnetic properties of 62.

The room temperature y T values of per Dy",Cu" (62) is 29.09 cm® K mol™, which is in
good agreement the expected value of 29.09 for 62 containing two Dy (S=5/2, L =5, *H;s, g
= 4/3) and one Cu" ions (S = 1/2 and g = 2.0). On lowering the temperature, the yT value of 62
continuously decreases from 300 K to 13 K, and rapidly decreases to reach a minimum of 25.47
cm’® K mol™, followed by slight increase to reach 25.69 cm’ K mol™ at 4 K (Fig. 6.39, left) and
finally a decrease to 25.23 cm® K mol™ at 1.8 K. The ferrimagnetic shape of T vs T plots of 62
may suggest the presence of overall weak intramolecular ferromagnetic interactions though it is
difficult to predict the exact nature of interaction.*
The field dependence of the magnetization of 62 (Fig. 6.39, right) reveals that the

magnetization rapidly increases below 10 kOe above which slowly increases in a linear fashion

up to 7 T, reaching 11.69 pg at 2 K. The lack of saturation of M (Fig. 6.39, right) indicates the
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presence of anisotropy and/or low lying excited states in the system.*” Moreover, the M vs H/T
plots at different temperatures do not superpose on to a single master curve indicating the

presence of anisotropy and/or low lying excited states in the system.*
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Fig. 6.39. Plots of ¥ T vs T (left), M vs H (right) and M vs H/T (right, inset) of 62.
6.7.3 Dynamic magnetic properties of 62.
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Fig. 6.40. Plots ¢~ (left) and y”
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(right) susceptibilities vs T of 62 at indicated frequencies under

zero dc applied magnetic field.

Below 15, compound 62 exhibits slow relaxation of magnetization. The presence of
temperature dependent in-phase (") and out-of-phase (") signals (Fig. 6.40), suggests 62 might
be a SMM with Ty, below 1.8 K. The additional ac measurements indicate the absence of QTM in
62.



164

6.8 Conclusion:

In this chapter twelve new Ln-Cu complexes (51-62) of seven different nuclearities, are
reported. The syntheses are carried out under aerobic condition and products are crystallized
either from MeOH or EtOH by slow evaporation in air. By changing the reaction conditions, the
nuclearity of the compounds can be increased; starting from dinuclear (DyCu; 51) to undeca-
nuclear (DyyCu,; 60). The structure of complexes from 51-58 can be understood in terms of
coordination of one, two or three {Cu(L2)X} metalloligands to a central Ln"" ion, where X is
bridging methoxy or azide ligand. The number of {Cu(L2)X} units is dependent on the amount
of base in the reaction. In situ condensation of (L4)* resulted in the dimerisation of the two
DyCu; propeller into a Dy,Cug system (59) with two Cu" centers are linked through a hydrazine
bridge.

Since there are three p-OMe  bridges in the propeller shaped DyCus (54), it was
attempted to replace OMe" bridges by OEt™ bridges, by carrying out the reaction in EtOH instead
of MeOH. However, instead DyyCu, (60) was resulted. The crystal structure revealed that there
are eight u3-OH bridges and three carbonate (COs”) per DyoCu, unit. When the reaction is

performed in inert atmosphere, it produces known a Cu'; ** cluster. If other solvents (‘PrOH,

"BuOH, DMF and DMSO) were used as a reaction medium, the known Cu' *** compound was
again always encountered in each case from the identical reaction ratio. The reaction which
produces 60 is performed using DyCl;.6H,0 instead of Dy(NO3);.6H,0O, it produces Dy,Cu (62),
the {Dy>Cu(ps-OH)}*" core of which can be considered as a small part of DyoCu, (60).

All the complexes (51-62) were magnetically investigated. The dc magnetic
measurements reveal that complexes 51-59 show intramolecular ferromagnetic interactions. The
exact nature of coupling (ferro-or antiferro-) in 60-62, cannot be determined because of

1l -
ions. The M value

concurrent thermal depopulation of Stark sub-levels of the corresponding Ln
of each complex increases rapidly at smaller magnetic fields and then increases almost linearly
(except 56) at higher field. The increase of the M value at low temperature is faster for systems
where ferromagnetic coupling is stronger (51, 52, 53, 54, 55, 56 and 59). The M vs H/T plots of
all the complexes (except isotropic GdCus; 56) do not superpose on single master curve,

indicating presence of low-lying energy states and/or anisotropy in the systems.*’ The saturation
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of M value of 56 in M vs H plot is observed at 2 K and M vs H/T plots are superposed on a
single master curve as expected for this isotropic system.

The dynamic magnetic property measurements reveal that the majority (52, 53, 54, 55,
57, 59, 60 and 62) of these complexes, exhibit interesting slow relaxation of magnetization. The
evaluated ac parameters of these compounds (52, 53, 54, 55, 59, 60 and 62) are given in Table
6.7. The dinuclear DyCu (51) does not show slow relaxation of magnetization which might be
due to insufficient effective energy barrier. With coupling of more than one Cu" ions (2Cu" in
52/53 or 3Cu" in 54) to the central Dy" ion, slow relaxation of magnetization in 52-54, is
observed in the experimental temperature range (above 1.8 K). The slow relaxation dynamics of
52, are accompanied by QTM effects and no maximum is observed in " and y"" vs T plots for
52 due to the curtailment of energy barrier of relaxation through QTM pathways.

The application of small dc field (1 kOe), removed the degeneracy of the energy levels of
52 and QTM is switched off and the effective energy barrier is increased (Table 6.7). Two -
OMe groups are replaced by two u-N3™ and additionally the two Cu' ions are further connected
by one p-MeOH upon introduction of azide in the system (53). Consequently, DyCu,(N3), (53)
is not only strongly more ferromagnetically coupled but also slow relaxation dynamics become
better and the maximum in x"" vs T plots are observed at 3.5 K (Ty). Moreover, more than one
slow relaxation processes are implicated in both temperature and frequency dependent ac
susceptibility plots of 53, though both the SMMs 52 and 53 have comparable energy barriers
under 1 kOe and 0.0 kOe applied dc fields respectively (Table 6.7). The energy barrier of other
relaxation processes of 53, could not be resolved because of very low value of relaxation time of
thermally activated energy states and/or faster quantum relaxation.

The Dy (54), Tb (55) and Ho (57) analogue of propeller LnCus series (54-58) exhibit
slow relaxation of magnetization either with a maximum [y " vs T; T, = 4.4 (54) and 3.8 (55) K]
in 54 and 55 or without a maximum (in " vs T plots; T, < 1.8 K) in 57. Both Dy (54) and Tb
(55) show QTM in their slow relaxation of magnetization and the application of a small dc field
(1.5 kOe) led to the increase of their blocking temperatures to 5.0 (54) and 4.2 (54) K
respectively. The Dy (54) analogue is found to be the best among this series from the point of
view of blocking temperatures and energy barriers (Table 6.7). Moreover, DyCus (54) displays
temperature and sweep rate dependent hysteresis loop below 1.49 K, confirming the SMM

behavior in 54.



166

Upon linking two DyCus (54) units into Dy,Cus (59), the blocking temperature is reduced
to 2.5 (59) K from 4.4 (54) K under zero applied dc field. The QTM remains the common feature
between DyCus (54) and Dy,Cu¢ (59), with the same optimum magnetic field of 1.5 kOe. The
application of 1.5 kOe magnetic field, led to the increase of the effective energy barrier from
19.6 to 30.8 K for 54 and 10.32 to 18.39 K for 59. This may result from the distortion of
magnetic core of 59, with respect to that of 54 and weak antiferromagnetic coupling between two
DyCus; units in 59.

The magnetic core of DyyCu, (60), is more complicated (with several magnetic
pathways) being composed of several triangular Dys units and two Dy,Cu units. The latter unit
has been isolated in Dy,Cu (62). Both the complexes show slow relaxation below 7 (60) and 15
(62) K respectively without a maximum in " and " vs T plots, implying both might be SMMs
with blocking temperature below 1.8 K, though slow relaxation is comparatively perished in 60
than that of 62. To prove that micro-SQUID measurements were performed on a single crystal of
60, which show both temperature and sweep rate dependent hysteresis loops below 0.5 K,

confirming the SMM behaviour in 60.

Table 6.7. The ac data of Dy"/Tb™-Cu" complexes (52, 53, 54, 55, 59, 60 and 62).

DyCu; (54) Dy,Cug DyyCu, Dy,Cu
C d | DyCu, (52) | DyCu, (53
ompound | DyCu; (52) | DyCu: (53) /TbCus (55) (59) (60) (62)
Not Not
QTM observed observed observed observed obse(r)ve d obse(r)ve d
No. of More than
one one one - -
processes one
Ty (K) <18 4.2 4.4/3.8 2.5 0.5 <18
A
A (K) ; 14.82 19.6/18.7 10.33 ; ;
B
A (K) 14.64 ; 30.8/22.5 18.39 ]
A
To (8) _ 44x10° | 2.4x10°/1.0x10° 1x10° - -
B
To (S) 2.9%10° - 3.8x107/53x107 | 1.7x107 ;

(A) Under Zero dc field and (B) When QTM is switched off.
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Chapter 7

Conclusion and outlook:

This research has produced novel compounds exhibiting a wide range of structural motifs
(Fig. 7.1), fascinating magnetic and/or fluorescence properties.

In Chapter 3, twenty heterometallic Ni"-Ln"" coordination compounds (1-20) of five
different series have been successfully synthesized using the H,L1 ligand by varying either the
reaction conditions or changing the molar ratio. All these compounds were crystallographically
characterized and magnetically studied. Compounds 1-7 possess a defect-dicubane core
topology. In some of the compounds, carbonate (COs>) ligands are incorporated into the
structure, changing the topology by opening out the defect-dicubane Ln;Ni, core (1-7) into a
distorted non-planar U-shaped Ln,Ni; (8-12) conformation. Since further growth of nuclearity of
the LnyNi, core in 8-12 was apparently prevented by two terminal ligands, these were
deliberately removed by gradually decreasing the amount of ligands and base, resulting in non-
planar ring-like high nuclearity LnsNig (13-18) compounds. To study the effect of incorporation
of carbonate into the structural motif, the synthetic reaction which produced DysNis (13) was
performed under N,-atmosphere instead of air, leading to the isolation of the semicircular Dy,Nig4
complex (19) which contains no carbonate ligand. 19 contains four chelating nitrate ligands on
the same edge of the cluster, and it was possible to replace these by bridging oxalate (C,04>)
ligands, to give the Dy4Nig compound (20) in which two Dy,Niy4 units as found in 19 are bridged
by two oxalates into a ring-like structure.

From a magnetic point of view, the Dy"'-Ni" compounds (1, 2, 8, 13, 19 or 20) of each
series have been more magnetically interesting than that of the other rare-earth analogues. The ac
measurements suggest that all these Dy -Ni'' compounds are SMMs, with energy barriers Usgr in
the range 7-28.5 K, with the defect-dicubane Dy,Ni, (2) possessing the highest energy barrier
(28.5 K) of the Ni-Ln based SMMs reported to date. Complex 19 also shows two well-resolved
relaxation modes.

In Chapter 4, twenty heterometallic M"-Ln"' compounds [Ln",Zn"; (21-25), Dy"';Zn",
(26), Ln"sCd"; (27-30), Ln";Cu", (31-34) and Ln"™,Co", (35-40)] which form five different
series have been synthesized employing the ligand (H,L.1), with similar molar ratios and reaction
conditions to the synthesis of Dy,Ni, (2) but replacing Ni" ions by different M" ions. The

nuclearity and topology of the final products were found to vary with the M" ions, depending on
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the ionic radius and the preferred geometry and coordination number of the ion. The series of
dodecanuclear Ln"¢Cd"s compounds (27-30) are the highest nuclearity Cd-Ln based
coordination clusters to date. From a magnetic point of view, all five M"-Dy"" (21, 26, 27, 31
and 35) compounds are again magnetically more interesting than their analogues. The Dy ;Zn'",
compound (26) displays rich fluorescence spectra and exhibits both in-phase and out-of-phase
signals below 15 K suggesting SMM behavior. The Dy (27) analogue of the Ln'"'sCd"s series is
ferromagnetically coupled and is probably a SMM. The fluorescence spectra of all four
Ln"'¢Cd"¢ (27-30) compounds display multiple bathochromic emission peaks in the visible range
when excited in either UV or visible range. Thus the Dy";Zn"; (26) and Dy"«Cd"s (27)
compounds can be considered as bifunctional fluorescent SMMs.

The Ln,Co; [Dy(35), Y(36), Gd(37), Tb(38), Ho(39) and Er(40)] compounds are
ferromagnetically coupled and most exhibit slow relaxation of magnetization, indicating SMM
behavior. Within this series, Dy,Cos (35) has the highest blocking temperature (Ty) of 22 K at
1500 Hz. Two well-resolved strong ac signals were observed in " and " vs frequency plots in
the temperature range of 1.8-25 K, and two energy barriers could be derived: one is 17. 7 K with
T0=4.9x10" s and the other 81.7 K with 1o = 3.9x10° s. Thus Dy,Co, (35) possesses the highest
blocking temperature (22 K) and energy barrier (81 K) of any 3d-4f based SMM to date. The
Ho,Co; (39) also exhibits SMM behavior with three energy barriers ranging from 11 to 13 K.

In Chapter 5, eight compounds forming two different series of tetranuclear lanthanide
complexes are presented based on the ligands H,L1 or H3;L3, with general formulae
[Lns(OH)»(L)4(HL1),]-2THF [Ln = Dy(41), Gd(42), Tb(43), Ho(44) and Er(45)] and
(EtsN)[Lna(HL3)2(NO3)10(H20)4](NO3)4 (46-50) respectively. However the topology of the
tetranuclear units is different between the two series. Compounds 41-45 have a defect-dicubane
core while 46-50 have a non-planar chain-like topology. Compound 41 and 44 are
ferromagnetically coupled while their analogues (42, 43 and 45) and also all the compounds (46-
50) of the other series are antiferromagnetically coupled. The Dy analogues (41 and 49) of both
series are SMMs with modest energy barriers.

In Chapter 6, twelve Ln"-Cu" complexes (51-62) of seven different nuclearities, based
on the ligands H,L.2 and H,L4, are reported. By varying the reaction conditions, the nuclearity of
the compounds could be increased, from dinuclear (DyCu; 51) up to undecanuclear (DyyCuy;

111

60). The number of Cu" ions around the Dy"" ion could be sequentially increased from one in 51
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(DyCu) to two in 52 (DyCu,) and three in 54 (DyCus). All three compounds 51, 52 and 54 are
ferromagnetically coupled. The slow relaxation of magnetization gradually improved on
increasing the number of Cu" ions (51, 52 and 54), with the energy barrier increasing from 14.6
K (52) to 30.8 K (54). On replacing Dy(54) by Tb(55), the energy barrier decreased from 30.8 K
(54) to 22.5 K in 55 (TbCuj). Two of the propeller-shaped DyCu; units were successfully
connected into a Dy,Cus complex (59) by in-situ synthesis of H,L4, with the two DyCu; units
magnetically coupled through the trans-diimine =N-N= bridge. However, on linking the two
DyCus; (54) units into Dy,Cug (59), the zero-field blocking temperature was reduced from 4.4 to
2.5 K. In both compounds, QTM could be suppressed by the same optimum dc field of 1.5 KOe,
significantly increasing the effective energy barriers of 54 and 59 from 19.6 to 30.8 K, and from

10.3 to 18.4 K, respectively.

Ln,Zn;(21-25)
Ln,Ni(1-7) /' Dy-Zn,26)
LngCdg(27-30)

- LnyCuy(31-34)

LllzNiz(S—lz) /

Ln,Nig(13-18) [ >0
| Ln,Co,(35-40)
. OH N - s
Dy:Niy(19) \ \ D
— > Lny(41-45
Dy Nig(20) ~_ o Lny(31-45)
H,L1

‘ DyCu,(53)
DyCuy(52) T LnCu;(54-58)

DyCu(S1 )\ + H,L4,, Dy2Cus(59)

LngCu,(60-61)

R=H il
— Dy,Cu(62)
e OH N_ V"7
/ |
Ln (46-50) i

H,L2

Fig. 7.1. Schematic representation of all compounds (1-62).
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The attempt to replace the methoxy bridges by ethoxy resulted in the high-nuclearity
DyyCu, complex (60), in which the core is built up from several triangular Dys units and two
Dy,Cu units. Micro-SQUID measurements were performed on a single crystal of 60, which
showed both temperature and sweep rate dependent hysteresis loops below 0.5 K, confirming

SMM behaviour in 60.
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Chapter 8: Experimental

This chapter presents the syntheses of the reported compounds in addition to various
analytical techniques utilized to characterize and investigate the properties of these compounds.
All the analytical experiments mentioned were not applied to all of the compounds due to
different experimental requirements or stability considerations.

8.1 NMR spectroscopy

'"H NMR and “C NMR spectroscopy were used to identify the ligands that were
synthesized. The organic ligands were analyzed on the Bruker AC 250 spectrometer at the
Inorganic Chemistry Department of the Campus South, Karlsruhe Institute of Technology (KIT).
The deuterated solvents used were DMSO-d6 and CDCls.

8.2 Elemental analysis

Elemental analysis for C, H and N were carried out at the Inorganic Chemistry
Department of the KIT.

8.3 Infra-red spectroscopy

Infra-red spectroscopy is a useful technique for identifying organic ligands and thus helps
to verify the presence of organic ligands in the metal-ligand complexes. In addition, it provides a
unique fingerprint of the molecule and enables identification of similar structures involving the
same ligand. A small amount of the sample to be measured was ground into a fine powder
together with absolutely dry KBr. This was then pressed into a transparent disk while under
vaccum using a force of 10 N. Fourier Transform IR measurements were carried out on a Perkin-
Elmer Spectrum instrument. The spectra were taken in the normal range between 4000 cm™ to

400 cm™ using 8 scans at a resolution of 4 cm™.

8.4 X-ray powder diffraction (PXRD)

PXRD was used to deduce the structure of compounds by comparing the spectra of
similar systems in addition to unit cell check. The samples were grinded into fine powder,
mounted on a round disk with grease between two plastic sheets and placed on the STOE STADI
P X-ray powder diffractometer. The measurements were made using Cu-Kal radiation with A =
1.5406 A. The collected data were analyzed with the software WinX ", which gives plots of the

diffraction intensities as a function of the 20 values.
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8.5 X-ray single crystal measurement

The most powerful method for analyzing and confirming the structure of molecules is by
single crystal X-ray structural analysis. The data were collected at 150/180 K (INT) on a Stoe
IPDS II area detector diffractometer or at 100 K on a Bruker SMART Apex CCD diffractometer
using graphite-monochromated Mo-Ka radiation. The structures were solved using SHELXTL
software. The following factors are important while refining the structures. First, the residual
factors, R; and R, are defined as :

Ri=(ZIFyl=1F N}/ {ZIF,yl)

WRy = {Z [wW( Fy* = F7 )" 1/ Z[w(Fo)*]}'"”
| Fo | is the data of the diffraction intensity and background exposure time obtained from the raw
data after collection, reduction and correction. | Fc | is the corresponding calculated data after
structural analysis. R; < 0.05 normally indicates good structural analysis. The value w is the
weight for each diffraction point and depends on the accuracy with which Fo> was measured. It is
defined as: w = 1/c"
wR is sensitive to the little differences in the structural analysis, such as the disorder of atoms
and the defined H atoms. Normally wR, should be lower than 0.15 when the data is reasonable,
but 0.2 is still acceptable. The goodness-of-fit is another important factor for the quality of the
structural analysis, and is defined as:
S={S W F/= F*Y 1/ (n-p) }"?
where n and p are the number of the unique reflections and the number of parameters involved in
the refinement, respectively. When S is far from 1.0, it indicates that the weighing scheme could
be wrong and should be made better if the collected data is adequate.
8.6 Magnetic Measurements

Magnetic susceptibility measurements were obtained using a Quantum Design SQUID
magnetometer MPMS-XL susceptometer. This magnetometer works between 1.8 and 400 K for
dc applied fields ranging from -7 to +7 T. Measurements were performed on finely ground
polycrystalline samples. Ac susceptibility measurements have been measured with an oscillating

ac field of 3.5 Oe and ac frequencies ranging from 1 to 1500 Hz. The magnetic data were
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corrected for sample holder contributions and for diamagnetic contributions calculated from

Pascal's constants.

8.7 Fluorescence Spectroscopy

Fluorescence measurements were performed on Cary-Eclipse Fluoreszenzspektrometer at
INT, KIT. The THF solutions of required complexes were measured in a standard 10 mm cuvette
in a 90° geometry. PL was collected at a ~30° angle relative to the excitation light beam.
8.8 Syntheses

All chemicals and solvents used for synthesis were obtained from commercial sources
and were used as received without further purification. The most of reactions were carried out in
aerobic conditions and some were performed in N, atmosphere.
8.8.1 Ligand synthesis
8.8.1.1 Preparation of (E)-2-(2-hydroxy-3-methoxy-benzylideneamino)phenol (H,L1): The
equimolar mixture of o-vanillin (1520 mg, 10 mmol) and 2-Aminophenol (1230 mg, 10 mmol)
was refluxed for 30 minutes in 20 mL of methanol. The resultant dark orange-red crystalline
precipitate was filtered and washed well with cold methanol and followed by ether and dried in
oven at 60°C and further purified by recrystallization from hot methanol. Yield is 92%. Anal.
Calc. for C14N;H30; (found); C 69.12 (69.15), N 5.76 (5.70), H 5.38 (5.40), found. IR data
(KBr disc, cm™): 3449(b), 2991(w), 2902(w), 2817(w), 2644(w), 1627(s), 1616(s), 1541(m),
1509(s), 1461(s), 1361(s), 1333(m), 1305(m), 1278(m), 1245(s), 1166(w), 1104(m), 1064(m),
1032(m), 1970(m), 923(w), 849(w), 738(s), 723(m), 575(w), 431(w).
8.8.1.2 Preparation of (E)-N’-(2-hydroxy-3-methoxybenzylidene)-benzohydrazide (H,L2):
An equimolar mixture of o-vanillin (1520 mg, 10 mmol) and benzoylhydrazide (1520 mg, 10
mmol) was refluxed in 20 mL of methanol for 20 min. The whitish yellow precipitate obtained
was filtered off and washed well with cold methanol followed by ether, and was then dried in an
oven at 60°C. Yield is 92%. Calc. (%) for CisN,H;4O3 (found): C 66.65 (66.50), N 10.37
(10.40), H 5.22 (5.15). IR (KBr, cm™): 3546(m), 3473(m), 3414(m), 3079(w), 2942(w), 2890(w),
2857(w), 1660(s), 1600(s), 1575(s), 1468(s), 1451(s), 1411(s), 1377(m), 1349(s), 1251(m),
1166(m), 1091(w), 1077(m), 971(w), 946(w), 786(m), 776(m), 732(w), 716(w), 698(w) 636(w),
577(m), 550(m). '"H-NMR (DMSO-d®) (8 ppm): (12.09 (singlet), 1H), (10.99 (singlet), 1H),
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(8.66 (singlet), 1H), (9.96(triplet), 2H), (7.57 (quadrate), 3H), (7.16 (doublet), 1H), (7.03
(doublet), 1H), (6.87 (triplet), 1H), (2.5 (singlet), 3H).

8.8.1.3 Preparation of (E)-N’-(2-hydroxy-3-methoxybenzylidene)-(2-hydroxy)-
benzohydrazide (H3;L3): An equimolar mixture of o-vanillin (1520 mg, 10 mmol) and
salicylhydrazide (1520 mg, 10 mmol) was refluxed in 20 mL of methanol for 45 min. The
whitish yellow precipitate obtained was filtered and thoroughly washed with cold methanol
followed by ether, and dried in an oven at 60°C. Yield is 88%. Anal. Calc. (%) for C;sN,H ;404
(found): C 62.93 (62.85), N 9.79 (9.82), H 4.93 (4.75). IR (KBr, cm™): 3230(w), 3200(w),
2995(w), 2937(w), 2837(w), 2664(w), 2573(w), 1607(s), 1583(s), 1565(s), 1482(m), 1455(m),
1376(m), 1312(s), 1257(s), 1236(s), 1155(m), 1103(w), 1038(w), 974(w), 905(w), 838(w),
781(w), 747(m), 733(w), 666(w), 730(w), 575(w), 5532(w), 470(w). 'H-NMR (DMSO-d%) (&
ppm): (12.09 (singlet), 1H), (10.97 (singlet), 1H), (7.85 (dd), 1H), (7.45(triplet of triplet), 1H),
(7.15 (dd), 2H), (7.05 (dd), 1H), (6.95 (quadrate), 1H), (6.85 (triplet), 1H), (2.5 (singlet), 3H).
PBC-NMR (DMSO-d°) (5 ppm): 164.49, 158.82, 148.93, 147.93, 147.18, 134.01, 128.62, 120.78,
119.18, 119.13, 118.80, 117.27, 115.70, 113.99, 55.83.

8.8.1.4 Preparation of bis-(E)-N,N’-(2-hydroxy-3-methoxy)-benzylhydrazone (H;L4): The
mixture of o-vaniline (1520 mg, 10 mmol) and hydrazinehydrate (255 mg, 5 mmol) was refluxed
for 45 min in 15 mL of methanol. The light yellow solution was left in air for crystallization.
After two days, long rod shape yellow crystals obtained, was filtered and thoroughly washed
with ether and dried in oven at 60°C. Yield is 93%. Anal. Calc. (%) for C;4N,H 604 (found); C
64.0 (63.92), N 9.33 (9.29), H 5.37 (5.40). IR (KBr, cm™): 3006(w), 2964(w), 2940(w), 2937(w),
2839(w), 1624 (s), 1578(w), 1464(s), 1380(w), 1319(m), 1262(s), 1350(s), 1220(m), 1091(m),
964(s), 836(w), 785(w), 745(m), 735(s), 657(w).

8.8.2 Syntheses of coordination compounds

8.8.2.1 Preparation of [Dy,Niy(L1)4(NO3)2(DMF);] (1): The mixture of Dy(NO3);.6H,O (45
mg, 0.1 mmol), Ni(NO;),.6H,0 (29 mg, 0.1 mmol) and H,L.1 (48.6 mg, 0.2 mmol) was stirred in
10 mL of DMF for 10-20 minutes in the presence of Et;N (48 mg, 0.48 mmol). The red-brown
color block-shaped crystals of 1 were grown up after two weeks in 90% yield. Anal. Calc. (%)
for CeHssO20NgDy,Niy (found): C 44.39 (44.45), N 6.68 (6.65), H 3.48 (3.50). IR (cm™);
3546(m), 3478(s), 3414(s), 3232(w), 2924(w), 1660(s), 1605(s), 1584(m), 1548(m), 1474(s),
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1455(s), 1383(s), 1398(m), 1384(m), 1297(m), 1228(s), 1181(s), 1108(w), 1032(w), 958(w),
870(w), 819(m), 744(m), 729(m), 685(w), 637(w), 584(w), 517(w).

8.8.2.2 Preparation of [Dy;Ni(L1)4(NO3)2(MeOH);]:3MeOH (2): The same procedure was
employed to prepare all complexes (2-7) and hence synthesis of only 2 is described here in
detail. The mixture of Dy(NO3)3.6H,0 (45 mg, 0.1 mmol), Ni(NO3),.6H,O (29 mg, 0.1 mmol)
and H,L1 (48.6 mg, 0.2 mmol) was stirred in 10 mL of MeOH for 5-10 minutes in the presence
of EtszN (48 mg, 0.48 mmol). The yellow-green solution was left undisturbed and small
hexagonal plate like greenish-yellow crystals of 2 were grown up after 12 h. Yield is 90%. Anal.
Calc. (%) for Ce1HesN6O23DysNi, (found): C 43.31 (43.23), N 4.97 (5.02), H 3.81 (3.75). IR
(KBr, cm™); 3414(b), 3057(w), 2942(w), 2835(w), 1606(s), 1586(s), 1546(m), 1517(s), 1481(s),
1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w),
1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.3 Preparation of [Y,;Niy(L1)4(NO3)2(MeOH),]:3MeOH (3): A similar procedure which
gave 2 was followed for the preparation of 3, using Y(NO;);-6H,O. Yield is 90%. Anal. Calc.
(%) for C41HeaNeO23Y2Ni; (found): C 47.43 (47.55), N 5.44 (5.32), H 4.17 (4.25). IR (KBr, cm’
h: 3415(b), 3055(w), 2943(w), 2835(w), 1606(s), 1585(s), 1546(m), 1517(s), 1481(s), 1459(s),
1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w), 1019(w),
966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.4 Preparation of [Gd;Niy(L1)4(NO3)(MeOH);|-3MeOH (4): A similar procedure which
gave 2 was followed for the preparation of 4, using Gd(NO3);-6H,0. Yield is 92%. Anal. Calc.
(%) for C¢1HeaN6O23GdaNi; (found): C 43.58 (43.52), N 5.00 (5.15), H 3.84 (3.60). IR (KBr, cm’
"; 3414(b), 3057(w), 2942(w), 2835(w), 1606(s), 1586(s), 1546(m), 1517(s), 1481(s), 1459(s),
1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w), 1020(w),
966(m), 822(w), 735(s), 642(w), 588(w), 521(w).

8.8.2.5 Preparation of [Tb;Niy(L1)4(NO3)2(MeOH);]:3MeOH (5): A similar procedure which
gave 2 was followed for the preparation of 5, using Tb(NO3);-6H,0. Yield is 91%. Anal. Calc.
(%) for C1HeaN6O23TboNi, (found): C 43.50 (43.45), N 4.99 (5.15), H 3.83 (3.55). IR (KBr, cm’
1; 3414(b), 3055(w), 2942(w), 2835(w), 1606(s), 1585(s), 1546(m), 1517(s), 1482(s), 1459(s),
1439(s), 1386(s), 1331(m), 1291(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w), 1019(w),
966(m), 822(w), 734(s), 644(w), 589(w), 520(w).
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8.8.2.6 Preparation of [Ho,Niy(L1)4(NO3)2(MeOH),]:3MeOH (6): A similar procedure which
gave 2 was followed for the preparation of 6, using Ho(NO;);-6H,0. Yield is 85%. Anal. Calc.
(%) for C1HeaNgO23H0oNi, (found): C 43.19 (43.15), N 4.95 (5.10), H 3.80 (3.55). IR (KBr, cm’
h: 3414(b), 3055(w), 2942(w), 2835(w), 1606(s), 1586(s), 1545(m), 1517(s), 1481(s), 1459(s),
1439(s), 1386(s), 1332(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w), 1019(w),
966(m), 822(w), 737(s), 642(w), 588(w), 523(w).

8.8.2.7 Preparation of [Er,Ni(LL1)4(NO3)2(MeOH);]:3MeOH (7): A similar procedure which
gave 2 was followed for the preparation of 3, using Er(NO3)3-6H,0. Yield is 90%. Anal. Calc.
(%) for Co1HesN6O23Er:Ni; (found): C 43.07 (42.95), N 4.94 (5.05), H 3.79 (3.50). IR (KBr, cm’
h; 3415(b), 3057(w), 2942(w), 2835(w), 1606(s), 1585(s), 1545(m), 1516(s), 1481(s), 1459(s),
1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w), 1019(w),
966(m), 825(w), 737(s), 642(w), 590(w), 520(w).

8.8.2.8 Preparation of
[Dy2Niz(CO3)(L1)s(MeOH)s]2[Dy2Ni(CO3)(L1)s(MeOH)s(H,0)|:14MeOH (8): The same
procedure was employed to prepare all complexes (8-12) and hence synthesis of only 8 is
described here in detail. The mixture of Dy(NO;);.6H,O (45 mg, 0.1 mmol), Ni(NO3),.6H,O (29
mg, 0.1 mmol) and H,L1 (48.6 mg, 0.2 mmol) was stirred in 10 mL of MeOH for 1-2 minutes in
the presence of Et;N (48 mg, 0.48 mmol). The yellow-green solution was left undisturbed and
small hexagonal plate like greenish-yellow crystals of 8 were grown up after 12 h. Yield is 25%.
Anal. Calc. (%) for Cg3H7sDy2N4Ni,O,6 corresponding to replacement of some MeOH by H,O
leading to [Dy:Niy(CO3)(L1)4(MeOH)s]-5H,0 (found): C 43.24 (43.35), N 3.20 (3.25), H 4.47
(4.45). IR (KBr, cm™); 3430(b), 3037(w), 3014(w), 2929(w), 2829(w), 1606(s), 1583(s),
1543(w), 1481(s), 1452(s), 1385(s), 1291(s), 1223(s), 1179(w), 1099(w), 1078(w), 1073(w),
969(m), 873(w), 821(w), 734(s), 637(w), 573(w), 514(w), 414(w).

8.8.2.9 Preparation of
[Sm,Ni,(CO3)(L1)s(MeOH)g]2[Sm;Ni>(CO;3)(L1)4(MeOH)s(H20),]:15MeOH (9): A similar
procedure which gave 8 was followed for the preparation of 9, using Sm(NO3);-6H,0. Yield is
60%. Anal. Calc. (%) for Cs,H76Sm;N4Ni,Oy6 corresponding to replacement of some MeOH by
H,O leading to [Sm;Niy(CO;)(L1)4(MeOH)s(H20)]-:5H,O (found): C 43.51 (43.55), N 3.27
(3.26), H 4.47 (4.53). IR (KBr, cm™); 3430(b), 3037(w), 3015(w), 2929(w), 2829(w), 1606(s),
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1583(s), 1545(w), 1481(s), 1452(s), 1385(s), 1291(s), 1223(s), 1179(w), 1099(w), 1078(w),
1073(w), 969(m), 873(w), 821(w), 735(s), 637(w), 573(w), 514(w), 415(w).

8.8.2.10 Preparation of

[Eu;Niz(CO3)(L1)4(MeOH)s]2[ EuzNi(CO3)(L1)s(MeOH)4(H20),]- 15MeOH (10): A similar
procedure which gave 8 was followed for the preparation of 10, using Eu(NO3)3;-6H,0. Yield is
70%. Anal. Calc. (%) for Cs;H76SmyN4Ni,O56 corresponding to replacement of some MeOH by
H,0 leading to [Eu;Niz(CO;)(L1)4(MeOH)s(H,0)]-:5H,O (found) ): C 43.43 (43.54), N 3.27
(3.21), H 4.46 (4.55). IR (KBr, cm™); 3430(b), 3037(w), 3014(w), 2929(w), 2829(w), 1605(s),
1583(s), 1543(w), 1482(s), 1452(s), 1385(s), 1291(s), 1223(s), 1179(w), 1099(w), 1078(w),
1073(w), 969(m), 873(w), 821(w), 734(s), 637(w), 573(w), 515(w), 413(w).

8.8.2.11 Preparation of

[Gd2Ni(CO3)(L1)4(MeOH)s)2[ Gd2Niz(CO3)(L1)4(MeOH)4(H,0),]:17MeOH (11): A similar
procedure which gave 8 was followed for the preparation of 11, using Gd(NO3);-6H,0. Yield is
75%. Anal. Calc. (%) for Cs,H73GdaN4Ni,O,7 corresponding to replacement of some MeOH by
H,O leading to [GdyNix(CO3)(L1)4(MeOH)s(H,0)]-6H,O (found): C 42.71 (42.65), N 3.21
(3.20), H 4.51 (4.50). IR (KBr, cm™); 3430(b), 3037(w), 3014(w), 2929(w), 2829(w), 1606(s),
1583(s), 1543(w), 1481(s), 1452(s), 1385(s), 1291(s), 1223(s), 1179(w), 1099(w), 1078(w),
1073(w), 969(m), 873(w), 821(w), 734(s), 637(w), 573(w), 514(w), 414(w).

8.8.2.12 Preparation of

[Tb;Niz(CO3)(L1)4(MeOH)s]2[ Thb2Ni(CO3)(L1)s(MeOH)s(H,0)|-14MeOH (12): A similar
procedure which gave 8 was followed for the preparation of 12, using Tb(NO3);:6H,0. Yield is
30%. Anal. Calc. (%) for Cg3H78Tb,N4NixOy6 corresponding to replacement of some MeOH by
H,0 leading to [Tb,Niy(CO3)(L1)s(MeOH)s]-5SH,O (found): C 43.42 (43.05), N 3.21 (3.24), H
4.51 (4.40). IR (KBr, cm™); 3430(b), 3037(w), 3015(w), 2929(w), 2829(w), 1606(s), 1584(s),
1543(w), 1481(s), 1452(s), 1385(s), 1291(s), 1223(s), 1180(w), 1099(w), 1078(w), 1073(w),
969(m), 873(w), 821(w), 734(s), 637(w), 575(w), 514(w), 414(w).

8.8.2.13 Preparation of [Dy4Nig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4](NO3)2:5MeOH-4H,0
(13): The same procedure was employed to prepare all complexes (13-18) and hence synthesis of
only 13 is described here in detail. The mixture of Dy(NOs3);.6H,O (45 mg, 0.1 mmol),
Ni(NO3),.6H,O (58 mg, 0.2 mmol) and H,L1 (48.6 mg, 0.2 mmol) was stirred in 10 mL of
MeOH for 5-10 minutes in the presence of Et;N (48 mg, 0.54 mmol). The yellow-green solution
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gradually turned to red-brown over the period of standing in air and red-brown color prism
shaped crystals of 13 were grown up after one week. Yield is 45%. Anal. Calc. (%) for
Ci20H138DysN12Ni4Og9 corresponding to replacement of some MeOH by H,O leading to
[DysNig(CO3)4(L1)s(NO3)2(H20)5(MeOH)4](NO3),'9H,O (found): C 36.28 (36.07), N 4.23
(4.15), H 3.50 (3.42). IR (KBr, cm™); 3393(b), 3058(w), 3019(w), 2922(w), 2845(w), 1618(m),
1587(w), 1509(w), 1480(s), 1460(s), 1459(s), 1408(s), 1386(s), 1307(m), 1255(m), 1225(m),
1182(m), 1108(w), 1096(w), 1076(w), 969(w), 823(w), 733(s), 641(W), 576(w), 517(w), 444(w).
8.8.2.14 Preparation of [Y4Nis(CO3)4(L1)s(NO3)2(H20)s(MeOH)4](NO3)2:5SMeOH-4H,0
(14): A similar procedure which gave 13 was followed for the preparation of 14, using
Y(NO;);:6H,0. Yield is 30%. Anal. Calc. (%) for Ciz0Hi38Y4N12NigOgo corresponding to
replacement of some MeOH by H,O leading to [Y4Nig(CO3)s(L1)s(NOs3).(H20)s(MeOH)4]
(NO3),'9H,0 (found): C 39.19 (39.15), N 4.57 (4.65), H 3.78 (3.75). IR (KBr, cm™); 3393(b),
3058(w), 3019(w), 2922(w), 2845(w), 1618(m), 1587(w), 1510(w), 1480(s), 1462(s), 1460(s),
1408(s), 1386(s), 1307(m), 1255(m), 1225(m), 1182(m), 1108(w), 1096(w), 1075(w), 969(w),
823(w), 733(s), 641(w), 576(w), 517(w), 445(w).

8.8.2.15 Preparation of [Gd4Nis(CO3)4(L1)s(NO3)2(H20)s(MeOH)4](NO3)2:'5SMeOH-4H,0
(15): A similar procedure which gave 13 was followed for the preparation of 15, using
Y(NO;);:6H0. Yield is 30%. Anal. Calc. (%) for Ci20H;38GdsN;2NisOg9 corresponding to
replacement of some MeOH by H,O leading to [GdsNig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4]
(NO:3),'9H,0 (found): C 36.47 (36.35), N 4.25 (4.18), H 3.52 (3.62). IR (KBr, cm™); 3395(b),
3059(w), 3019(w), 2922(w), 2845(w), 1618(m), 1587(w), 1509(w), 1480(s), 1460(s), 1459(s),
1408(s), 1386(s), 1305(m), 1255(m), 1225(m), 1182(m), 1108(w), 1096(w), 1076(w), 969(w),
823(w), 733(s), 641(w), 576(w), 517(w), 445(w).

8.8.2.16 Preparation of [TbsNis(CO3)4(L1)s(NO3)2(H20)s(MeOH)4(NO3)*SMeOH-4H,0
(16): A similar procedure which gave 13 was followed for the preparation of 16, using
Tb(NO;);:6H,0. Yield is 30%. Anal. Calc. (%) for Cjz0H33DyaN12Ni4Ogo corresponding to
replacement of some MeOH by H,O leading to [DysNig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4]
(NO:3),'9H,0 (found): C 36.41 (36.47), N 4.25 (4.20), H 3.51 (3.52). IR (KBr, cm™); 3393(b),
3059(w), 3020(w), 2922(w), 2845(w), 1618(m), 1587(w), 1509(w), 1480(s), 1460(s), 1459(s),
1408(s), 1386(s), 1305(m), 1255(m), 1225(m), 1182(m), 1108(w), 1096(w), 1076(w), 969(w),
823(w), 734(s), 641(w), 576(w), 517(w), 444(w).
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8.8.2.17 Preparation of [Ho4Nis(CO3)4(L1)s(NO3)2(H20)s(MeOH)4](NO3)2:5SMeOH-4H,0
(17): A similar procedure which gave 13 was followed for the preparation of 17, using
Ho(NOs3);-6H,0. Yield is 30%. Anal. Calc. (%) for Ci20H;3sH04N2Ni14Og9 corresponding to
replacement of some MeOH by H,O leading to [Ho4Nig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4]
(NO3),'9H,0 (found): C 36.20 (36.16), N 4.22 (4.11), H 3.49 (3.44). IR (KBr, cm™); 3393(b),
3058(w), 3019(w), 2922(w), 2845(w), 1620(m), 1587(w), 1509(w), 1480(s), 1460(s), 1461(s),
1408(s), 1386(s), 1307(m), 1255(m), 1225(m), 1182(m), 1108(w), 1096(w), 1076(w), 970(w),
823(w), 733(s), 641(w), 576(w), 515(w), 444(w).

8.8.2.18 Preparation of [ErsNig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4](NO3)2:5MeOH-4H,0
(18): A similar procedure which gave 13 was followed for the preparation of 18, using
Er(NO;3)3-6H,0. Yield is 30%. Anal. Calc. (%) for Ciz0Hi33ErsN2NisOg9 corresponding to
replacement of some MeOH by H,O leading to [ErsNig(CO3)4(L1)s(NO3)2(H20)s(MeOH)4]
(NO3),'9H,0 (found): C 36.11 (36.05), N 4.21 (4.27), H 3.48 (3.62). IR (KBr, cm™); 3393(b),
3058(w), 3019(w), 2924(w), 2845(w), 1618(m), 1587(w), 1509(w), 1480(s), 1460(s), 1460(s),
1408(s), 1386(s), 1307(m), 1255(m), 1225(m), 1182(m), 1108(w), 1096(w), 1076(w), 969(w),
823(w), 733(s), 641(w), 575(w), 517(w), 445(w).

8.8.2.19 Preparation of [Dy,Nis(OH),(L1)4(MeOH)4(NO3)4]-4MeOH (19): If the reaction
which produces 13 is performed in same ratio (1:2:2:5.4) in MeOH under N, atmosphere,
produces green color needle shaped crystals of 19 in 80% yield. Anal. Calc. (%) for
CesoH70Dy2NgNi4O34 corresponding to replacement of four lattice MeOH by four H,O leading to
[Dy>Nis(OH),(L1)4(MeOH)4(NO3)4]-4H,O (found): C 35.90 (35.85), N 5.58 (5.45), H 3.51
(3.57). IR (KBr, cm™); 3440(b), 3060(w), 2941(w), 2844(w), 1607(s), 1584(m), 1481(s),
1465(s), 1437(s), 1385(s), 1295(s), 1225(s), 1180(m), 1100(w), 1075(w), 966(m), 824(m),
739(m), 641(m), 583(w), 515(w), 443(w).

8.8.2.20 Preparation of [DysNig(OH)4(L1)s(MeOH)s(H,0)4(C204)2](NO3)44H,0-8MeOH
(20): The mixture of Dy(NO3);:6H,O (45 mg, 0.1 mmol), Ni(NO;3),:6H,O (29 mg, 0.1 mmol),
H,L1 (15 mg, 0.061 mmol) and H,C,042H,0 (7 mg, 0.055 mmol) was dissolved in 15 mL of
MeOH. The color of the solution changed from red to green on addition of triethylamine (Et;N)
(24 mg, 0.24 mmol) and then the solution was stirred for 5 min and left in air for slow

evaporation. After one week green color needle shaped crystals of 20 were isolated in 25% yield.
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Anal. Calc. (%) for CiasHi5606sN12DysNig (found): C 37.75 (37.45), N 4.12 (4.15), H 3.91
(3.85), IR (KBr, cm™); 3437(b), 3062(w), 2921(w), 2850(w), 16871(m), 1638(s), 1617(s),
1589(m), 1565(w), 1484(m), 1464(m), 1384(s), 13058w), 1233(m), 1183(m), 1111(w), 1093(w),
1072(w), 965(w), 821(w), 732(w), 620(w), 481(w).

8.8.2.21 Preparation of [Dy,Zn3(OH)(L1)s(MeOH),s5(OH;)5]CI:3MeOH-2.5H,0 (21): The
same procedure was employed to prepare all complexes (21-25) and hence synthesis of only 21
is described here in detail. Mixture of DyCl;.6H,0 (38 mg, 0.1 mmol), ZnCl; (13 mg, 0.1 mmol)
and HyL1 (48.6 mg, 0.2 mmol) in 20 mL of MeOH was stirred for 25 minutes in the presence of
Et;N (0.48 mmol, 48 mg). The yellow fluorescence color block shaped crystals of 21 were
obtained in 55% yield after one week from dark yellow solution from slow evaporation in air.
Anal. Calc. (%) for Cy550HgsCINsO25 50Dy2Zns (found): C 44.37 (44.40), N 3.45 (3.50), H 4.27
(4.25). IR (KBr, cm™): 3640(s), 3430(w), 3047(w), 3002(w), 2985(w), 2936(w), 2836(w),
1608(s), 1585(s), 1545(m), 1479(s), 1460(s), 1446(s), 1438(s), 1398(m), 1385(m), 1280(s),
1279(s), 1242(s), 1226(s), 1180(s), 1152(m), 1109(m), 1078(w), 1040(w), 970(m), 873(w),
855(w), 820(m), 736(s), 622(w), 636(w), 577(w), 514(w), 437(W).

8.8.2.22 Preparation of [Eu,Zn3;(OH)(L1)s(MeOH);s5(OH;):5]Cl:3MeOH-2.5H,0 (22): A
similar procedure which gave 21 was followed for the preparation of 22, using EuCls;.6H,O.
Yield is 45%. Anal. Calc. (%) for C7550HgsCINsO,550EusZns (found): C 44.84 (44.85), N 3.49
(3.55), H 4.49 (4.30). IR (KBr, cm™): 3640(w), 3435(b), 3050(w), 3008(w), 2985(w), 2939(w),
2838(w), 1609(s), 1584(s), 1544(m), 1478(s), 1447(s), 1437(s), 1398(m), 1384(m), 1323(w),
1289(s), 1279(s), 1242(s), 1225(s), 1180(s), 1152(m), 1109(m), 1080(w), 1040(w), 971(m),
872(w), 854(w), 819(m), 736(s), 635(w), 622(w), 576(w), 512(w), 436(w).

8.8.2.23 Preparation of [Gd,Zn3(OH)(L1)s(MeOH),5(OH;)15]CI:13MeOH-2.5H,0 (23): A
similar procedure which gave 21 was followed for the preparation of 23, using GdCl;.6H,O.
Yield is 45%. Anal. Calc. (%) for C75.50HgsCIN5O2s5.50GdaZn; (found): C 44.60 (44.40), N 3.47
(3.45), H 4.29 (4.35). IR (KBr, cm™): 3641(w), 3435(b), 3050(w), 3008(w), 2985(w), 2939(w),
2838(w), 1609(s), 1584(s), 1544(m), 1478(s), 1447(s), 1437(s), 1398(m), 1384(m), 1323(w),
1289(s), 1279(s), 1242(s), 1225(s), 1180(s), 1152(m), 1109(m), 1080(w), 1040(w), 971(m),
872(w), 854(w), 819(m), 734(s), 635(w), 622(w), 576(w), 513(w), 435(w).

8.8.2.24 Preparation of [Tb,;Zn3;(OH)(L1)s(MeOH);5(OH;):5]C1:13MeOH-2.5H,0 (24): A
similar procedure which gave 21 was followed for the preparation of 24, using TbCl;.6H,O.
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Yield is 47%. Anal. Calc. (%) for Cy550HgsCINsO2550TboZns (found): C 44.53 (44.45), N 3.46
(3.50), H 4.28 (4.25). IR (KBr, cm™): 3640(w), 3435(b), 3039(w), 3009(w), 2985(w), 2939(w),
2838(w), 1609(s), 1584(s), 1545(m), 1478(s), 1447(s), 1437(s), 1398(m), 1384(m), 1323(w),
1289(s), 1279(s), 1242(s), 1225(s), 1180(s), 1152(m), 1110(m), 1080(w), 1043(w), 971(m),
873(w), 855(w), 820(m), 737(s), 636(w), 622(w), 577(w), 513(W), 439(W).

8.8.2.25 Preparation of [Ho,Zn3(OH)(L1)s(MeOH),s5(OH;);5]CI:3MeOH-2.5H,0 (25): A
similar procedure which gave 21 was followed for the preparation of 25, using HoCl;.6H,O.
Yield is 50%. Anal. Calc. (%) for C7550HgsCIN5O2550H02Zn; (found): C 44.27 (44.25), N 3.44
(3.39), H 4.26 (4.25). IR (KBr, cm™): 3640(w), 3435(b), 3039(w), 3009(w), 2985(w), 2939(w),
2838(w), 1610(s), 1584(s), 1545(m), 1478(s), 1447(s), 1437(s), 1398(m), 1384(m), 1323(w),
1289(s), 1279(s), 1242(s), 1225(s), 1179(s), 1152(m), 1110(m), 1080(w), 1043(w), 971(m),
873(w), 855(w), 821(m), 737(s), 636(w), 622(w), 577(w), 515(w), 440(w).

8.8.2.26 Preparation of [Dy;Zns(OH)4(L1)s(Cl)s(H20)4]C15:35H,0 (26): Mixture of
DyCls.6H,0 (67 mg, 0.175 mmol), ZnCl, (13 mg, 0.1 mmol) and H,L.1 (48.6 mg, 0.2 mmol) in
20 ml of MeOH was stirred for 25 minutes in the presence of Et;N (0.48 mmol, 48 mg). The
yellow solution slowly turned to red-brown in air on standing in air for two weeks. When the
volume of the solution reduces to 15 mL, the solution isolated from air by covering the mouth of
the vial. The red-brown color needle shaped crystals of 26 were obtained after four weeks in
50% yield. Anal. Calc. (%) for C;12H170CloNsOg7Dy7Zn4 (found): C 30.34 (30.40), N 2.54 (3.52),
H 3.88 (3.95). IR (KBr, cm™): 3437(b), 2962(w), 2928(w), 2850(w), 1617(s), 1575(m), 1545(m),
1481(s), 1457(s), 1450(s), 1389(m), 1292(m), 1284(m), 1225(m), 1175(s), 1107(w), 1070(s),
911(w), 825(w), 739(w), 666(w), 615(w), 505(w).

8.8.2.27 Preparation of [DysCde(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(H20)12]CL10THF (27): The
same procedure was employed to prepare all complexes (27-30) and hence synthesis of only 27
is described here in detail. The mixture of DyCl;.6H,O (38 mg, 0.1 mmol), CdCIl,.H,O (22 mg,
0.11 mmol) and H,L1 (48.6 mg, 0.2 mmol) was dissolved in 20 mL of methanol and stirred for
20 min in the presence of Et;N (36 mg, 0.36 mmol) to get yellow crystalline precipitate. The
precipitate was filtered out and dissolved in 10 mL of THF. The yellow color rod shaped crystals
of 27 were obtained after two weeks in 15% yield. Anal. Calc. (%) for C;33H72DysCdgNg ClgOsg
corresponding to replacement of four lattice THF by four H,O leading to
[DysCdgs(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(H20)12]Cl:6 THF-4H,0 (found): C 35.25 (35.27), N 2.38
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(2.25), H 3.68 (3.72). IR (KBr, cm™): 3445(w), 3034(b), 2965(w), 2935(w), 2830(w), 1665(s),
1613(m), 1585(s), 1551(s), 1494(s), 1484(s), 1261(m), 1255(w), 1175(m) 1110(w), 1071(m),
1034(m), 972(m), 860(w), 827(w), 735(m), 635(w), 586(w).

8.8.2.28 Preparation of [ThsCds(CO3)2(OH)4(u-Cl)2(Cl)2(L1)s(OH2)12]CL:10THF (28): A
similar procedure which gave 27 was followed for the preparation of 28, using TbCl;.6H,O.
Yield is 15%. Anal. Calc. (%) for Ci33H72TbsCdsNsClsOse corresponding to replacement of four
lattice THF by four H,O leading to [TbsCds(CO3)2(OH)4(Cl)a(L1)s(H20)12]ClL:6 THF-4H,0
(found): C 35.42 (35.45), N 2.39 (2.35), H 3.70 (3.75). IR (KBr, cm™): 3445(w), 3031(b),
2965(w), 2932(w), 2830(w), 1665(s), 1613(m), 1585(s), 1551(s), 1493(s), 1484(s), 1260(m),
1255(w), 1175(m) 1111(w), 1080(m), 1034(m), 973(m), 862(w), 735(m), 637(w), 585(w).
8.8.2.29 Preparation of [HosCds(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(OH2)12]CL:10THF (29): A
similar procedure which gave 27 was followed for the preparation of 29, using HoCl;.6H,O.
Yield is 15%. Anal. Calc. (%) for C;33sH;72H0osCdgNgClsOse corresponding to replacement of four
lattice THF by four H,O leading to [HosCds(COs3)2(OH)4(Cl)4(L1)s(H20);2]Cl,-6THF-4H,O
(found): C 35.15 (35.31), N 2.37 (2.32), H 3.67 (3.66). IR (KBr, cm™): 3445(w), 3032(b),
2965(w), 2935(w), 2830(w), 1665(s), 1613(m), 1585(s), 1551(s), 1493(s), 1484(s), 1260(m),
1255(w), 1175(m) 1110(w), 1079(m), 1034(m), 972(m), 860(w), 735(m), 637(W), S86(W).
8.8.2.30 Preparation of [ErsCdes(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(OH3)12]CL-10THF (30): A
similar procedure which gave 27 was followed for the preparation of 30, using ErCl;.6H,0.
Yield is 20%. Anal. Calc. (%) for Ci33H;7,ErsCdgNg ClgOse corresponding to replacement of four
lattice THF by four H,O leading to [ErsCds(CO3)2(OH)4(Cl)a(L1)s(H20)12]ClL:6 THF-4H,0
(found): C 35.04 (35.15), N 2.36 (2.30), H 3.66 (3.59). IR (KBr, cm™): 3445(w), 3031(b),
2965(w), 2935(w), 2830(w), 1665(s), 1612(m), 1585(s), 1551(s), 1493(s), 1483(s), 1260(m),
1253(w), 1175(m) 1110(w), 1079(m), 1034(m), 972(m), 860(w), 734(m), 637(w), 585(w).
8.8.2.31 Preparation of [Dy3;Cu,(u3-OH),(L1)s(NO3)(MeOH),(H,0)]-:3MeOH (31): The same
procedure was employed to prepare all complexes (31-34) and hence synthesis of only 31 is
described here in detail. Mixture of Dy(NOs3);.6H,0 (45 mg, 0.1 mmol), Cu(NO),.2.5H,0 (24
mg, 0.1 mmol) and H,L.1 (48.6 mg, 0.2 mmol) in 20 mL of MeOH was stirred for 5-10 minutes
in the presence of Et;:N (0.48 mmol, 48 mg). The hexagonal shape green-yellow crystal of 31
was obtained in 55% yield after one week from dark green solution from slow evaporation in air

and also from diffusion of n-pentane to the solution. Anal. Calc. (%) for C;5sH79Cu;Dy3NgOas
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(found): C, 42.91 (42.95); H, 3.796 (3.77); N, 4.006 (4.01). IR (KBr, cm™): 3400(w), 3057(b),
2963(w), 2935(w), 2834(w), 1610(m), 1585(s), 1551(s), 1493(s), 1481(s), 1453(w), 1383(s),
1302(s), 1260(m), 1253(w), 1170(m) 1105(w), 1079(m), 1032(m), 972(m), 860(w), 825(w),
733(m), 638(w), 587(w), 537(w), 503(w).

8.8.2.32 Preparation of [Gd3;Cu,(u3-OH),(L1)5(NO3)(MeOH),(H20)]:3MeOH (32): A similar
procedure which gave 31 was followed for the preparation of 32, using GdCl;.6H,O. Yield is
50%. Anal. Calc. (%) for C7sH79CuyGd3NeO26 (found): C, 43.32 (42.45); H, 3.82 (3.82); N, 4.04
(4.05). IR (KBr, cm™): 3400(w), 3057(b), 2963(w), 2935(w), 2834(w), 1610(m), 1585(s),
1551(s), 1493(s), 1481(s), 1453(w), 1383(s), 1302(s), 1260(m), 1253(w), 1170(m) 1105(w),
1079(m), 1032(m), 972(m), 860(w), 825(w), 733(m), 638(w), 587(w), 537(w), 503(w).

8.8.2.33 Preparation of [Tbh;Cu(u3-OH)2(L1)s(NO3)(MeOH),(H,0)]-:3MeOH-H,O (33): A
similar procedure which gave 31 was followed for the preparation of 33, using TbCls.6H,0.
Yield is 55%. Anal. Calc. (%) for C7sHg1Cu,TbsNeO»7 (found): C, 42.84 (42.85); H, 3.88 (3.87);
N, 3.99 (3.95). IR (KBr, cm™): 3400(w), 3345(w) 3057(b), 2963(w), 2935(w), 2834(w),
1610(m), 1585(s), 1551(s), 1493(s), 1481(s), 1453(w), 1383(s), 1302(s), 1260(m), 1253(w),
1170(m) 1105(w), 1079(m), 1032(m), 972(m), 860(w), 825(w), 733(m), 638(w), 587(w),
537(w), 505(w).

8.8.2.34 Preparation of [Ho3zCu,(u3-OH),(L1)s(NO3)(MeOH),(H,0)]-:3MeOH (34): A similar
procedure which gave 31 was followed for the preparation of 34, using HoCl;.6H,O. Yield is
45%. Anal. Calc. (%) for C75sH79Cu;HosNgOz6 (found): C, 42.84 (42.95); H, 3.87 (3.97); N, 3.99
(4.03). IR (KBr, cm™): 3400(w), 3057(b), 2963(w), 2935(w), 2834(w), 1610(m), 1585(s),
1551(s), 1493(s), 1481(s), 1453(w), 1383(s), 1302(s), 1260(m), 1253(w), 1170(m) 1105(w),
1079(m), 1032(m), 972(m), 860(w), 825(w), 733(m), 638(w), 587(w), 537(w), 503(w).

8.8.2.35 Preparation of [Dy,Co,(L1)4(NO3)(THF),]-4THF (35): The same procedure was
employed to prepare all complexes (35-40) and hence synthesis of only 35 is described here in
detail. The mixture of Dy(NO3);.6H,O (0.1 mmol, 45 mg), Co(NO3),.6H,O (0.1 mmol, 29 mg)
and H,L1 (0.2 mmol, 48.6 mg) was stirred in 20 mL of methanol for 1 min in the presence of
Et;N (0.42 mmol, 42 mg). The red color solution was left undisturbed and after 30 min
microcrystalline material was precipitated out which was dissolved in 15 mL THF. The slow
evaporation from air produced red color block shaped crystals of 35 in 75% yield. Anal. Calc.

(%) for CeoHe,Dy2C0,N¢O24 corresponding to replacement of some THF by H,O leading to
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[Dy2C02(L1)4(NO3),(THF)(H,0)]-4H,0 (found): C 42.54 (42.46), N 4.96 (4.95), H 3.68 (3.70).
IR (KBr, cm™): 3414(b), 3057(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s),
1481(s), 1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w),
1075(w), 1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.36 Preparation of [Y,Co0,(L1)4(NO3)(THF);].4THF (36): A similar procedure which
gave 35 was followed for the preparation of 36, using Y(NO3)3;.6H,0. Yield is 65%. Anal. Calc.
(%) for CeoHe2Y2C02NeO24 corresponding to replacement of some THF by H,O leading to
[Y2Co02(L1)4(NO3)2(THF)(H20)]-4H,0 (found): C 46.58 (46.53), N 5.43 (5.45), H 4.04 (4.0). IR
(KBr, cm™): 3414(b), 3057(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s), 1481(s),
1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w), 1075(w),
1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.37 Preparation of [Gd,Co2(L1)4(NO3)(THF);] 4THF (36): A similar procedure which
gave 35 was followed for the preparation of 37, using Gd(NO3);.6H>O. Yield is 55%. Anal. Calc.
(%) for CeoHe2Gd2C0,N¢O24 corresponding to replacement of some THF by H,O leading to
[Gd2C0y(L1)4(NO3),(THF)(H,0)]-4H,0 (found): C 42.80 (42.76), N 4.99 (5.05), H 3.71 (3.77).
IR (KBr, cm™): 3414(b), 3057(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s),
1481(s), 1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w),
1075(w), 1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.38 Preparation of [Tb,;Co,(L1)4(NO3),(THF),].4THF (38): A similar procedure which
gave 35 was followed for the preparation of 38, using Tb(NO3);.6H,0. Yield is 70%. Anal. Calc.
(%) for CeoHerTbrC0,N6O24 corresponding to replacement of some THF by H,O leading to
[Tb,Co2(L1)4(NO3)»(THF)(H20)]-4H,0 (found): C 42.72 (42.64), N 4.98 (4.93), H 3.70 (3.81).
IR (KBr, cm™): 3414(b), 3057(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s),
1481(s), 1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1108(w),
1075(w), 1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 520(w).

8.8.2.39 Preparation of [H0,Co0,(L.1)4(NO3)(THF);].4THF (36): A similar procedure which
gave 35 was followed for the preparation of 39, using Ho(NO3)3.6H,0. Yield is 73%. Anal. Calc.
(%) for CeoHs2H02C02N¢O24 corresponding to replacement of some THF by H,O leading to
[Ho2C0,(L1)4(NO3),(THF)(H,0)]-4H,0 (found): C 42.41 (42.49), N 4.94 (4.91), H 3.67 (3.70).
IR (KBr, cm™): 3417(b), 3058(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s),
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1481(s), 1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1182(w), 1109(w),
1075(w), 1019(w), 966(m), 822(w), 737(s), 642(w), 589(w), 522(w).

8.8.2.40 Preparation of [Er,Coy(L1)4(NO3)(THF),;].4THF (40): A similar procedure which
gave 35 was followed for the preparation of 40, using Er(NO3);.6H,0. Yield is 45%. Anal. Calc.
(%) for CeoHeEraCooNgOa4 corresponding to replacement of some THF by H,O leading to
[EryCoa(L1)4(NO3),(THF)(H,0)]-4H,0 (found): C 42.30 (42.32), N 4.93 (4.98), H 3.66 (3.59).
IR (KBr, cm™): 3415(b), 3057(w), 2942(m), 2835(m), 1606(s), 1586(s), 1546(m), 1517(s),
1481(s), 1459(s), 1439(s), 1386(s), 1331(m), 1290(m), 1255(m), 1225(s), 1183(w), 1108(w),
1075(w), 1019(w), 966(m), 822(w), 737(s), 642(w), 588(w), 521(w).

8.8.2.41 Preparation of [Dys4(OH),(L1)4(HL1),].2THF (41): The same procedure was
employed to prepare all complexes (41-45) and hence synthesis of only 41 is described here in
detail. The mixture of DyCl;.6H,O (0.1 mmol, 38 mg), CdCl,.H,O (0.11 mmol, 22 mg) and
H,L1 (0.2 mmol, 48.6 mg) was stirred in MeOH (20 mL) for 20 min in the presence of Et;N
(0.36 mmol, 36 mg) 20 mL of THF was added to the turbid yellow solution to get a clear orange-
red clear solution. Yield is 65%. Anal. Calc. (%) for Co;HgsDysNeO7, (found): C 48.51 (48.55);
H 3.78 (3.86); N 3.65. (3.68). Selected IR data (KBr): v(cm™): 3431(w), 3052(w), 2968(w),
2834(w), 1611(s), 1584(s), 1542(w), 1496(s), 1481(s), 1460(s), 1451(s), 1338(s), 1385(m),
1331(s), 1285(s), 1259(s), 1228(s), 1178(s), 1151(w), 1103(w), 1080(w), 1031(w), 971(w),
911(w), 870(w), 821(w), 735(s), 710(m), 571(w), 497(w), 454(w).

8.8.2.42 Preparation of [Gd4(OH),(L1)4(HL1),].2THF (42)

A similar procedure which gave 41 was followed for the preparation of 42, using GdCl;.6H,0.
Yield is 68%. Anal. Calc. (%) for CorHgsGdsNgO», (found): C 48.96 (48.86); H 3.84 (3.87); N
3.72. (3.70); Selected IR data (KBr): v(cm™): 3433(w), 3052(w), 2968(w), 2834(w), 1611(s),
1584(s), 1544(w), 1496(s), 1481(s), 1460(s), 1451(s), 1338(s), 1385(m), 1331(s), 1285(s),
1259(s), 1228(s), 1178(s), 1151(w), 1103(w), 1080(w), 1031(w), 971(w), 911(w), 870(w),
821(w), 735(s), 710(m), 571(w), 498(w), 454(w).

8.8.2.43 Preparation of [Tbs(OH),(L1)4(HL1),].2THF (43): A similar procedure which gave
41 was followed for the preparation of 43, using TbCl;.6H,0. Yield is 66%. Anal. Calc. (%) for
CooHgs TbaNO2; (found): C 48.81 (48.75); H 3.84 (3.86); N 3.71. (3.68); Selected IR data (KBr):
viem™): 3431(w), 3052(w), 2968(w), 2834(w), 1611(s), 1584(s), 1542(w), 1496(s), 1481(s),
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1460(s), 1451(s), 1338(s), 1385(m), 1331(s), 1285(s), 1259(s), 1228(s), 1178(s), 1151(w),
1103(w), 1080(w), 1031(w), 971(w), 911(w), 870(w), 821(w), 735(s), 710(m), 571(w), 454(w).
8.8.2.43 Preparation of [Hos(OH),(L1)4(HL1),].2THF (44): A similar procedure which gave
41 was followed for the preparation of 44, using HoCl3.6H,O. Yield 65%. Anal. Calc. (%) for
CoaHscHo04N6O2: (found): C 48.30 (48.35); H 3.78 (3.75); N 3.67. (3.70). Selected IR data (KBr,
viem™): 3432(w), 3055(w), 2968(w), 2834(w), 1611(s), 1584(s), 1542(w), 1496(s), 1482(s),
1460(s), 1451(s), 1338(s), 1385(m), 1331(s), 1285(s), 1259(s), 1228(s), 1178(s), 1151(w),
1103(w), 1080(w), 1031(w), 971(w), 911(w), 870(w), 821(w), 735(s), 710(m), 571(w), 455(w).
8.8.2.43 Preparation of [Ers(OH)(L1)4(HL1);].2THF (45): A similar procedure which gave
41 was followed for the preparation of 45, using ErCl;.6H,0. Yield is 70%. Anal. Calc. (%) for
CooHgcErsNgOy, (found): C 48.11 (48.05); H 3.77 (3.75); N 3.66. (3.62); Selected IR data (KBr):
viem™): 3432(w), 3054(w), 2969(w), 2834(w), 1611(s), 1585(s), 1542(w), 1496(s), 1482(s),
1460(s), 1452(s), 1338(s), 1385(m), 1331(s), 1285(s), 1259(s), 1228(s), 1178(s), 1151(w),
1103(w), 1080(w), 1031(w), 971(w), 911(w), 870(w), 821(w), 735(s), 710(m), 498(w), 453(w).
8.8.2.46 Preparation of (Et;NH)¢[Ers(HL3)2(NO3)10(H20)4](NO3)4 (46): The same procedure
was employed to prepare all complexes (46-50) and hence synthesis of only 46 is described here
in detail. Mixture of Er(NOs3)3.6H,0 (90 mg, 0.2 mmol) and H;L3 (27 mg, 0.1 mmol) in 15 mL
of THF was stirred for 10-15 minutes in the presence of Et;N (0.18 mmol, 18 mg). To the
resulted yellow solution, ether was diffused and after three weeks light yellow color block
shaped crystals of complex 46 were isolated in 40% yield. Anal. Calc. (%) for CgsH128E14N24054
(found): C 28.40 (28.55), H 4.62 (4.72), N 12.05 (12.01). IR (KBr, cm™): 3411(b), 3136(b),
2985(w), 2940(w), 1611(m), 1579(m), 1469(s), 1389(m), 1298(s), 1218(m), 1228(m), 911(w),
819(w), 739(w), 586(w), 550(w).

8.8.2.47 Preparation of (Et;NH)e[Gd4(HL3)2(NO3)10(H20)4](NO3)4 (47): A similar procedure
which gave 46 was followed for the preparation of 47, using Gd(NO3)3;.6H,O. Yield is 51%.
Anal. Calc. (%) for CesH128GdsN24Os4 (found): C 28.81 (28.75), H 4.62 (4.63), N 12.22 (12.15).
IR (KBr, cm): 3412(b), 3136(b), 2985(w), 2942(w), 1611(m), 1580(m), 1469(s), 1389(m),
1298(s), 1218(m), 1228(m), 911(w), 819(w), 739(w), 586(w), 551(W).

8.8.2.48 Preparation of (Et;NH)¢[Th4(HL3)2(NO3)10(H20)4](NO3)s (48): A similar procedure
which gave 46 was followed for the preparation of 48, using Tb(NO3);.6H,O. Yield is 52%.
Anal. Calc. (%) for CecH128TbsN24Os4 (found): C 28.74 (28.70), H 4.67 (4.65), N 12.19 (12.05).
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IR (KBr, cm™): 3410(b), 3136(b), 2985(w), 2940(w), 1610(m), 1578(m), 1470(s), 1389(m),
1298(s), 1218(m), 1228(m), 911(w), 819(w), 739(w), 586(w), 552(W).

8.8.2.49 Preparation of (Et;NH)s[Dys(HL3)2(NO3)190(H20)4](NO3)4 (49): A similar procedure
which gave 46 was followed for the preparation of 49, using Dy(NO3)3.6H,O. Yield is 45%.
Anal. Calc. (%) for CesH128DyaN24Os4 (found): C 28.59 (28.69), H 4.65 (4.62), N 12.12 (12.16).
IR (KBr, cm™): 3411(b), 3136(b), 2986(w), 2940(w), 1611(m), 1579(m), 1469(s), 1390(m),
1298(s), 1218(m), 1228(m), 911(w), 819(w), 739(w), 586(w), 550(w).

8.8.2.50 Preparation of (Et;NH)s[Ho4(HL3)2(NO3)10(H20)4](NO3)4 (50): A similar procedure
which gave 46 was followed for the preparation of 50, using Ho(NO3)3;.6H,O. Yield is 47%.
Anal. Calc. (%) for CesHi2sH04N24O0s4 (found): C 28.49 (28.45), H 4.63 (4.76), N 12.08 (12.03).
IR (KBr, cm™): 3411(b), 3139(b), 2985(w), 2940(w), 1612(m), 1579(m), 1469(s), 1389(m),
1298(s), 1218(m), 1228(m), 911(w), 820(w), 739(w), 585(w), 550(w).

8.8.2.51 Preparation of [DyCu(L2)(OMe)(NO3)(H,0)(MeOH)]-2MeOH (51): The reaction
of Dy(NO3)3-6H,0 (45 mg, 0.1 mmol), Cu(NO3),2.5H,0 (23.2 mg, 0.1 mmol) and H,L.2 (10.8
mg, 0.04 mmol) in 20 mL of MeOH in the presence of base triethylamine (Et;N) (31.2 mg, 0.312
mmol) led to the dark green solution. The slow evaporation from air produced green color
needle-shaped crystals of 51 in 30% yield. Anal. Calc. (%) for C;7H,5sDyCuN4O,4 corresponding
to replacement of some MeOH by H,O leading to [DyCu(L2)(OMe)(NO3),(H,0)(MeOH)]-2H,0O
(found): C 27.76 (27.75), N 7.61 (7.65), H 3.42 (3.45). IR (KBr, cm™): 3400(b), 3210(b)
3053(w), 2941(w), 2848(w), 2840(w), 1611(m), 1560(w), 1492(s), 1459(m), 1438(m), 1384(s),
1295(w), 1243(m), 1223(m), 1167(w), 1102(w), 1074(w), 966(w), 922(w), 861(w), 739(m),
709(m), 635(w), 585(w), 494(w).

8.8.2.52 Preparation of [DyCu,(L2),(OMe);(NO3)(H20):]:H,0:1.5MeOH (52): The reaction
of Dy(NO3)3-6H,0 (45 mg, 0.1 mmol), Cu(NO3),2.5H,0 (23.2 mg, 0.1 mmol) and H,L.2 (10.8
mg, 0.04 mmol) in 20 mL of MeOH in the presence of base triethylamine (Et;N) (24 mg, 0.24
mmol) led to the dark green solution. The slow evaporation from air produced green color block-
shaped crystals of 52 in 30% yield. Anal. Calc. (%) for C3;;H3sDyCu,;NsO;s corresponding to
replacement of some MeOH by H,O leading to [DyCu,(L2),(OMe),(NO3)(H,0),]-2H,0 (found):
C 37.60 (37.73), N 6.85 (6.88), H 3.74 (3.80). IR (KBr, cm™): 3401(b), 3226(b), 2980(w),
2941(w), 2913(w), 2807(w), 1613(m), 1558(w), 1494(s), 1462(s), 1438(m), 1338(s), 1384(s),
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1365(s), 1294(s), 1243(s), 1224(s), 1169(w), 1102(m), 1071(s), 967(w), 921 (w), 860(w),
823(w), 794(w), 782(m), 737(m), 709(m), 649(w), 633(w), 583(w), 560(w), 476(w).

8.8.2.53 Preparation of [DyCuy(L2)2(N3);(MeOH)(H,0)]:3MeOH-1.5H,0 (53): Mixture of
Dy(NOs3);3.6H,0 (45 mg, 0.1 mmol), Cu(NO3),.2.5H,0 (23.2 mg, 0.1 mmol), NaNs (24 mg, 0.38
mmol) and H,L2 (27 mg, 0.1 mmol) in 20 mL of MeOH was stirred for 15 minutes in the
presence of Et;N (0.48 mmol, 24 mg). The black green color block shaped crystals of 53 were
obtained in 30% yield after one week from dark green solution from slow evaporation in air.
Anal. Calc. (%) for C3;H49DyCu,N; 30,3 corresponding to replacement of some MeOH by H,O
leading to [DyCux(L2)2(N3)3(MeOH)(H20)]-:3MeOH-2H,0O (found): C 34.08 (34.13), N 16.66
(16.68), H 3.69 (3.70). IR (cm™): 3390(b), 3063(w), 2941(w), 2095(s), 2054(s), 1608(s), 1560(s),
1496(s), 1459(s), 1440(s), 1384(s), 1373(s), 1278(m), 1240(m), 1220(s), 1168(w), 1102(w),
1078(m), 1025(w), 963(w), 949(w), 924(w), 857(m), 795(w), 748(w), 734(m), 708(m), 669(w),
647(w), 565(w), 520(w), 442(w), 412(w).

8.8.2.54 Preparation of [DyCu3(L2);(OMe);]-1.5MeOH-0.215H,0 (54): The same procedure
was employed to prepare all complexes (54-58) and hence synthesis of only 54 is described here
in detail. A mixture of Dy(NO3);-6H,O (0.1 mmol, 45 mg) and Cu(NO3),-2.5H,0 (0.1 mmol,
23mg) in 20 mL MeOH was reacted with H,L2 (0.2 mmol, 54 mg) in the presence of Et;N (0.48
mmol, 48mg) and stirred for 5-7 minutes to get a green solution. After three weeks transparent
light green color hexagonal shaped crystals of 54 suitable for X-ray crystallography were
isolated in 40 % yield. Anal. Calc. (%) for Cag.50Hs1.43CusDyN¢O;3.72 (found): 45.63 (45.60), H
3.98 (3.95), N 6.45 (6.47). IR (KBr, cm™): 3053(b), 3077(w), 2935(w), 2834(w), 1612(m),
1556(s), 1493(s), 1459(s), 1438(w), 1358(s) 1295(m), 1243(w), 1218(m), 1170(m) 1102(w),
1078(m), 1040(m), 1078(m), 966(m), 915(w) 780(w), 735(m), 710(w), 631(w), 569(w), 504(w).
8.8.2.55 Preparation of [TbCu3(L2)3(OMe);]‘MeOH (55): A similar procedure which gave 54
was followed for the preparation of 55, using Tb(NOs);-6H,O. Anal. Calc. (%) for
C49H49Cu3NO13Tb (found): C 45.99 (45.85), H 3.86 (3.85), N 6.56 (6.65). IR (KBr, cm™):
3058(b), 3077(w), 2935(w), 2834(w), 1612(m), 1556(s), 1493(s), 1459(s), 1438(w), 1381(s),
1356(s), 1293(m), 1242(w), 1218(m), 1170(m) 1102(w), 1040(m), 967(m), 915(w), 860(w),
780(w), 734(m), 711(w), 630(w), 579(w), 506(w).

8.8.2.56 Preparation of [GdCu;3(L2);(OMe);]:MeOH (56): A similar procedure which gave 54
was followed for the preparation of 56, using Gd(NO;);6H,O. Anal. Calc. (%) for
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C49H49Cu3N6O13Gd (found): C 46.05 (46.15), H 3.86 (3.84), N 6.57 (6.65). IR (KBr, cm™):
3058(b), 3077(w), 2935(w), 2834(w), 1612(m), 1556(s), 1493(s), 1459(s), 1438(w), 1381(s),
1356(s), 1293(m), 1242(w), 1218(m), 1170(m) 1102(w), 1040(m), 967(m), 915(w), 860(w),
780(w), 734(m), 711(w), 630(w), 579(w), 506(w).

8.8.2.57 Preparation of [HoCu;3(L2);(OMe);]-1.5MeOH-0.215H,0 (57): A similar procedure
which gave 54 was followed for the preparation of 57, using Ho(NO;);-6H,O. Anal. Calc. (%)
for Ca9.50Hs1.43CusHONGO 3 72 (found): 45.54 (45.62), H 3.97 (3.95), N 6.43 (6.42). IR (KBr, cm’
1: 3058(b), 3077(w), 2935(w), 2834(w), 1612(m), 1556(s), 1493(s), 1459(s), 1438(w), 1381(s),
1356(s), 1293(m), 1242(w), 1218(m), 1170(m) 1102(w), 1040(m), 967(m), 915(w), 860(w),
780(w), 734(m), 711(w), 630(w), 579(w), 506(w).

8.8.2.58 Preparation of [ErCusz(L2);(OMe);]-1.5SMeOH-0.215H,0 (58): A similar procedure
which gave 54 was followed for the preparation of 58, using Er(NO3);:6H,0. Anal. Calc. (%) for
Ca9.50H51.43Cu3ErN6O 137, (found): 45.46 (45.51), H 3.96 (3.98), N 6.43 (6.50). IR (KBr, cm™):
3058(b), 3077(w), 2935(w), 2834(w), 1612(m), 1556(s), 1493(s), 1459(s), 1438(w), 1381(s),
1356(s), 1293(m), 1242(w), 1218(m), 1170(m) 1102(w), 1040(m), 967(m), 915(w), 860(w),
780(w), 734(m), 711(w), 630(w), 579(w), 506(w).

8.8.2.59 Preparation of [Dy,Cus(OMe),.76(N3)1.24(L2)s(H,0)(MeOH)(L4)]:10MeOH-2H,0
(59): Mixture of Dy(NOs3);.6H,0O (45 mg, 0.1 mmol), Cu(NO3),.2.5H,0 (58 mg, 0.25 mmol),
H,L-1034 (5 mg, 0.017 mmol), NaN; (21 mg, 0.32 mmol) and H,L2 (54 mg, 0.2 mmol) in 20
mL of MeOH was stirred for 10 minutes in the presence of Et;N (0.48 mmol, 48 mg) to get a
dark green solution. The plate shape dark green crystals of 59 were obtained in 25% yield after
one week by slow evaporation in air. Anal. Calc. (%) for C;1976N17.72H144.2803876Dy2Cus
(found): C 45.54 (45.45), H 4.60 (4.72), N 7.86 (7.75). IR (KBr, cm™): 3414(s), 3053(w),
2935(w), 2834(w), 2096s), 2061(m), 1617(s), 1601(s), 1560(w), 1492(s), 1480(s), 1458(s),
1338(s), 1384(s), 1358(s), 1243(s), 1218(s), 1169(w), 1100(w), 1077(w), 963(w), 915(w), 924,
856(w), 780(w), 735(m), 710(m), 631(w).

8.8.2.60 Preparation of [DyyCuz(L2)4(HL2)4(OH)s(CO3)3(NO3);(H20)4(EtOH)](NO3),-
9EtOH-6H,O (60): The same procedure was employed to prepare all complexes (60-61) and
hence synthesis of only 60 is described here in detail. A mixture of Dy(NO3);3-6H,O (45 mg, 0.1
mmol) and Cu(NOs),-2.5H,0 (23 mg, 0.1 mmol,) in 20 mL EtOH was reacted with H,L2 (54
mg, 0.2 mmol) in the presence of Et;N (48 mg, 0.48 mmol) and stirred for 20 minutes to get a
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green solution. After three weeks transparent light green color hexagonal shaped crystals of 60
suitable for X-ray crystallography were isolated in 40 % vyield. Anal. Calc. (%) for
C143H,83Cu;DyoN5 076 (found): C 34.30 (34.47), H 3.78 (3.81), N 5.87 (5.92). IR (KBr, cm™):
IR (KBr, cm™): 3400(b), 3058(w), 2834(w), 1603(m), 1561(w), 1508(m), 1493(m), 1458(m),
1438(m), 1384(s), 1297(w), 1244(w), 1220(m), 1079(w), 968(w), 901(w), 855(w), 736(m),
710(m), 635(w).

8.8.2.61 Preparation of [EryCuz(L2)4(HL2)4(OH)s(CO3)3(NO3);(H20)4(EtOH)](NO3),
9EtOH-6H,0 (61): A similar procedure which gave 60 was followed for the preparation of 61,
using Er(NO3);3-6H,0. Yield is 42 %. Anal. Calc. (%) for Cy43H;33Cu2ErgN,1076 (found): C 34.01
(34.27), H 3.75 (3.82), N 5.82 (5.76). IR (KBr, cm™): IR (KBr, cm™): 3402(b), 3058(w),
2834(w), 1605(m), 1561(w), 1508(m), 1493(m), 1458(m), 1439(m), 1384(s), 1297(w), 1244(w),
1220(m), 1079(w), 968(w), 901(w), 855(w), 736(m), 710(m), 636(w).

8.8.2.62 Preparation of [Dy,Cu(OH)(L2),(HL2),(H,0)]CI-‘5SEtOH-2.5H,0 (62): A mixture of
DyCls-6H,0 (45 mg, 0.1 mmol) and Cu(NOs),-2.5H,0 (23 mg, 0.1 mmol,) in 20 mL EtOH was
reacted with H,L2 (54 mg, 0.2 mmol) in the presence of Et;N (48 mg, 0.48 mmol) and stirred for
20 minutes to get a green solution. After three weeks transparent light green color block shaped
crystals of 62 suitable for X-ray crystallography were isolated in 40 % yield. Anal. Calc. (%) for
C70HgsCl1CuDy,NgO;; 50 (found): C 46.46 (46.57), H 4.90 (4.95), N 6.19 (6.25). IR (KBr, cm™):
IR (KBr, cm™): 3438(b), 3055(w), 2928(w), 1612(s), 1561(s), 1510(m), 1493(m), 1458(m),
1445(m), 1383(s), 1297(w), 1245(w), 1220(m), 1079(w), 968(w), 860(w), 636(w).
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Chapter 9: Crystallographic data

The crystal structure data for compounds 1-62 are presented here. More detailed
information can be found in the cif files on the accompanying CD.

Table 9.1. Crystallographic tables

Compound 1 2 3 4
Formula Ce2HssDyaNsNi,Ogp | C1HeaNeN12023Dys | Co1HeaNeN12023Y 5 | Co1HeaN6eNi12023Gd,
Mr 1677.58
Cryst size[mm] 0.39x0.34x0.16
color Green-yellow Green Green Green
Cryst Syst Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/n
T[K] 150(2) 180(2) 180(2) 180(2)
a[A] 13.2070(11) 11.9733 (12) 12.0901 (11) 12.0977 (12)
b[A] 12.9862(8) 24.1473 (11) 24.2572 (12) 24.2660 (11)
c [A] 18.1372(16) 11.1657 (9) 11.2376 (9) 11.2336 (8)
a [deg] 90.00 90.00 90.00 90.00
S [deg] 90.210(7) 108.506 (8) 108.012 (7) 108.116 (6)
y [deg] 90.00 90.00 90.00 90.00
V[A’] 3110.7(4) 3061.31 (45) 3084.6 (3) 3149.6 (5)
Z 2
Peatea [g ] 1791
(Mo Ka) [mm™'] 3.054
F(000) 1668
reflns collected 26103
unique reflns 7450
Rint 0.0479
reflns with /> 26(1) 5563
parameters/restraints 428/0
GOF on F° 0.978
R1 [1>20(])] 0.0516
wR2 (all data) 0.1281
Larg. differ 1.364/-3.042

peak/hole [e A7
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Compound 5 6 7 8
Formula Ce1HeaNgN1,023Tby | C61HgaNsNi12O23H0s | C61HeaNsNi2On3Er | CrooHossDysN12Ni6O77
Mr 1684.44 5413.46
Cryst size[mm] 0.14x0.12x0.10 0.34x0.28%0.18
color Green Green Green Red-brown
Cryst Syst Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c C2/c
T[K] 180(2) 180(2) 180(2) 150(2)
a[A] 12.0955 (10) 12.1015 (12) 12.0905 (15) 46.8370 (14)
b [A] 24.2560 (11) 24.2665 (15) 24.2660 (17) 17.1319 (5)
c[A] 11.2336 (8) 11.2236 (8) 11.2236 (10) 36.2826 (11)
a [deg] 90.00 90.00 90.00 90.00
p [deg] 107.996 (6) 107.987 (6) 108.026 (9) 125.681 (2)
y [deg] 90.00 90.00 90.00 90.00
VA’ 3134.6 (4) 3147.4 (3) 3114.7 (6) 23648.1 (12)
Z 2 4
Pealed [E cm'3] 1.785 1.521
(Mo Ka) [mm™'] 2.906 2.420
F(000) 1684 10936
reflns collected 18980 87003
unique reflns 6637 23285
Rint 0.054 0.029
reflns with 7> 20(1) 4361 20696
parameters/restraints 420/17 1276/18
GOF on F* 1.02 1.06
R1 [/>2o(])] 0.063 0.044
wR2 (all data) 0.158 0.119
Larg differ 3.22/-1.30 1.38/-2.83
peak/hole [e A7

Compound 9 10 11 12
Formula C202H260Smg Ca02Ho60Eus C204H263Gds C202H258Tbg
Ni2NigO7g Ni2NigO7g Ni2Ni6Ogo Ni2Ni6077
Mr 5368.24 5464.06
Cryst size[mm] 0.24x0.22x0.18 | 0.27x0.18%0.07
color Red-brown Red-brown Red-brown Red-brown
Cryst Syst Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c
T[K] 180(2) 180(2) 180(2) 200(2)
a[A] 46.5736 (12) 46.5726 (9) 46.584 (2) 46.8370 (14)
b[A] 17.1898 (7) 17.1899 (5) 17.1877 (10) 17.1319 (5)
c [A] 36.5234 (7) 36.5134 (7) 36.6334 (17) 36.2826 (11)
o [deg] 90.00 90.00 90.00 90.00
S [deg] 126.089 (1) 126.090 (1) 126.005 (3) 125.681 (2)
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y [deg] 90.00 90.00 90.00 90.00
VA" 23642.0 (9) 23622.0 (9) 23728 (2) 23648.1 (12)
Z 4 4
Pealed [g €M™ ] 1.509 1.530
u(Mo Ka) [mm™'] 2.118 2.201
F(000) 10904 11072
reflns collected 69734 74759
unique reflns 25028 23340
Rint 0.041 0.107
reflns with 7> 2o(I) 19052 11268
parameters/restraints 1230/19 1270/18
GOF on F* 1.02 0.97
R1 [7>206(])] 0.039 0.047
wR2 (all data) 0.107 0.081
Larg differ 2.50/—1.96 0.84/-1.07
peak/hole [e A7
Compound 13 14 15 16
Formula Ci25sHi48Dy4 CiasHias Y4 Ci25H148Gdy Ci2sHiasNi2
Ni2NigOso Ni2NigOso N12NigOso NigOgoTby4
Mr 4042.23 4027.91
Cryst size[mm] 0.31x0.24%0.20
color Red-brown Red-brown Red-brown Red-brown
Cryst Syst Tetragonal Tetragonal Tetragonal Tetragonal
Space group P-42,c P-42,c
T[K] 180(2) 180(2) 180(2) 180(2)
a[A] 16.8147 (9) 16.8152 (12) 16.8146 (14) 16.7087 (4)
b[A] 16.8147 (9) 16.8152 (15) 16.8146 (14) 16.7087 (4)
c [A] 26.0296 (19) 26.0298 (20) 26.0298 (18) 26.0082 (8)
a [deg] 90.00 90.00 90.00 90.00
S [deg] 90.00 90.00 90.00 90.00
y [deg] 90.00 90.00 90.00 90.00
N 7359.5 (8) 7362.5 (8) 7365.5 (8) 7261.0 (3)
Z 2 2
Peatea [g cm”] 1.824 1.842
u(Mo Ka) [mm™] 3.103 3.035
F(000) 4044 4036
reflns collected 42649 30860
unique reflns 7826 7150
Rint 0.042 0.088
reflns with 7> 2o(I) 7240 6442
parameters/restraints 495/16 495/16
GOF on F* 1.06 1.04
R1 [1>20(])] 0.048 0.052
wR2 (all data) 0.125 0.140
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Larg differ 0.66/—2.31 1.29/-0.79
peak/hole [e A™]
Compound 17 18 19 20
Formula CiasHissHoy CiasHisgErs | CesH7sDyaNgNigOss | CiasHis¢Dys
N;2NigOgo N;2NigOeo N;2NigOes
Mr 2063.18 4070.33
Cryst size[mm] 0.39x0.23x0.20
color Red-brown Red-brown Green Green
Cryst Syst Tetragonal Tetragonal Monoclinic Monoclinic
Space group P2,/n C2/m
T[K] 180(2) 180(2) 180(2) 293
a[A] 16.8127 (9) 16.8137 (8) 23.1589(10) 22.7585 (14)
b[A] 16.8127 (6) 16.8147 (12) 14.1171(5) 28.2558 (17)
c[A] 26.0275 (17) 26.0286 (19) 23.7776(10) 14.9151 (9)
a [deg] 90.00 90.00 90.00 90
£ [deg] 90.00 90.00 108.869(3) 123.745 (5)
y [deg] 90.00 90.00 90.00 90
VA% 7325.5 (8) 7334.5 (8) 7356.0(5) 7975.3 (8)
Z 4 2
Pealed [g cM™] 1.863 1.695
u(Mo Ka) [mm™'] 3.106 2.863
F(000) 4136 4080
reflns collected 58042 27484
unique reflns 15604 8622
Rint 0.0506 0.042
reflns with 7> 2o(I) 11074 6671
parameters/restraints 1033/24 510/39
GOF on F* 0.987 1.01
R1 [I>26(])] 0.0392 0.044
wR2 (all data) 0.0840 0.119
Larg differ 1.322/-0.755 1.12/-1.03
peak/hole [e A”]
Compound 21 22 23 24
Formula C75.50HgsCl C75.50Hg6Cl C75.50Hs6Cl C75.50HgsCl
N5O2s5.50Dy2Zn; | N5Opss0EunZng | NsOys50GdaZns | NsOos.s0TbyZng
Mr 2028.05
Cryst size[mm] 0.28x0.22x0.13
color Yellow Yellow Yellow Yellow
Cryst Syst Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c
T[K] 150(2) 180(2) 180(2) 180(2)
a[A] 16.9239(15) 16.9345(7) 16.9339(15) 16.9342(15)
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b[A] 25.395(2) 25.397(12) 25.375(12) 25.397(2)
c [A] 20.8324(16) 20.8424(16) 20.8324(13) 20.8524(17)
a [deg] 90.00 90.00 90.00 90.00
S [deg] 109.339(6) 109.365(7) 109.343(5) 109.349(6)
y [deg] 90.00 90.00 90.00 90.00
VA" 8448.4(13) 8547.6(15) 8518.5(10) 8438.4(16)
Z 4
Pcalcd [g Cm_3] 1.594
(Mo Ka) [mm'] 2.694
F(000) 4068
reflns collected 36775
unique reflns 12098
Rint 0.0749
reflns with /> 26(1) 7844
parameters/restraints 1009/9
GOF on F* 0.984
R1 [1>20(])] 0.0602
wR2 (all data) 0.1596
Larg differ 0.972/-1.809
peak/hole [e A~
Compound 25 26 27 28
Formula C75.50HgsCl Ci12H170CloDy7 | Cis4H196Cde Cis54H196Cds
N5025.50H02Zn;3 NgOg7Zn4 ClgDysNgOsg ClgTbsNgOse
Mr 4418.59 4917.29
Cryst size[mm]
color Yellow Yellow Yellow Yellow
Cryst Syst Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/m
T[K] 180(2) 100(2) 180(2) 180(2)
a[A] 16.9229(5) 35.514 (4) 17.7884 (13) 17.7873 (17)
b[A] 25.397(22) 16.183 (2) 33.2608 (19) 33.2612 (29)
c [A] 20.8314(14) 28.373 (3) 16.4158 (10) 16.4148 (12)
a [deg] 90.00 90.00 90.00 90.00
f [deg] 109.319(16) 113.582 119.517 (5) 119.527 (15)
y [deg] 90.00 90.00 90.00 90.00
V[A’] 8418.14(13) 14945 (3) 8451.9 (9) 8443.12 (14)
Z 4 2
Pealed [g cm™] 1.964 1.932
u(Mo Ka) [mm™'] 4.338 3.536
F(000) 8676 4820
reflns collected 22462 23993
unique reflns 13193 8173
Rint 0.090 0.072
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reflns with 7> 2o(1) 6357 5408
parameters/restraints 801/12 402/3
GOF on F * 0.93 0.97
R1 [1>20(])] 0.064 0.052
wR2 (all data) 0.145 0.135
Larg differ 2.82/—1.55 1.33/-1.31
peak/hole [e A™]
Compound 29 30 31 32
Formula Cis4Hi96Cds | Cis54Hi96Cds | C75H79CuDy3NeOa6 | C75H70Cu,Gd3NeOog
C16HO6N8056 C16EI'6N8056
Mr 2095.02
Cryst size[mm] 0.23x0.21x0.07
color Yellow Yellow Green-yellow Green-yellow
Cryst Syst Monoclinic | Monoclinic Triclinic Triclinic
Space group P-1
T[K] 180(2) 180(2) 100(2) 100(2)
a[A] 17.7785 (12) 17.7865 12.8166(5) 12.8336(5)
(13)
b[A] 33.2518 (19) 33.2618 14.0128(5) 14.0128(7)
(22)
c [A] 16.4158 (12) 16.4158 21.8116(8) 21.8216(9)
(1)
o [deg] 90.00 90.00 92.059(1) 92.119(12)
[ [deg] 119.527 (15) | 119.537 (5) 94.409(1) 94.478(15)
y [deg] 90.00 90.00 93.407(1) 93.407(1)
V[A3] 8391.8 (12) 8431.8 (9) 3895.6(3) 3935.7(5)
Z 2 2
Pealed [g €M™ ] 1.786
u(Mo Ka) [mm™'] 3.462
F(000) 2070
reflns collected 24938
unique reflns 16679
Rint 0.0141
reflns with 7> 2o(I) 15464
parameters/restraints 1038/9
GOF on F * 1.018
R1 [I>20(])] 0.0240
wR2 (all data) 0.0615
Larg differ 2.776/-1.118
peak/hole [e A7
Compound 33 34 35 36
Formula C75Hg1CuuNgO27Tbs | C75H790CuHo3NOo6 | CsoHooC02DyaNeOo4 | CsoHo92C0aNO24Y
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Mr 2102.30 1964.46 1817.28
Cryst size[mm] 0.27x0.22x0.18 0.25x0.24x0.20
color Green Green Red Red
Cryst Syst Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
T[K] 180(2) 100(2) 150(2) 180(2)
a[A] 12.8865 (6) 12.8122(9) 11.7308 (9) 11.7437 (12)
b[A] 13.9703 (7) 14.0127(5) 13.2206 (11) 13.2227 (13)
c[A] 21.9713 (9) 21.8017(8) 14.9021 (12) 14.9685 (14)
a [deg] 92.526 (3) 92.059(13) 109.024 (6) 109.568 (7)
f [deg] 94.680 (3) 94.409(16) 93.391 (6) 93.149 (8)
y [deg] 93.081 (4) 93.437(17) 113.742 (6) 113.694 (7)
V[A3] 3931.9 (3) 3876.6(5) 1951.0 (3) 1956.5 (3)
Z 2 1 1
Pealed [g cM™] 1.776 1.672 1.542
1Mo Ka) [mm’l] 3.279 2.393 1.968
F(000) 2084 992 938
reflns collected 26789 16703 13449
unique reflns 16609 9316 8261
Rint 0.039 0.026 0.021
reflns with 7> 26(1) 14607 8192 7037
parameters/restraints 1047/9 510/68 510/68
GOF on F * 1.04 1.00 1.01
R1[/>2c(])] 0.043 0.041 0.038
wR2 (all data) 0.114 0.106 0.101
Larg differ 1.87/-2.09 0.86/—2.46 0.74/-0.55
peak/hole [e A~
Compound 37 38 39 40
Formula CgngzCOzGdst C80H92C02N6024T C80H92C02H02N60 C80H92C02N6024EI‘
Oy4 by 24 2
color Red Red Red Red
Cryst Syst Triclinic Triclinic Triclinic Triclinic
T[K] 150(2) 150(2) 150(2) 180(2)
a[A] 11.7328 (9) 11.8539 (6) 11.8328 (3) 11.7416 (9)
b[A] 13.2216 (12) 13.3457 (8) 13.3371 (6) 13.2282 (15)
c[A] 149011 (11) 15.0886 (5) 15.0682 (9) 14.9271 (17)
a [deg] 109.074 (10) 109.030 (7) 108.894 (3) 109.547 (12)
f [deg] 93.395 (9) 93.570 (7) 93.483 (5) 92.983 (14)
y [deg] 113.784 (6) 113.940 (6) 113.701 (8) 113.822 (11)
V[A3] 1991.0 (8) 2009.4 (6) 2009.5 (4) 1951.5 (6)
Compound 41 42 43 44 45
Formula C92H86DY4N602 C92H36Gd4N6 C92H36Tb4N6 C92H36H04N C92H36EI'4N6
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2 O O 6022 O
Mr 2277.67
Cryst 0.12x0.10x0.08
size[mm]
color orange orange orange orange orange
Cryst Syst Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1
T[K] 180(2) 180(2) 180(2) 180(2) 180(2)
a[A] 13.0093(11) 13.1475(8) 13.1113(8) | 13.1120(10) | 13.0986(8)
b[A] 13.5557(11) 13.6900(10) | 13.6840(12) | 13.6936(13) | 13.6746(10)
c[A] 14.3725(13) 14.6015(11) | 14.5697(12) | 14.4541(11) | 14.4370(11)
a [deg] 96.756(7) 96.666(6) 96.802(5) 96.845(4) 96.993(3)
p [deg] 110.049(7) 109.975(5) 109.985(4) 109.851(7) | 109.809(3)
y [deg] 114.407(6) 115.216(7) 114.867(4) 114.431(6) | 114.271(5)
VA% 2066.2(3) 2126.2(2) 2120.9(2) 2117.9(3) 2112.7(4)
Z 1
Pealed [g €M™ ] 1.830
(Mo Ka) 3.795
[mm”]
F(000) 1120
reflns collected 15031
unique reflns 8755
Rint 0.0557
reflns with 7> 5575
2o(1)
parameters/rest 577/5
raints
GOFon F* 0.953
R1 [1>20(])] 0.0440
wR2 (all data) 0.0823
Larg differ 0.886 /-1.205
peak/hole [e A
]
Compound 46 47 48 49 50
Formula Ce6Hi128EraN24O | CosHi2s8GdsN | CocHi28TbaNy | CoeHi28DysN | CocHi2s6HOsN
54 24054 40s4 24054 24054
Mr 2790.96
Cryst sizefmm] | 0.25x0.20x0.18
color Light yellow Light yellow | Light yellow | Light yellow | Light yellow
Cryst Syst Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1
T[K] 180(2) 180(2) 180(2) 180(2) 180(2)
a[A] 12.8509(9) 12.8512(10) 12.8510(9) 12.8517(12) | 12.8507(15)
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b[A] 13.0018(8) 13.0228(7) 13.0213(8) 13.0115(10) 13.0118(9)
c [A] 16.1176(10) 16.1266(10) | 16.1186(10) | 16.1276(10) | 16.1178(10)
a [deg] 93.847(5) 93.858(5) 93.867(5) 93.857(5) 93.859(5)
S [deg] 97.744(5) 97.745(12) 97.748(5) 97.749(6) 97.744(15)
y [deg] 93.094(5) 93.124(7) 93.098(12) 93.088(6) 93.084(5)
VA’] 2657.0(3) 2688.0(4) 2638.0(6) 2647.0(5) 2627.0(7)
Z 1
Pealed [g cM™] 1.744
u(Mo Kla) [mm 3.232
]
F(000) 1396
reflns collected 18432
unique reflns 11203
Ring 0.0505
reflns with 7> 8932
20(1)
parameters/restr 675/46
aints
GOF on F~ 1.008
R1 [71>206(])] 0.0479
wR2 (all data) 0.1268
Larg differ 3.64/-1.64
peak/hole [e A™]
Compound 51 52 53 54
Formula Ci9H29Cu Cs3.50H42Cuy C34Hy5Cuy Ca9.50Hs1.43Cu3
DyN4O14 DyNsOi5.50 DyN13012.50 DyN¢O13.72
Mr 763.50 1052.30 1125.41 1302.96
Cryst size[mm] 0.14 x0.13x0.10 | 0.18 x 0.18 x 0.08
color Green Green Black-green Green
Cryst Syst Orthorhombic Monoclinic Triclinic Triclinic
Space group Pbca P2/n P-1 P-1
T[K] 293(2) 180(2) 180(2) 180(2)
a[A] 10.8585 (8) 10.2499 (4) 13.5827 (8) 7.5743 (4)
b[A] 19.4579 (15) 21.5702 (10) 13.8011 (9) 15.5298 (7)
c[A] 25.2776 (19) 17.7446 (6) 15.2897 (10) 45.5572 (19)
a [deg] 90.00 90.00 103.033 (5) 86.135 (4)
S [deg] 90.00 97.761 (3) 112.976 (5) 89.988 (4)
y [deg] 90.00 90.00 101.938 (5) 75.885 (4)
VA 5340.7 (7) 3887.3 (3) 2427.9 (3) 5184.4 (4)
Z 8 4 2 4
Pealed [g cm™] 1.899 1.798 1.539 1.669
(Mo Ka) [mm™'] 3.65 3.06 2.46 2.71
F(000) 3024 2104 1128 2613
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reflns collected 36390 25456 16435 30703
unique reflns 5671 8219 10201 20005
Rint 0.070 0.034 0.019 0.039
reflns with 7> 26(1) 5052 7661 9482 14951
parameters/restraints 365/4 529/8 564/17 1257/92
GOF on F* 1.04 1.07 1.04 1.07
R1 [7>20(])] 0.052 0.036 0.035 0.074
wR2 (all data) 0.139 0.105 0.102 0.191
Larg differ 2.83/-1.75 1.93/-1.03 1.46/—0.82 0.83/-2.24
peak/hole [e A”]
Compound 55 56 57 58
Formula C4oH9Cu; C4oH9Cu; Ca9.50Hs1.43Cu3 | Cao.50Hs1.43Cu3
Tb NeO13 Gd N¢O13 HoN¢O13.72 ErN¢O13.72
Mr 1279.48
Cryst size[mm] 0.38x0.12x0.10
color Green Green Black-green Green
Cryst Syst Monoclinic Monoclinic Triclinic Triclinic
Space group P2,/n
T[K] 150(2) 180(2) 150(2) 100(2)
a[A] 18.2690(12) 18.2685(10) 7.5552(5) 7.4927(9)
b[A] 13.2129(7) 13.2132(17) 15.5281(12) 15.3983(19)
c [A] 20.9321(16) 20.9422(12) 45.604(3) 45.223(5)
o [deg] 90.00 90.00 87.069(6) 86.832(2)
S [deg] 106.194(6) 106.195(5) 89.983(6) 89.888(2)
y [deg] 90.00 90.00 75.944(6) 75.942(1)
N 4852.2(6) 4882.2(6) 5182.8(7) 5053.2(11)
Z 4
Peatca [g cm”] 1751
u(Mo Ka) [mm™'] 2.809
F(000) 2564
reflns collected 27570
unique reflns 9475
Rint 0.0620
reflns with 7> 2o(1) 7882
parameters/restraints 669/4
GOF on F~ 1.007
R1 [1>206(])] 0.0573
wR2 (all data) 0.1503
Larg differ 1.576/-2.803

peak/hole [e A™]
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Compound 59 60 61 62
Formula Ci19.76H144.28Cug Ci43Hig3Cuy Cis3Hi33Cun C70HgsCICu
DysN17.72038.76 DyoN»07 ErgN, 076 Dy,:NgOz .50
Mr 3158.41 5006.72 1809.47
Cryst size[mm] 0.18%x0.09x0.03 0.23x0.21x0.12
color Green Green Green Green
Cryst Syst Triclinic Monoclinic Monoclinic Triclinic
Space group P-1 C2/c P-1
T[K] 100(2) 180(2) 180(2) 180(2)
a[A] 13.8461 (18) 71.6587 (19) 71.5423 (44) 14.4155 (8)
b[A] 14.5000 (19) 16.1332 (3) 16.0801 (10) 15.9560 (9)
c [A] 18.406 (2) 34.8077 (9) 34.5991 (24) 18.0980 (11)
o [deg] 71.793 (2) 90.00 90.00 68.014 (4)
£ [deg] 68.185 (2) 117.714 (2) 117.688 (4) 74.521 (5)
y [deg] 82.770 (2) 90.00 90.00 87.975 (4)
V[A3] 3258.8 (7) 35624.2 (15) 35245.2 (25) 3710.3 (4)
Z 1 8 2
Pealed [ cm'3] 1.609 1.867 1.620
u(Mo Ka) [mm'] 2.177 4.056 2.392
F(000) 1603 19624 1828
reflns collected 18522 141236 24053
unique reflns 13673 37784 14872
Rint 0.072 0.046 0.052
reflns with 7> 26(I) 10212 31130 12624
parameters/restraints 786/2 2247/300 877/49
GOF on F* 0.198 1.13 1.01
R1 [I>20(])] 0.080 0.056 0.068
wR2 (all data) 0.198 0.157 0.207
Larg differ 2.50/—1.55 2.62/-1.69 5.96/—2.32

peak/hole [e A7
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Chapter 11

Appendix A: List of compounds

1 [Dy:Nix(L1)4(NO3)(DMF),] (1)

2 [DysNis(L1)s(NOs)(MeOH),]-3MeOH (2)

3 [YaNis(L1)i(NOs)(MeOH),]- 3MeOH (3)

4 [GdaNip(L1)4(NO3)2(MeOH),]-3MeOH (4)

5 [TbyNir(L1)a(NOs)(MeOH),]-3MeOH (5)

6  [HosNia(L1):(NOs)(McOH),]-3McOH (6)

7 [EnNiaL1)a(NOs)(MeOH),]-3MeOH (7)

8 [Dy2Nir(CO3)(L1)s(MeOH)g]2[Dy2Nix(CO3)(L1)4(MeOH)s(H20)]- 14MeOH (8)
9 [SmuNix(COs)(L1)s(MeOH)e]o[SmsNis(COs)(L1)a(MeOH)o(H,0),]-15MeOH (9)
10 [EuNix(COs)(L1)s(MeOH)s],[EusNis(COs)(L1)a(MeOH)4(H,0),] 15MeOH (10)
11 [GdaNiz(CO;3)(L1)s(MeOH)6]2[GdaNix(COs3)(L1)4(MeOH)4(H20),]- 17MeOH (11)
12 [TboNis(COs)(L1)s(MeOH)g]o[ TbsNia(COs)(L1)4(MeOH)s(H,0)]- 14MeOH (12)
13 [DysNis(CO)u(L1)s(NOs)(Hr0)s(McOH)s](NO3)» SMcOH-4H,0 (13)

14 [Y:Nig(COs)s(L1)g(NO3)s(H20)s(MeOH),](NOs ), SMeOH-4H,0 (14)

15 [GdsNig(COs)s(L1)g(NO3)s(Hr0)s(MeOH):](NOs ) SMeOH-4H,O (15)

16 [TbsNig(CO3)a(L1)g(NO3)>(Hr0)s(MeOH)](NOs ) SMeOH-4H,0 (16)

17 [HosNig(CO3)s(L1)s(NO3)a(H,0)s(MeOH)](NO3)>-SMeOH-4H,0 (17)

18 [ErNig(CO3)a(L1)s(NO3)o(H20)s(MeOH),[(NO3)»-SMeOH-4H,0 (18)

19 [Dy,Nis(OH)(L1)s(McOH)s(NO3),]-4MeOH (19)

20 [DysNig(OH)4(L1)s(MeOH)u(H20)s(C204)2](NO3)44H,0-8MeOH (20)

21 [Dy,Zny(OH)(L1)s(MeOH), s(OH,); 5]C1-3MeOH-2.5H,0 (21)

22 [EwZny(OH)(L1)s(MeOH), s(OH,), 5]CI-3MeOH-2.5H,0 (22)

23 [GdaZny(OH)(L1)s(MeOH)s s(OH,), 5]C1-3MeOH-2.5H,0 (23)

24 [TbyZny(OH)(L1)s(MeOH), s(OH,), 5]C1-3MeOH-2.5H,0 (24)

25 [HoyZny(OH)(L1)s(MeOH), s(OH,); 5]C1-3MeOH-2.5H,0 (25)

26 [Dy7Zn4(OH)4(L1)3(Cl)s(H20)4]Cl3-35H0 (26)

27 [DyeCds(CO3)2(OH)4(p-Cl)2(Cl)2(L1)s(OH2)12]Clo' 10THF (27)

28 [TbeCds(CO3)2(OH)4(p-C2(Cl)2(L1)s(OH2)12]CL- 10THF (28)
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
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59
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[HoCde(CO3)2(OH)4(p-C2(Cl)2(L1)s(OH2)12]Cl- 10THF (29)
[ErsCde(CO3)2(OH)4(p-Cl)2(C)2(L1)s(OH2)12]Clo' 10THF (30)
[Dy3Cux(uz-OH)2(L1)s(NO3)(MeOH)>(H,0)]-3MeOH (31)
[GdsCus(3-OH)o(L 1)5(NO3)(MeOH),(H,0)]-3MeOH (32)
[TbsCus(i3-OH)a(L1)5(NO3)(MeOH)»(H,0)] 3MeOH-H,0 (33)
[HosCua(13-OH)2(L 1)5(NO3)(MeOH),(H,0)]- 3MeOH (34)
[Dy2Co2(L1)4(NO;3)2(THF),]-4THF (35)
[Y2Co02(L1)4(NO;3)(THF),]-4THF (36)
[Gd2Cos(L1)a(NOs)o(THF),]-4THF (37)
[TbyCoa(L1)4(NO3)(THF),]-4THF (38)
[Ho2Co2(L1)4(NO;3)2(THF),]-4THF (39)
[Er2Cos(L1)4(NO3),(THF),]-4THF (40)
[Dys(OH)»(L1)4(HL1):].2THF (41)
[Gds(OH)o(L1)a(HL1),].2THF (42)
[Tba(OH)»(L1)4(HL1),].2THF (43)
[Hou(OH)»(L1)4(HL1),].2THF (44)
[Ers(OH)2(L1)4(HL1),].2THF (45)
(Et;NH)6[Era(HL3)2(NO3)1o(H20)4](NO5)s (46)
(EtsNH)6[Gd4(HL3)2(NO3)19(H20)4](NO3)4 (47)
(Et;NH)6[Tba(HL3)2(NO3)10(H20)41(NO3)4 (48)
(Et;NH)s[Dya(HL3)2(NO3)16(H>0)](NO3)s (49)
(EtsNH)s[Hoa(HL3)2(NO3)10(H>0)4](NO3)4 (50)
DyCu(L2)(OMe)(NO3),(H>O)(MeOH)]-2MeOH (51)
[DyCuy(L2),(OMe)2(NO3)(H20),]-H20-1.5MeOH (52)
[DyCus(L2)2(N3)3(MeOH)(H,0)]-3MeOH:-1.5H,0 (53)
[DyCus(L2)3(OMe);]1.5MeOH-0.215H,0 (54)
[TbCus(L2)3(OMe);]-MeOH (55)
[GdCus(L2)5(OMe);]-MeOH (56)
[HoCus(L2)3(OMe)s]1.5MeOH-0.215H,0 (57)
[ErCus(L2);(OMe)s]-1.5MeOH-0.215H,0 (58)
[Dy>Cus(OMe)s 76(N3)1 24(L2)s(H20)(MeOH)(L4)]- 10MeOH-2H,0 (59)
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60 [DysCua(L2)4(HL2)4(OH)s(CO3)3(NO3)3(H20)4(EtOH) |(NO5)2-9EtOH 6 H,O (60)
61  [EroCuy(L2)s(HL2)s(OH)s(CO3)3(NO3)s(H,0)4(EtOH)](NOs),-9EtOH-6H,0 (61)
62  [Dy,Cu(OH)(L2),(HL2),(H,0)]CI-5EtOH-2.5H,0 (62)

Appendix B: List of organic ligands

H,L1 (E)-2-(2-hydroxy-3-methoxy-benzylideneamino)phenol

H,L2 (E)-N’-(2-hydroxy-3-methoxybenzylidene)-benzohydrazide

H;L3 (E)-N’-(2-hydroxy-3-methoxybenzylidene)-(2-hydroxy)-benzohydrazide
H,L4 bis-(E)-N,N’-(2-hydroxy-3-methoxy)-benzylhydrazone

Appendix C: List of abbreviations

Ln lanthanide

EtOH ethanol

Me methyl

Py pyridine

Ph phenyl

MeOH methanol

MeCN acetonitrile

DMF dimethylformamide

DMSO dimethylsulfoxide

mg milligram

mL millilitre

mmol millimole

IR infrared

NMR nuclear magnetic resonance
EPR electron paramagnetic resonance
SQUID super-conducting quantum interference device
ac alternating current

de direct current

D zero-field splitting parameter

K kelvin



Oe

—

THF

NIR

MOFs

SMM
Uuv
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oersted

field

hertz

magnetisation

temperature

tesla

blocking temperature

critical temperature

hour

molar magnetic susceptibility
in-phase magnetic susceptibility
out-of-phase magnetic susceptibility
bohr magneton

effective energy barrier

cubic centimetres

broad

doublet

triplet

singlet (NMR), strong (IR)
tetrahydrofurane

multiplet (NMR), medium (IR)
near infra red

weak

metal organic frameworks
single molecule magnet

ultra-violate
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