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Abstract

Abstract

The work presented in this thesis focuses on the syntheses and characterisation of a series of multi-
nuclear transition metal and lanthanide-based coordination complexes. Their structures, magnetic and
luminescent properties are investigated by various experimental techniques including single crystal
X-ray diffraction, UV-vis, SQUID magnetometry and time-resolved luminescent spectroscopy.

Rational design of molecular clusters with intricate supramolecular architectures have received
continuous attention in many interdisciplinary fields. In comparison with those closed-shell bridging
ligands that suffer from weak magnetic coupling between the metal centres due to the large spanning
distance, the use of free radical bridges can produce efficient spin exchange beyond distance limit
and further enhances magnetic interaction with other spin centres arising from the direct orbital
overlap.

Toward this end, two neutral bis-bidentate pyridazine ligands, pydz and pzdz, with the versatile
azido bridge are used in Chapter 2 and 3 to synthesise tetranuclear Co and Fe grid-like complexes
[M"4(pydz)a(N3)s](BPhs)s-4MeCN and [M"4(pzdz)s(N3)4](BPhs)s-solvents. The Co complexes
behave as typical field-induced SMMs with energy barriers of 36 and 56 K, respectively. The Fe
complex with pydz ligand shows remarkable SCO behaviour (712 = 230 K) which is first observed
in azide-bridged systems, while the pzdz analogue only shows overall antiferromagnetic interaction.

In Chapter 4, tetrazine radical bpztz™ is used to prepare tetranuclear complexes [M!4(bpztz™)4(N3)4]
(M = Co and Zn). Strong antiferromagnetic metal-radical interactions with J = -65 cm™! was obtained
in Co complex. Meanwhile, an unexpected metamagnetic behaviour at low temperatures as well as
significant enhancement of SMM behaviour compared to the neutral pyridazine bridge are observed.

Another tetrazine ligand bptz is introduced in Chapter 5 making tetranuclear Co grids

[Co'l4(bptz™)4(N3)4]-MeOH along with two mixed-valence components



Abstract

[Co?34(bptz)4(N3)a](ClO4)2:5MeOH  and  [Co'>,Co',(Hbptz)a(N3)4](OTF)2-solvents.  SMM
behaviours are observed for the tetrazine radical based complexes with higher effective energy
barriers compared to the pyridazine counterparts. However, the slow magnetic relaxation is switched
off for the hydrogenated tetrazine-bridged one. The redox properties are also studied.

Lanthanide complexes with well-designed organic chromophores are considered as ideal
candidates for luminescent materials for their intense emission, long lifetimes and high quantum
yields. Polynuclear complexes, specially heterometallic complexes, are of particular interest when
incorporating luminescence with magnetic properties that are able to provide additional functions.

Chapter 6 describes the homo- and hetero-dinuclear assemblies of lanthanide complexes using a
bis-bidentate bistpOp ligand for shielding around the lanthanide ions. Characteristic emission for Eu®*,
Tb3*, Dy*", Sm*" and Yb’" ions are obtained with long lifetimes for [Eux(bistpOp)s;] and
[Tba(bistpOp)3s] complexes. The formation of heterodinuclear [DyEu(bistpOp);] and
[EuYb(bistpOp)s] complexes are investigated in solution via luminescence titration. Significant
energy transfer is observed from the spectra with efficiency above 50%.

A novel DTPA-bisamide derivative with terpyridine arms is successfully synthesised and
characterised in Chapter 7 making lanthanide complexes. Photophysical studies prove that the ligand
is a good antenna for sensitising visible lanthanide emissions of Tb*" and Eu**. Moreover, the

heterometallic 3d-4f assembly of a macrocyclic complex EuzFez* is studied by UV-vis titration.
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Chapter 1 Introduction

1.1 Overview of magnetism

When a material is placed under a magnetic field, the magnetic property is related to the electron
configuration of the atoms and ions, which can be generally classified into diamagnetic or
paramagnetic. A diamagnetic system originates from the all-paired electrons that leads to zero
magnetic moment and negative magnetic susceptibility. In contrast, a paramagnetic substance
consists of one or more unpaired electrons that display positive magnetic susceptibility under an
external magnetic field. Magnetic materials have been widely investigated and applied in
magnetomechanical equipment, acoustic devices, information storage and telecommunications
devices, electrical motors/generators, magnetic shielding, and magnetic refrigeration. Three magnetic
interactions that have been discovered thus far are (Figure 1.1):

(1) Ferromagnetic interaction: the magnetic moments are aligned parallel to the ordered positions.
(2) Antiferromagnetic interaction: the magnetic moments are arranged regularly with neighbouring
spins in opposite directions.

(3) Ferrimagnetic interaction: spin arrangement is similar to an antiferromagnetic system, however

the magnitude of the antiparallel interactions is non-equivalent.
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(a) (b) (c)

Figure 1.1. Neighbouring magnetic interactions of spins. Black arrows indicate the direction and

magnitude of the spin, displaying ferromagnetic (a), antiferromagnetic (b) and ferrimagnetic (c).

1.1.1 Measurements of molecular magnetism

The growing interest in molecular-based magnetic materials has raised fundamental concerns in
both scientific and technology circles. Organic molecules and specific coordination metal complexes
synthesised by chemical reactions can be easily controlled and characterised, thus providing
potentials for novel and multiple functions. A superconducting quantum interference device (SQUID)
magnetometer or Physical Property Measurement System (PPMS) technique is often used to measure
the direct current (DC) or alternating current (AC) magnetic susceptibilities of a sample.

DC magnetic susceptibility measurement is used to evaluate any changes of the magnetic moment
on the sample under an applied DC static field. The data are generally plotted as molecular magnetic
susceptibility (y7) vs temperature (7) and the field dependence magnetisation (M) vs magnetic field
(H). Spin ground state (S) and the magnetic exchange interaction of the sample can be directly
obtained from the plots. The magnetic interaction can be described by the fit to the Curie-Weiss law
x = C/(T — 0) where C is the Curie constant, 7 is the temperature and 6 is the Weiss constant. A
positive @ indicates ferromagnetic interaction while a negative one suggests an antiferromagnetic

interaction being present. Furthermore, quantitative information can be extracted from the y7 vs. T
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plot by fitting the curves with appropriate spin-Hamiltonians or Heisenberg-Dirac-Van Vleck (vide
infra) equations via specific programmes.! This approach allows to obtain parameters for the
magnetic exchange coupling constant (J) that describe the nature and strength of the spin magnetic
interaction as well as the g-factor and the axial zero-field splitting parameters (D). The magnetisation
M-H curves provide information about the internal response of the magnetic material with an increase
in the DC field, including the saturation of magnetisation and magnetic hysteresis.

The AC magnetic susceptibility measurement is generally used to evaluate the magnetic relaxation
behaviour of the sample by measuring the in-phase (or real, y’) and out-of-phase (or imaginary, )
magnetic susceptibility under zero or external DC fields, where the former is the slope of the M-H

curve, and the latter suggests the dissipative process of the sample.

1.2 Magnetic Properties of Coordination Metal Complexes

1.2.1 Spin Crossover (SCO)

The history of spin crossover dates back to 1931 when the magnetic properties of a series tris(N,N-
disubstituted dithiocarbamate) iron(I1I) derivatives were first discovered.? Then in the 1960s, the first
Co(II) SCO complex bis-(2,6-pyridindialdihydrazone)-cobalt(Il) iodide and Fe(Il) SCO complex
based on 1,10-phenanthroline were reported in succession (Figure 1.2).° It is generally believed that
metal ions with d" (n =4, 5, 6, 7) electron configuration can possibly process SCO under different
external stimuli, such as temperature, pressure and light, where d® Fe(II) complexes in an octahedral
geometry account for the largest number of SCO and have been under thoroughly investigation
between the paramagnetic high-spin state (S = 2) and diamagnetic low-spin state (S = 0). This property

can be potentially applied in molecular switches, data storage and spintronic devices.



Chapter 1

(a) (b)

Figure 1.2. Structures of (a) tris(N,N-disubstituted dithiocarbamate) iron(Il)> and (b)

[Fe''(phen)2(NCS)2]** SCO compounds. Atom colours: C, black; N, blue; S, yellow.

Ligand field theory plays an important role in the research of SCO. In an octahedral geometry, the
five d orbitals of a transition metal ion are split into two subsets, dx,, dx- and d,- of ¢ and d.* and d’-
,* of eg orbitals. The difference of energy between £¢ and eg is defined as the ligand field splitting
energy A. When A is larger than the spin pairing energy (P), the electrons have a tendency to occupy
only the lower energy £, orbitals arranging in a low spin state (LS). If A < P instead, the electrons
fill the d-orbitals by obeying Hund’s first rule and the high spin state (HS) is adopted, maximising
the spin multiplicity (Figure 1.3). Since the e, orbitals have an anti-bonding characteristic, their
population is associated with an increase in the metal-ligand bond length. Conversely, the opposite
population change in %, influences the electron back-donation between the metal ion and the empty
n* orbitals of the ligands. This provides significant evidence to evaluate the SCO complexes through
single crystal X-ray diffraction analysis. For Fe(Il) complexes in a six-N coordination environment,

the high-spin bond length (2.12-2.18 A) is generally 0.2 A longer than the low-spin (1.95-2.00 A).
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Figure 1.3. Electronic configurations of the two ground states for six-coordinated Fe(II) ion in an

octahedral geometry.

The yT vs T plot from static magnetic susceptibility measurement is one of the most visualised
methods to evaluate the spin crossover behaviour. Five main types of spin transition in SCO system
that have been discovered are gradual, abrupt, hysteretic, multi-step and incomplete have been
discovered, as shown in Figure 1.4.* Gradual transition is normally observed when weak
intermolecular interaction is involved. In contrast, the abrupt transition relates to strong cooperativity.
A hysteresis may occur when a particularly high cooperative interaction is present, indicating a
bistable system and that exhibits memory effect. The multi-step transition involves additional
intermediate stable states and is often observed in polymeric or high dimensional complexes.
Incomplete SCO occurs when the compound still exists in a mixture of spin states due to kinetic

effects, dislocations or defects in the lattice.
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Figure 1.4. Five types of SCO: (a) gradual, (b) sharp, (c) hysteresis, (d) multi-step and (e) incomplete,

with temperature as x axis and HS population on y axis.*

In 1980s, the spin state of a low-spin Fe compound was found to be able to switch to high-spin
under irradiation at low temperatures.’ This new type of photomagnetism, light-induced excited spin-
state trapping (LIESST) effect, has then been widely explored mainly in various Fe(II)-SCO
complexes in solid state and solution.® The mechanism can be explained as light pumping from the
ground singlet state to excited singlet states, from which the system can eventually decay via two
consecutive intersystem crossings to low lying quintet state due to the spin-orbital coupling (Figure
1.5).7 T(LIESST) is used to evaluate the metastable high-spin of a complex, which is the derivation
minimum of the photo-induced magnetic susceptibility data. To empirically characterise or predict
the LIESST effect, Létard et al proposed an equation 7(LIESST) = 7o — 0.371/2, where the parameter
To depends on the coordination environment (for Fe?* complexes with bidentate ligands, 7o = 120 K),
T, 1s the transition temperature of thermal-induced SCO and 0.3 means the equation is suitable only
when the heating rate is 0.3 K min™!.® However, this equation still lacks fundamental theoretical

background. Up to now, the highest observed T(LIESST) is 145 K in a mononuclear Fe complex
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(Figure 1.6 top).’ This behaviour is found to be reversible in some complexes when using different

irradiations in some recent research (Figure 1.6 bottom).!°
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Figure 1.5. Mechanism of LIESST.”
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Figure 1.6. Top: A Fe(Il) complex based on a Schiff-base ligand showing LIESST effects with high
T(LIESST).” Bottom: An asymmetric dinuclear [Fe;La(u-L)3(NCSe)s]-2DMF-2H,O (L = I-
naphthylimino-1,2,4-triazole) showing reversible LIESST effect under successive irradiation at 532

nm (green) and 808 nm (red) at 10 K.!°

1.2.2 Electron transfer and valence tautomeric

Electron transfer (ET) and valence tautomeric (VT) are also spin-state transition related magnetic
behaviours, where reversible changes in the oxidation state of a metal ion are observed. ET was first
observed in Prussian blue analogues in a complicate polymeric system and it is now prevalent among
the structurally characterised coordination complexes especially the most studied Co-Fe system. The

M ynits and paramagnetic Fe'"'-Co'" units under

electron can transfer between the diamagnetic Fe!'-Co
thermal or light-induced process via the cyanide bridge (Figure 1.7).!! This property has also been
extended to different combinations, such as Fe-Fe, Fe-Mn, Co-W, which may further create synergy

between ET and other properties.'?
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Figure 1.7. Scheme of electron transfer pathways in cyanide-bridged Co-Fe system.

VT was discovered earlier in 1980 in a mononuclear Co complex where an electron transferred
from a diamagnetic ligand (cat) to low-spin Co(IlI) yielding a high-spin Co(II) and a paramagnetic
radical (sq) upon heating (Figure 1.8). To achieve VT, a redox-active organic ligand is required
(which must have an accessible radical form) to drive the intramolecular electron transfer between
metal and ligand.'? Other metal-ligand systems are also under investigation'* to elucidate additional

factors that influence VT such as ancillary ligands, counter ions and intermolecular interactions. '’
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Figure 1.8. Scheme of valence tautomerism in Co complex.
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1.2.3 Single-molecule magnets (SMMs)

In 1993, a manganese cluster [Mni2012(02CMe)16(H20)4] showed slow magnetic relaxation and
hysteresis at low temperatures (Figure 1.9) which resembles to bulk nanomagnets that can be
magnetised under magnetic field and remained magnetised after the field is removed.'® Complexes

with this magnetic behaviour are named as single-molecule magnets (SMMs).
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Figure 1.9. Crystal structure (left) and hysteresis loops (right) of [Mn;2012(02CMe)i6(H20)4].'¢

Atom colours: Mn(IIl), green; Mn(IV), orange; O, red; C, grey.

The slow magnetic relaxation is a consequence of an axial anisotropy due to a negative axial zero
field splitting which results in the spin ground state splitting into (25+1) M;s sub levels from -S to +§
in integer steps. These two parameters give rise to an energy barrier which is the lowest energy
between degenerate M; states (+Ms and —Ms). The energy barrier is theoretically calculated by U =

| D | S? for integer-spin molecules and U = (S? - V) | D | for half-integer-spin molecules. The double-
well potential energy diagram (Figure 1.10) is used to describe the magnetisation and relaxation
pathways. Quantum tunnelling of the magnetisation (QTM) occurs when energy levels of two sub-
states coincide under an appropriate magnetic field and the states are brought to resonance. This

results in an experimental energy barrier (Uerr) lower than the theoretically calculated limit due to

10
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tunnelling promoting an overall relaxation process. Energy barrier as well as the magnetic blocking
temperature (78), which is the highest temperature at which the molecule maintains magnetisation,

are used to evaluate an SMM.

Thermal relaxation

™~
~
1
|
\\\

\
\ L]\ /

Energy

U=IDIs?
v

< > +M
Ground state QTM \./ *

Figure 1.10. A simplified double-well potential energy diagram to show zero-field splitting of Ms

levels and the energy barrier (U) between +M; and -M; levels.

The SMM behaviour of a metal complex can be intuitively verified according to AC magnetic
susceptibility measurements on SQUID, evidenced by the frequency- or temperature-dependent
peaks of the in-phase () and out-of-phase (’’) signals. In order to reduce the QTM occurrences and
confirm the pure thermal relaxation regime, a static DC field can be applied in the AC measurements
which might lift the degeneracy and result in an energy barrier unaffected by quantum tunnelling.
The slow relaxation in magnetisation of a SMM adheres to the Arrhenius law 7= 7 exp(U.s/ksT) for
a thermally activated process to overcome the energy barrier, where 7 is the temperature at which the
maximum is observed in the out-of-phase AC susceptibility, and kg is the Boltzmann constant. The
energy barrier Uerr and pre-exponential 7o can be determined from a plot of Inz vs. 1/7, where the

slope of the plot represents the Uesr and from the Arrhenius equation and 7o gives the information

11
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about the rate of the spin transition, which must be in a range of 10 to 107!2 to be considered as an
SMM.

Research into SMMs initially focused on the 3d transition metal complexes when a series of Mn,
Fe, Co, V clusters was reported. These compounds have large spin ground states, but the energy
barriers are not always as high as expected. One important reason could be the magnetic couplings
between the metal centres are not negligible. In this case, the ligand field and geometry concern have
become necessary when designing of transition metal based SMMs. A computational model that takes
into account the coordination mode and electronic configuration of the metal is able to predict the
magnetic anisotropy of mononuclear SMMs by indicating the favourable coordination environment
for large magnetic anisotropy.'” Particularly for Co(II)-based complexes, which are the largest family
of SMMs, the D value ranges from -161 to +118 cm™ in different geometries.'® Up to now, the largest
Uerr for transition metal based SMMs obtained from a two-coordinated Co(Il) complex
[(sIPr)CoNDmp] is 413 cm™! (Figure 1.11 top),' while a mixed-valence tetranuclear Co complex has

exhibited the highest energy barrier among the SMM clusters (Figure 1.11 bottom).?°

12
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Figure 1.11. Top: Crystal structure and frequency dependence of out-of-phase ac magnetic
susceptibilities of [(sIPr)CoNDmp].!” Atom colours: Co, cyan; C, grey; N, blue. Bottom: Crystal
structure and frequency dependence of out-of-phase ac magnetic susceptibilities of the mixed-valence
[Cos(NP'Bus)4]* demonstrating the SMM behaviours.? Atom colours: Co, violet; N, blue; P, pink; C,

grey.

In 2003, a double-decker phthalocyanine complex [PcoTb]” was reported as the first lanthanide-
based SMM with an energy barrier as high as 230 cm™.2! Since then, 4f elements with extraordinary
single-ion anisotropies have been received increasing attention. The orbital contribution to the
magnetic moment is large and unquenched among the lanthanide ions, and the ligand effects can be
regarded as a small but significant perturbation.?? The most commonly used ions for SMM are Tb(III),
Dy(I1I), Ho(III), Yb(III) and Er(IlI) due to the strong angular dependence inherent in the 4f orbitals.

Meanwhile, Dy(III) is the most utilised one due to its large magnetic anisotropy and energy gap

13



Chapter 1

between ground state and first-excited m, levels. A theoretical calculation predicts that [DyO]"
compound in a perfect axial symmetry can obtain an energy barrier as high as 3000 K.>
Considering applying the crystal field effect to control the single-ion anisotropy of lanthanides, a
model of f-element electronic structure was posted by Long et al.>*>* As shown in Figure 1.12, the
shape of the 4f electron densities can be described as prolate (axially elongated) for Pm(III), Sm(III),
Er(IIT), Tm(III) and Yb(III), oblate (equatorially expanded) for Ce(IIl), Pr(IIl), Nd(III), Tb(III),
Dy(IIT) and Ho(III), or isotropic (spherical) for Gd(III). The anisotropy of an oblate ion can be
maximised through a crystal field where the electron density of the ligand is concentrated above and
below the xy plane, while a prolate ion prefers an equatorially-coordinated geometry in order to

minimise charge contact with the axially-located lanthanide electron density (Figure 1.13).

ceCe
&

Nd* Pm" Sm*™ Gd™
4 4 4f*
™" Dy* Ho" Er* Tm" Yb™ Lu"
4/: 4]‘0 .‘fn "f" _‘]‘u ,‘fl.\ .‘fu

Figure 1.12. Electron density model of 4f orbital of lanthanide ions.?*?*

\

> e
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Figure 1.13. Description of the best position of the ligand electron density (yellow) to strengthen

magnetic anisotropy for an oblate ion (left) and a prolate ion (right).?>*
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This guidance is then strongly supported by some representative complexes. Tang et al reported a
first equatorially three-coordinated Er[N(SiMes)2]3 complex in a perfect Cs3y symmetry that exhibited
slow magnetic relaxation under zero DC field with an energy barrier of 85 cm™.?° Tong et al reported
a [ZnDy(L)2]" (L = 2,2°,2”’-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-
bromo-phenol)) complex which was obtained from [Zn.Dy(L)(MeOH)]* by losing the coordination
methanol molecule, with the coordination environment of Dy*" changed from Ds, (pentagonal
bipyramid) to On (octahedral).?® The former complex exhibited a superior slow magnetic relaxation
behaviour with an energy barrier of 212 cm'. Later in 2016, the same group synthesised two Dy**
SMM complexes in Dsiy geometry, [Dy(bbpen)Br] (bbpen = N,N'-bis(2-hydroxybenzyl)-N,N’-bis(2-
methylpyridyl)ethylenediamine) and [Dy(Cy3;PO)2(H,0)s]** (CysPO = tricyclohexyl phosphine
oxide), with an energy barrier of 713 cm™!' and a blocking temperature of 20 K, respectively.?’ Since
then, many Dy-SMMs with Ds;, geometry have been reported with recording energy barriers.?® A Dy
metallocene cation with a strong axial crystal field ligand Cp™™™ has shown an effective energy barrier
to reversal of the magnetisation of Uesr = 1,541 cm™' with a magnetic blocking temperature of 7 =
80 K, which overcomes an essential barrier towards the development of nanomagnet devices that

function at practical temperatures (Figure 1.14).%°

Uyp=713 cm™! U= 1262 cm™! U= 1277 cm™ U= 1541 cm™!

Figure 1.14. Crystal structures of Dy complexes with remarkable energy barriers.’’?° The non-

labelled atoms refer to carbon.
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In addition to the requirement of large D and S values, the magnetic exchange coupling J must also
be taken into account when designing polynuclear SMMs. It is generally accepted that the
diamagnetic linkers provides weak magnetic couplings via an indirect superexchange mechanism,
while paramagnetic radical bridges (S = 1/2) offer much more stronger and direct interactions between
the spin centres due to the direct overlap of the metal-radical orbitals.’® This strategy has been
successfully employed in lanthanide and actinide SMMs,*! while many transition metal complexes
with radical bridges only exhibit strong metal-radical couplings instead of the slow relaxation of

magnetisation, and mostly are either mono- or dinuclear structures.

1.3 Lanthanide Luminescence

1.3.1 General concepts of lanthanide

Lanthanide elements display a gradual decrease in ionic radius with increasing atomic number,
which is called lanthanide contraction, leading to f-electrons being unable to shield the other valence
electrons from the increasing nuclear charge. This is due to the systematically filling of the 4f orbitals
with electrons across the lanthanide series. Therefore, the lanthanide elements display similar
chemistry. The coordination environment of lanthanide ion is relatively difficult to predict, since the
coordination number of the lanthanide ions can vary from two to twelve with different geometries,*?
in which eight and nine are commonly observed in lanthanide complexes. On the other hand, the

geometry of lanthanide complexes not only depends on the crystal-field effect but also the ligands.

1.3.2 Luminescence of lanthanide ions

Apart from some useful organic dyes, lanthanides ion are considered as highly luminescent

materials because they show advantages across a wide range of emission wavelength distributions
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(from visible to near-infrared) with good physical and chemical stabilities. Most of the absorption

and emission spectra of lanthanide ions originate from the 4f-4f transition between excited and ground

state, which should be formally forbidden by the LaPorte selection rule. Hypersensitive transitions,
observed from some characteristic emission peaks, are used to convince the structure and
coordination environment of lanthanide complexes.

The emission type for lanthanide complexes relates to the 4f electron and its transitions. The 4f
orbitals effectively shielded by the filled 5s25p® orbitals are less affected by external conditions.
However, the large spin-orbital coupling constant can result in the splitting of energy level, where the
energy gap between the ground state and the lowest excited state can also cause different
luminescence. Figure 1.15 shows the different energy level for lanthanides in aqueous solution.®
Generally, the 4f-4f transition of lanthanides has three classifications based on the emission
characteristics:

(1) Y(II), La(IlI), Gd(III), and Lu(Ill). The electronic structure suggests no 4f-4f transition among
these ions. Gd(III) emits in the UV region because the lowest excited state is too high to allow an
efficient energy transfer.

(2) Sm(I1I), Eu(I1I), Dy(IIl), Tb(III). These ions exhibit strong visible luminescence due to the good
match in energy of the ligand triplet and metal excited state levels. The energy transfer efficiency
is relatively high.

(3) Pr(1Il), Nd(III), Er(III), Tm(III), Yb(III). These ions usually have relatively weak luminescence

as the small energy gap and high energy density levels that leads to near-infrared emissions.

17
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Figure 1.15. Energy level diagram for lanthanide ions in water solution.*?

The forbidden f-f transfer is so difficult to detect that introducing organic ligands to coordinate
with lanthanide ions can improve the optical absorption efficiency for detection, which is defined as
antenna effect. The organic ligands can absorb UV light to produce the excited triplet state (T1) and
populate the excited states of Ln centres through intramolecular energy transfer, protecting them from
the surroundings to diminish the radiationless deactivation process (Figure 1.16). For this reason,

effective energy transfer relies on the energy gap between the T; state and the emitting level of

lanthanide complexes.
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Figure 1.16. Energy transfer diagram from organic ligands to lanthanide ion showing the antenna

effect.

The emission efficiency of lanthanide sensitised emission Qf, is calculated by Qf, = Nsens X
Q. 7sens is the efficiency of energy transfer from ligand to lanthanide ions and Q" is the quantum

yield (@) of luminescence complexes, which is calculated by Q" = — where 7. and zobs refer to
rad

the radiative and observed lifetimes. Lifetimes of lanthanide materials are in a range from
nanoseconds to microseconds for near infrared emitted complexes and mostly microseconds for
visible emitted complexes, respectively. The efficiency depends on the triplet energy of the organic

chromophore and the efficiency of the intersystem crossing from the excited singlet state to the

excited triplet state.
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1.3.3 Examples of luminescent lanthanide complexes

B-diketones and some carboxylic acid based ligands are the representative organic ligands and
behaves as good antenna in lanthanide complexes. Studies in solid states of Tb-benzonate complexes
give an amazing value of 100%, while the recorded quantum yields for Eu*", Sm**, Dy** are 85%,
17% and 19% in their solid states, respectively.>* In aqueous solution, the overall quantum yields of
the lanthanide complexes are relatively small due to possible O-H oscillators for vibrational
quenching. The best values for Tb*" is 61% and and Eu®* sits at a range of 20-30%. The less
luminescent Sm** (1%) and Dy*" (3%) complexes are smaller,*> and it is even more challenging to
design the complexes with Pr**, Ho**, Tm?" as the largest values obtained for Pr** only reach 1.3%
in [Pr(hfac)s(pyrazole):] (hfac = hexafluoroacetylacetone) complex and are much lower for the other
ions. Yb*" complexes achieve the highest quantum yield values of 6.1% which was observed in a
deuterated complex [Yb(tta-d)3(DMSO-ds)2] (tta = thenoyltrifluoroacetonate) among the NIR-
emitting ions because of the large energy gap, while the values for Nd** complexes ranged between
1-3% 1n solid state and 0.1-0.5% in solution.

Pikramenou group reported dinuclear Eu** and Sm** complexes based on 1,3-bis(3-phenyl-3-
oxopropanoyl)benzene (bis-DBM) ligand with simulated triple helix structures.*® Compared with the
mononuclear [Sm(DBM);] (DBM = dibenzoylmethane) complex, the efficiency is significantly
improved from 1% to 5%. Later crystal structure of a similar complex [Eux(BTB)3] (BTB = 3,3’-
bis(4,4,4-trifluoro-1,3-dioxobutyl)biphenyl) was reported where each Eu** is in a
trigondodecahedron geometry.’’” The luminescent signal intensity is 1.33 times higher than
[Eu(BTFA)3] (BTFA = benzoyltrifluoacetone) which is probably due to the structural rigidity.

Some main group or the third row transition metal complexes can act as sensitisers as well because
of the low triplet excited states energy and their abilities to strengthen the emission intensity and

achieve longer lifetimes. Pecoraro and Petoud et al have developed a series of metallocrown based
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lanthanide complexes displaying visible or near-infrared emissions that can be applied in probes, MRI
contrasting agents and near-infrared imaging.’® These molecules are formed by repeating [Metal-N-
O] subunits in a manner analogous to classical crown ethers where the oxygen coordination sites can

easily bind the lanthanide ions to sensitise lanthanide emission.

Figure 1.17. An example of a metallocrown based complex Ln**[12-MCzn)pyznia-4]2[24-
MC znan) pyz11a-8] for NIR imaging.3®® Atom colours: Zn, green; Ln**, pink; O, red; N, blue; C, yellow

and purple.

Acyclic ligands based on polyaminopolycarboxylate systems in which four or more acetic groups
are covalently attached to a polyamino skeleton such as ethylendiaminetetraacetic acid (EDTA),
tetraazacyclododecanetetraacetic acid (DOTA) or diethylentriaminepentaacetic acid (DTPA) are also
important to sensitising lanthanide luminescence. A significant amount of research has been
developed based on their good stability and solubility in aqueous medium. Our research group has
been interested in DTPA-bisamide derivatives with functional groups for selective reactivity yielding

multinuclear, multicolour lanthanide edifices or lanthanide coated nanoparticles (Figure 1.18).%°
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Figure 1.18. Examples of Ln-DTPA complexes and the coating on gold nanoparticles.*

1.4 Combination of magnetism and luminescence

Multifunctional molecular materials that combine different physical or chemical properties in one
structure have attracted increasing attention and shown applications in catalysis, biomedicine, gas or
solvent separations. Of particular interests are the molecular magnetic complexes with additional
functions such as luminescence, conductivity and ferroelectricity.*® Unlike the luminescent
complexes that have already been applied in sensors, magnetic resonance imaging and biological
assays, molecular magnetic materials are limited in application due to the restrictions from the energy
barriers that are too low (normally below liquid nitrogen temperatures) or spin transition temperatures
that are not suitable enough to be applied. Moreover, the hysteresis of SCO remains uncommon and
unpredictable for use in memorable functions.*! Recent works combining SMMs or SCO compounds
with metal-organic frameworks (MOFs) or nanoparticles have demonstrated precise assemblies and

provided additional functions to these molecules.*?
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1.4.1 Luminescent single-molecule magnets

The paramagnetic transition metal ions (Mn, Fe, Co, Ni) generally do not exhibit emission profiles
and also quench the luminescence of organic chromophores. Although they are well-employed in
SMMs, few complexes show luminescence output. In the pursuit of novel magneto-optical systems,
trivalent lanthanide ions with appropriate antenna ligand or luminescent metal centre are ideal
candidates to achieve this bi-function.

Tong et al used a blue emissive ligand to synthesis two Dy complexes [Dy4(bpt)s(NO3)4(u-
OMe)(u3-OH)2]-3MeOH  (bpt = 3,5-bis(pyridin-2-yl)-1,2,4-trizole) in a butterfly core and
[Dy4(bpt)4(NO3)s(EtOH)2(1-OH)2]-:3MeOH in a zigzag structure (Figure 1.19), which show strong
white emission that can be potentially applied in WLEDs.** Under a zero DC field, both complexes
exhibit slow relaxation of the magnetisation. The first one showed a single relaxation process with an
energy barrier of 81 cm™!, while a double relaxation process was observed in the second one with
energy barriers of 29 cm™ and 31 cm’.
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Figure 1.19. Structure and emission spectra of complex [Dya(bpt)s(NO3)s(u-OMe)o(us-

OH),]-3MeOH (a) and [Dya(bpt)s(NO3)s(EtOH )2(u-OH),]- 3MeOH (b).*3
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In the first Dylrs SMM [Dylrs(ppy)i2(bpp)2(bppH)4](CF3S03)-8H20 (ppy = 2-phenylpyridine, bpp
= 2-pyridylphosphonate, Figure 1.20),* the Dy** ion locates in a nearly regular octahedral geometry.
Frequency dependent signals can be detected under an 1000 Oe applied DC field, indicating slow
magnetic relaxation with an effective anisotropy barrier of 42.9 K. The small anisotropy barrier value
is related to the Dy geometry as the strict On symmetry is an unfavourable ligand field for Dy-SMM
because of the isotropic g-tensors. The electronic absorption spectra showed bands at 260 nm
attributed to m-n* transitions and a weak absorption tail at 400-480 nm, which is assigned to MLCT
transition. The solid state luminescent spectra under excitation at 480 nm gave a broad emission band

at 531 nm, indicating the luminescence originates from iridium moieties.

Figure 1.20. Crystal structure, absorption and solid state emission spectra, ac measurement and In

vs. T'! plots for Dylre.**
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As research into this field grows, the studies of luminescence on lanthanide complexes can also
give information of magnetic levels, suggesting a correlation between luminescence and SMM
behaviour. The chosen lanthanide ion is crucial because the ion should present a large magnetic
moment and magnetic anisotropy to achieve molecular architectures with high energy barriers for the
reversal of magnetisation. In addition, they should exhibit well-resolved emission spectra with a long
lifetimes.* This is the reason why Dy**, Tb**, Er**, and Yb** ions are the most commonly employed.
Meanwhile, the ligands design is still of challenge since they will dictate the coordination
environment that is suitable to create a slow relaxation of the magnetisation and the simultaneous
sensitisation of the Ln3" ion, to enhance the luminescence efficiency.

The first demonstration of the correlation between the relaxation dynamics and emission was
conducted in 2012 in a DyDOTA complex.*® The value of separation of the energy levels for *Fo.»
®His;, 53 cm!, is slightly higher than the energy barrier (42 cm!) obtained from dynamic magnetic
measurements, indicating a weak QTM was involved. Later, an inductive effect between the magnetic
field and luminescence has shown in [CsDy(8-mCND)4(CH30H)(Me2CO)]2:2Me>CO (8-mCND =
4-hydroxy-8-methyl-1,5-naphthyridine-3-carbonitrile) (Figure 1.21 a).*’ The complex, under a
magnetic field that was pulsed in increasing intervals to 36 T, indicated that the Zeeman splitting
occurred at 26 T can induce a separated emission peaks, giving an energy difference value of 100 cm’
! between two energy sublevels, ground Kramers doublets state and first excited Kramers doublets
state, which is close to the calculated energy gap (90 cm™') from the emission spectrum under a zero
DC field and energy barrier (93 cm™) from the AC measurement at 1000 Oe applied DC field. Similar
study on [Dy(CyPh2PO)2(H20)5]Br3-2CyPhoPO-EtOH:-3H>O (CyPh,PO =
cyclohexyl(diphenyl)phosphine oxide) complex have also given the energy gap value of 322 cm’!
within the range of 353 cm™! and 297 cm™! extracted from ac susceptibilities and ab initio calculations

(Figure 1.21 b).*8 The difference between the two values might be due to the precision of luminescent
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spectra, different relaxation processes and the magnetic effect on the luminescence. In addition,
research on lanthanide SMMs in luminescent molecular thermometers has emerged in recent years,

realising this through Dy, Yb and Ho complexes with efficient thermal sensitivities.*
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Figure 1.21. (a) Structure, luminescence spectrum under a pulsed magnetic field and diagram for
energy splitting by Zeeman effect for [CsDy(8-mCND)4(CH30H)(Me2CO)]2-2Me2CO.47  (b)
Temperature dependence graph of relaxation time in zero and 0.1 T dc field, magnetic blocking
barrier with probable relaxation route and energy levels determined by fluorescence spectra compared
with magnetic energy barrier and ab initio calculations for [Dy(CyPh2PO)2(H20)s5]Br3

2CyPh,PO-EtOH-3H,0.48

1.4.2 Synergy between spin crossover and luminescence

The construction of luminescent SCO complexes has received considerable attentions due to the
possibility of tuning the luminescence signal or detecting physicochemical changes, which may
extend the SCO-based applications, particularly as magneto-optical switches. The potential
difference in luminescence signal could be explained by energy transfer from the excited energy

donor to the low-spin SCO complex leads to the quenching of donor emission, while in the high-spin
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SCO complex the donor luminescence is retained due to the reduced spectral overlap between the
donor emission and high-spin acceptor absorption.*°

Two synthetic considerations may be involved in terms of designing luminescent SCO complexes:
combining a luminophore with SCO centres into a single entity and doping luminescent entities
(metal ions, molecules, etc.) into a SCO material. In 2011 the first structurally characterised SCO—
fluorescent dinuclear Fe!' complex showed variable emissions at different temperatures (Figure 1.22
top).>! Recent approaches have demonstrated the synergy between SCO and luminescence where an
abrupt increase of luminescence intensity occurred when switching to high-spin.>? Highly emissive
organic ligands, such as naphthalene, anthracene, rhodamine derivatives, are often applied in this
stage. Kou et al used rhodamine 6G-labeled pyridyl aroylhydrazone ligand in a mononuclear Fe
complex showing three-step SCO upon heating and a 40 K hysteresis after desolvation exceeding 300
K.>* The complex exhibited ligand-centred red emission from the rhodamine centre. Temperature-
dependent luminescence spectra between clearly demonstrate a synergy that the luminescence
intensity 1s influenced by SCO process and the emission can be quenched by the low-spin Fe(II) entity
(Figure 1.22 bottom). This discovery has also been extended to SCO polymers.>* A spin-crossover
coordination polymer [Fe-(L)(bipy)]n (where L = a N>O,*" coordinating Schiff base-like ligand
bearing a phenazine fluorophore and bipy = 4,4'-bipyridine) exhibited a 48 K wide thermal hysteresis
above room temperature (7121 =371 K and 712} = 323 K).>® The polymer showed two emission peaks
under 337 excitation. The photoluminescence intensities of the ratio tracked well with the magnetic
susceptibility, indicating that the SCO can be tracked by using fluorescence spectroscopy. Although
the results have been fruitful, exhibiting the good combinations, the majority still display no

correlation between spin state and luminescence.
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Figure 1.22. Top: Crystal structure and luminescent spectra at different temperatures of a dinuclear
Fe complex with N-salicylidene-4-amino-1,2,4-triazole ligand.’! Bottom: Crystal structure and

synergy of photoluminescence intensity and magnetic susceptibility of a Fe complex based on a ring-

opened rhodamine 6G hydrazone ligand.>

1.5 Thesis outline

The aim of this thesis is to design and synthesise multinuclear transition metal and lanthanide
complexes to study the magnetic and luminescent properties using supramolecular self-assembly
approach, containing the work in both SUSTech and UoB. The results in each chapter will be
presented in journal format that are suitable for publication or published manuscript.

Bis-bidentate 3,6-substituted pyridazine ligands pzdz and pydz are introduced in Chapter 2 and
Chapter 3 together with versatile azido bridge for the design of tetranuclear Co and Fe complexes.
Magnetic studies shows the Co complexes behave as typical field-induced SMMs, while the
substitution effect of pyridyl and pyrazoyl is studied in Fe4 complexes leading to different magnetic

performance.
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In Chapter 4 and Chapter 5, radical formation of 3,6-subustituted 1,2,4,5-tetrazine ligands bpztz
and bptz are adapted in tetranuclear azido-bridged cobalt complexes, respectively. Despite the
maintenance of similar tetranuclear architectures, the magnetic interactions between metal and radical
are also investigated to compared with the neutral pyridazine bridges. Interestingly, mixed-valence
cobalt complexes are successfully isolated and crystallised using the redox active bptz ligand in
Chapter 5.

Chapter 6 focuses on the assembly of heterometallic dinuclear lanthanide complexes using an
imidodiphosphonate ligand in solution. Significant energy transfer between lanthanide ions are
observed.

Lanthanide complexes based on a novel DTPA-bisamide derivative with terpyridine arms are
synthesised in Chapter 7. Photophysical studies of the complexes demonstrated the efficient
sensitisation of lanthanide ions. In addition, the heterometallic 3d-4f assembly of Eu;Fe; is also
studied in solution.

Chapter 8 contains the concluding remarks and future work.
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2.1 Abstract

The self-assembly of Co(II) salts, pyridazine derivatives and azides afforded two azido-bridged [2
x 2] grid-type complexes {[(L)4Co"4(N3)4][BPh4]s}-sol (1, L = 3,6-bis(3,5-dimethyl-1H-pyrazol-1-
yl)pyridazine (pzdz) and sol = 4CH3CN-3CHCI3-2CH30H and 2, L = 3,6-di(pyridin-2-yl)pyridazine
(pydz) and sol = 4CH3;CN). Upon comparison with other related grid-like complexes, the
incorporation of end-on azido-bridges resulted in overall intramolecular ferromagnetic couplings, and
thus endowed complexes 1 and 2 single-molecule magnet behaviour with field-induced slow

magnetic relaxation.

2.2 Introduction

Coordination-driven self-assembly' has provided an important strategy in supramolecular
chemistry for the synthesis of aesthetical molecular architectures that could exhibit unique
physicochemical properties associated with potential applications including catalysis, sensors and
electronic devices, etc.> The assembly of supramolecular components is dominated by the
coordination demand of metal ions together with the coding imposed by particular functional groups
of ligands to yield a desired molecular topology, such as grid,® polyhedron,* cube,’ etc. For example,
the principal requirement for grid formation underlines the presence of the parallel coordination sites
of the ligands being utilised to bind the adjacent metal atoms. Furthermore, the incorporation of
appropriate bridging linkers is also of significant importance to physical properties, such as magnetic
exchange coupling, which is necessary for cluster-based single-molecule magnets (SMMs).

Pyrazolyl- or pyridyl-substituted pyridazine derivatives with parallel coordination sites (Figure
2.1) are attractive functional ligands, which indeed have contributed to a series of popular grid-like

complexes through the self-assembly process, mainly focusing on the diamagnetic Cu(I), Ag(l) or

37



Chapter 2

Zn(II) species.” However, the pyridazine-based grids involving the paramagnetic metal centres did
not show interesting magnetic properties such as slow relaxation dynamics; one reason might be the
diminished or quenched spin ground state that originated from the intramolecular antiferromagnetic
exchange through the diazine bridges. In a well-studied representative [Co'"]4 square complex where
Co'" ions are arranged at the corners via oxygen bridges, overall intramolecular ferromagnetic
coupling and typical SMM behaviour were observed.® More recently, another square-like tetranuclear
Co-based SMM was reported with an effective energy barrier (Uesr) up to 87 cm!, the largest reported
to date for a transition metal cluster.” Such results and related studies have demonstrated that the
ferromagnetic arrangement of anisotropic metal centres may be a neat strategy to design SMMs, for
which Co(II) ions are selected due to their appreciable spin—orbit coupling (SOC) with variable zero-
field splitting (zfs) parameters from -161 cm™! to +118 cm™'.!? In addition, the “end-on” (EO) azido
bridges have been found to be effective for mediating ferromagnetic couplings and are thus applied
for constructing SMMs or single chain magnets.!! It is worth mentioning that the EO-azido bridges

were successfully introduced into a pyridazine-based square compound while no magnetic data were

reported.”
X X
o0 OO0
N/ = N/ / .
. 2 Q
\ N \ N O CO \ N/ ‘\‘\ \N’/ AN .
| | | | | Self-assembly | ,L N | | N
= N = N > . v /N\\ -
+azide ions Q O
N N
Y Z N N Z SN
\/ | \_/ |
X AN
pzdz pydz

Figure 2.1. The structures of selected pyridazine derivatives and their proposed coordination modes.
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In light of the aforementioned considerations, in this chapter, two pyridazine derivatives pzdz and
pydz are introduced as the functional ligands with the incorporation of azide ions as the secondary
bridges and constructed two [2 x 2] grid-like Co(II) clusters {[(L)sCo"4(N3)4][BPhs]4}-sol (1, L =
pzdz, sol = 4CH3CN-3CHCI3-2CH30H; 2, L = pydz, sol = 4CH3CN). Remarkably, the overall
intramolecular ferromagnetic couplings that benefited from the end-on azido bridges were observed
in complexes 1 and 2, whilst both complexes behaved as single-molecule magnets with field-induced

slow magnetic relaxation and effective energy barriers of 36 and 56 K.

2.3 Contribution

I prepared Co complexes and performed the characterisations and magnetic measurements. Co-
authors are acknowledged: Yipei Zhang helped with the initial synthesis of pzdz ligand. Dr Yi-Fei
Deng helped with the fitting of magnetic data. I wrote the draft manuscript which was then revised

by Dr Deng, Prof. Pikramenou and Dr Zhang.

2.4 Experimental Section

2.4.1 Materials and physical measurements

3, 6-di(pyridin-2-yl)pyridazine (pydz) ligand and other chemicals are commercially available and
used as received. 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine (pzdz) was synthesised according
to the literature. Elemental analyses (C, H, N) were measured by a vario EL cube CHNOS Elemental
Analyzer Elementar Analysensysteme GmbH. FT-IR spectra were recorded in the range 600-4000
cm! on a Bruker tensor II spectrophotometer. Powder X-ray diffraction (PXRD) measurements were
recorded on a Rigaku Smartlab X-ray diffractometer. A PXRD pattern for 1 could not be obtained

due to the loss of CHCI; interstitial solvent molecules. Magnetic measurements were carried out with
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a SQUID MPMS3 magnetometer. Magnetic data were corrected for the diamagnetism of the sample
holder and for the diamagnetism of the sample using Pascal’s constants.

Caution: Although no such behaviour was observed during the experiment, azido salts are
potentially explosive and should be handled with care.

X-ray data for 1 and 2 were collected on a Bruker D8 VENTURE diffractometer with graphite
monochromated Mo Ka radiation (A = 0.71073 A). Lorentz/polarisation corrections were applied
during data reduction and the structures were solved by direct methods (SHELXS-97). Refinements
were performed by full-matrix least squares (SHELXL-97) on F? and empirical absorption corrections
(SADABS) were applied. Anisotropic thermal parameters were used for the non-hydrogen atoms.
Hydrogen atoms were added at calculated positions and refined using a riding model. Weighted R
factors (WR) and the goodness-of-fit (S) values are based on F?; conventional R factors (R) are based
on F, with F set to zero for negative F2. CCDC-1945133 (1) and 1945134 (2) contain the
crystallographic data.

2.4.2 Synthesis

Synthesis of {[Co"4(pzdz)4(N3)s][BPhs]s}-4CH3CN-3CHCl3-2CH30OH (1). Treatment of
CoCl>'6H>0 (72.5 mg, 0.31 mmol) and NaBPh4 (135 mg, 0.39 mmol) in acetonitrile (5 mL) afforded
a blue-greenish solution with white precipitate (NaCl), which was filtered off after 20 min. Pzdz (90
mg, 0.31 mmol) in chloroform 5 mL, and NaN3 (24.5 mg, 0.38 mmol) in methanol (5 mL), were
added to the above solution. The resulting red solution was allowed to stand quietly for several days.
Orange plate-like crystals were isolated via filtration, washed with methanol and dried in the air.
Yield: 123 mg (48.3% based on Co salt).Selected IR data (cm™): 2070 (s), 1478 (m), 1432 (s), 1354
(m), 1275 (w), 1137 (w), 1094 (m), 1043 (m), 982 (m). Anal. Calc. Ci65H166B4N40O2CloCo4: C, 61.15;

H, 5.20; N, 17.39. Found C, 60.71; H, 5.46; N, 17.15.
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Synthesis of {[Co"4(pydz)4(N3)s][BPhs]4}-4CH3CN (2). The synthesis of 2 was similar to 1 using
pydz ligand instead. Orange block crystals were collected by filtration and washed with cold methanol
and dried in the air. Yield 150 mg (70% based on Co salt). Selected IR data (cm™): 2065 (s), 1433
(m), 1354 (m), 986 (m). Anal. Calc. CissH126B4C04N30: C, 69.40; H, 4.70; N, 15.56. Found C, 69.48;

H, 4.29; N, 15.55.

2.5 Results and discussion

2.5.1 Crystal structures

The treatment of CoCl,6H>O with pzdz or pydz, NaN3 and NaBPh4 in a 1:1:1:1 ratio gave orange
block crystals of 1 and 2. Single crystal X-ray diffraction study reveals that they crystallise in the
triclinic space group P-1 for 1 and tetragonal space group /41/a for 2, respectively (Table 2.1). The
asymmetric unit of 1 contains four symmetrically related Co" ions, while only one
crystallographically independent Co!! ion is involved in 2 due to the four-fold symmetry. Despite
these different symmetries, both complexes feature a [2 X 2] grid-shaped structure in which the
neighbouring Co!' ions reside in alternate corners and are linked by two pyridazine N atoms and a
single EO-azido bridge (Figure 2.2). Each Co! ion is located in a highly distorted octahedral
coordination sphere formed by six N atoms from the EO azides and the pzdz or pydz ligands. The
Co—N bond lengths are in the range of 2.064-2.175 A (for 1) and 2.068-2.174 A (for 2), consistent
with the high spin Co'" species (Table 2.2 and Table 2.3).10 The bridging M—Naidse—M angle is found
to be 118.5—-119.9° for 1 and 116.9° for 2, respectively. The dihedral angles between the pyrazolyl-
or pyridyl- and pyridazine rings are around 4.19/26.06° (1) and 10.61/11.51° (2), suggesting a
relatively poor coplanarity. The adjacent Co---Co distances of 1 remain nearly the same (3.57-3.60

A) while the four Co---Co---Co vertex angles (86.95-92.97°) for this molecular square deviate
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significantly from being ideal. The [Co'4] core in 2 is arranged in a nearly perfect square shape where
the adjacent Co---Co distance is 3.54 A and the Co---Co---Co vertex angle is 89.91°. Both square
molecules are well isolated by the counteranions BPhs™ and interstitial solvents, giving the shortest
intermolecular Co---Co distance of 12.7 A and 11.4 A for 1 and 2, respectively (Figure 2.3). No

significant intermolecular interactions are found.

Figure 2.2. Molecular structure of 1 (a) and 2 (b). All the hydrogen atoms, interstitial solvents and

counter ions are omitted for the sake of clarity.

Figure 2.3. The packing diagram of 1 (a) and 2 (b). The dashed line shows the nearest intermolecular
Co---Co separation. Hydrogen atoms, counter anions and interstitial solvent molecules are omitted for

clarity. Colour codes: Co(Il), green; C, grey; N, light blue.
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Table 2.1. Crystallographic data for 1 and 2.

1

2

Empirical formula

Molecular weight/g mol-!

Temperature, K
Crystal system
Space group
a/A

b/A

c/A

a/°

pr°

v/°

v, A3

Z

Dea/g cm™
Radiation

20 range/°
completeness
residual map, e A

Goodness-of-fit on F?

Final indices[[>206(I)]

R indices (all data)

Ci65sH166BaN40O2CloCo4

3339.38
100(2)
triclinic

P-1
17.9901(18)
19.0049(19)
28.923(3)
89.170(5)
72.435(5)
62.773(5)
8293.6(14)

2

1.337

MoKa

1.49 to 55.14
98.6%
1.409/-1.112
1.080
R1=0.0523
wR> =0.1294
R1=0.0684
wR> =0.1411

Ci56H126B4C04N30

2699.82
150(2)
tetragonal
141/a
17.3694(14)
17.3694(14)
43.223(6)

90

90

90

13040(3)

4

1.375

MoKa

4.69 to 55.19
99.9%
0.263/-0.327
1.030
R1=0.0357
wR> = 0.0688
R1=0.0616
wR> = 0.0759
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Table 2.2. Selected bond lengths [A] and angles [deg] for 1.

Co(1)-N(22) 2.175(2) Co(2)-N(28) 2.071(2)
Co(1)-N(25) 2.076(2) Co(2)-N(4) 2.171(2)
Co(1)-N(3) 2.157(2) Co(2)-N(7) 2.112(2)
Co(1)-N(24) 2.119(2) Co(2)-N(25) 2.092(2)
Co(1)-N(34) 2.078(2) Co(2)-N(9) 2.167(2)
Co(1)-N(1) 2.122(2) Co(2)-N(6) 2.120(2)
Co(3)-N(15) 2.171(2) Co(4)-N(16) 2.140(2)
Co(3)-N(28) 2.064(2) Co(4)-N(34) 2.087(2)
Co(3)-N(13) 2.146(2) Co(4)-N(18) 2.134(2)
Co(3)-N(10) 2.161(2) Co(4)-N(31) 2.093(2)
Co(3)-N(31) 2.095(2) Co(4)-N(21) 2.137(2)
Co(3)-N(12) 2.112(2) Co(4)-N(19) 2.126(2)
N(25)-Co(1)-N(22)  89.35(8) N(28)-Co(3)-N(15)  91.21(8)
N(25)-Co(1)-N(3)  86.61(8) N(28)-Co(3)-N(13)  93.47(8)
N(25)-Co(1)-N(24)  96.63(8) N(28)-Co(3)-N(10)  87.13(8)
N(25)-Co(1)-N(34)  97.39(8) N(28)-Co(3)-N(31)  97.59(8)
N(25)-Co(1)-N(1)  159.40(8) N(28)-Co(3)-N(12)  158.46(8)
N3)-Co(1)-N(22)  174.21(8) N(13)-Co(3)-N(15)  73.72(8)
N(24)-Co(1)-N(22)  74.21(8) N(13)-Co(3)-N(10)  114.38(8)
N(24)-Co(1)-N(3)  110.37(8) N(10)-Co(3)-N(15)  171.81(8)
N(24)-Co(1)-N(1)  84.67(8) NG31)-Co(3)-N(15)  86.13(8)
N(34)-Co(1)-N(22)  85.29(8) NG1)-Co(3)-N(13)  157.20(8)
N(34)-Co(1)-N(3)  91.12(8) N31)-Co(3)-N(10)  86.13(8)
N(34)-Co(1)-N(24)  154.95(8) NG1)-Co(3)-N(12)  91.30(8)
N(34)-Co(1)-N(1)  89.38(8) N(12)-Co(3)-N(15)  109.02(8)
N(1)-Co(1)-N(22)  110.66(8) N(12)-Co(3)-N(13)  85.46(8)
N(1)-Co(1)-N(3) 73.78(8) N(12)-Co(3)-N(10)  73.88(8)
N(28)-Co(2)-N(4)  91.75(8) N(34)-Co(4)-N(16)  86.49(8)
N(28)-Co(2)-N(7)  157.64(8) N(34)-Co(4)-N(18)  89.80(8)
N(28)-Co(2)-N(25)  101.15(8) N(34)-Co(4)-N(31)  102.55(8)
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N(28)-Co(2)-N(9)  86.81(8) N(34)-Co(4)-N(21)  87.17(8)
N(28)-Co(2)-N(6)  91.88(8) N(34)-Co(4)-N(19)  159.67(8)
N(7)-Co(2)-N(4) 108.90(8) N(18)-Co(4)-N(16)  73.96(8)
N(7)-Co(2)-N(9) 73.26(8) N(18)-Co(4)-N(21)  108.39(8)
N(7)-Co(2)-N(6) 85.88(8) NG1)-Co(4)-N(16)  86.91(8)
N(25)-Co(2)-N(4)  85.50(8) NG1)-Co(4)-N(18)  156.63(8)
N(25)-Co(2)-N(7)  89.26(8) N@G1)-Co(d)-N(21)  92.16(8)
N(25)-Co(2)-N(9)  90.35(8) N@G1)-Co(4)-N(19)  85.61(8)
N(25)-Co(2)-N(6)  156.11(8) N@1)-Co(4)-N(16)  173.24(8)
N(9)-Co(2)-N(4) 175.27(8) N(19)-Co(4)-N(16)  112.76(8)
N(6)-Co(2)-N(4) 74.06(8) N(19)-Co(4)-N(18)  89.48(8)
N(6)-Co(2)-N(9) 110.47(8) N(19)-Co(4)-N(21)  73.81(8)

Table 2.3. Selected bond lengths [A] and angles [deg] for 2.

Co(1)-N(1) 2.142(1) Co(1)-N(2) 2.124(1)
Co(1)-N(3B) 2.137(1) Co(1)-N(4B) 2.174(1)
Co(1)-N(5) 2.068(1) Co(1)-N(5A) 2.077(1)
N(1)-Co(1)-N(5) 92.99(5) N(1)-Co(1)-N(5A)  157.97(5)
N(1)-Co(1)-N(2) 75.21(5) N(1)-Co(1)-N(3B)  104.29(5)
N(1)-Co(1)-N(4B)  81.07(5) N(2)-Co(1)-N(5) 98.58(5)
N(2)-Co(1)-N(4B)  101.10(5) N(2)-Co(1)-N(5A)  85.84(5)
N(2)-Co(1)-N3B)  175.65(5) N(3B)-Co(1)-N(5A)  93.75(5)
N(3B)-Co(1)-N(4B)  74.57(5) NGB)-Co(1)-N(5)  85.76(5)
N@B)-Co(1)-N(5)  157.19(5) N(@4B)-Co(1)-N(5A)  91.90(5)

N(5)-Co(1)-N(5A)  100.96(7)

Symmetry transformations used to generate equivalent atoms:

A:y+1/4, -x+7/4, -z+3/4  B: -y+7/4,x-1/4, -z+3/4
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2.5.2 Magnetic properties

The magnetic susceptibility data for 1 and 2 were collected at an applied direct current (dc) field
of 1000 Oe in a temperature range of 2-300 K (Figure 2.4). The yT products for 1 and 2 at 300 K are
12.15 cm?® K mol! and 11.50 cm?® K mol”!, respectively, which are in good agreement with the
expected values for the four isolated high-spin Co'! ions with unquenched orbital momentum.'? Upon
cooling, the yT products of both complexes increased steadily to a maximum of 25.37 cm® K mol!
(at 12 K for 1) and 20.26 cm?® K mol™! (at 16 K for 2) and then dropped to 21.23 cm® K mol™! (for 1)
and 18.12 ¢cm?® K mol™! (for 2) at 2 K.

26 -
24
22
20
18 4@

16 H

T/ cm’ K mol

14

12 H

0 50 100 150 200 250 300
T/K

Figure 2.4. Temperature dependence of magnetic susceptibility for 1 (o0) and 2 (o) at 1000 Oe dc

field. The solid lines represent the fit based on eq. 2.1. Inset shows the magnetic exchange pathways.

Fitting the data above 50 K by the Curie-Weiss law gave the positive Weiss constants of +19.2 K
for 1 and +20.2 K for 2. Such behaviours are indicative of dominant ferromagnetic interactions
between the neighbouring Co(Il) centres, while the decrease at low temperatures is likely attributed

to the intermolecular antiferromagnetic interaction, the spin—orbit coupling and/or the blocking
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dynamics. To gain insight into the magnetic anisotropy and coupling strength of the Co(Il) centres,
the yT vs. T data were fitted with the PHI programme!?® based on a square model (the inset of Figure

2.4) with the following spin Hamiltonian (eq. 2.1):
A AN A A ~ A AA 4 ~ A
H=-2J(58,+8,8,+8,8, +S8,)+ D> (D¢, S.. + &coibtsSco.B) (eq. 2.1)
i=1

where Dco, uB, gco, B, and J correspond to the axial zero-field splitting (zfs) parameter, Bohr
magneton, Landé factor, magnetic field vector and magnetic exchange between Co(Il) metal centres,
respectively. The best set of parameters gave J=+3.2 cm’!, g=2.46 and D =+6.2 cm’! for 1 and J =
+3.7cm’!, g =2.37 and D = +10.2 cm’! for 2. No acceptable fittings can be achieved with a negative
D value. The positive J values further confirmed the intramolecular ferromagnetic interactions and
suggested an S = 6 ground state for both 1 and 2. Noting that the diazine ligands usually transfer weak
antiferromagnetic interactions in Co'' complexes,'* the overall intramolecular ferromagnetic
couplings in both the complexes should be dominated by the contribution from EO-azido bridges.
As depicted in Figure 2.5, the reduced magnetisation plots for both complexes exhibited non-
superposition between the isofield curves and a continuous increase with high-field non-saturation
(9.41 Np for 1 and 8.07 N for 2 at 2.0 K and 70 kOe), indicating the presence of significant magnetic
anisotropy. Using an S = 6 macro-spin model with the following spin Hamiltonian (eq. 2.2), the data
were fitted with the PHI programme to extract the axial (D) and transverse (E) zfs parameters of the

entire molecule:
H=DS’+ES"+S)+gu,S B (eq.2.2)
The best fit gave D =+6.5 cm™, E=-0.6 cm™', and g =2.36 for 1 and D = +4.5 cm™, E = -0.8 cm™!,

and g =2.11 for 2. It should be noted that both negative and positive D values can be used for fitting

the experimental data. However, the large |E/D| ratios that exceed the theoretical limit'> (|E/D| = 1/3)
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are observed for both complexes when correlated with a negative D value, suggesting that only

positive D values are reasonable and corroborate the easy-plane magnetic anisotropy for 1 and 2.

Z = 2K
~ 4 3K
S s 4K
v 5K
2
4
r
0| T T T T T T T 0 T T T T T T T
o 5 10 15 20 25 30 35 0 510120 25 30 3%
H/ T (kOe/K) H/T kOe/K)

Figure 2.5. Reduced magnetisation data for 1 (left) and 2 (right) at 2-5 K. The solid lines represent

the fit to the data based on eq. 2.2.

Accordingly, the alternating current (ac) susceptibility measurements were conducted to probe the
SMM behaviour. Under a zero dc field, no out-of-phase (y'') signals were observed for both
complexes, suggesting serious quantum tunnelling of magnetisation (QTM).'® Ac susceptibility data
under different applied dc fields were thus collected to determine the optimum field at which the
QTM effects are minimised; 1500 Oe (for 1) and 2000 Oe (for 2) dc fields were determined on the
basis of both the enhanced relaxation times and appreciable signal intensity, under which clear
frequency-dependent signals with out-of-phase (') peaks were observed (Figure 2.6 and Figure 2.7).
The relaxation times (7) of 1 and 2 were extracted from fitting the Cole—Cole plots based on the
generalised Debye model,!” and were further plotted as In 7 versus 7*' to generate the Arrhenius-like
diagram. The high-temperature relaxation times follow the Arrhenius law 7 = 7o exp(Uet/ksT) (70 is
the pre-exponential factor),'® leading to an effective energy barrier (Uetr) of 36 K (7o = 3.2x107 s) for

1 and 56 K (70 = 6.4x107'% s) for 2. Those 79 and Uk values are comparable to the reported Co''-
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SMMs. It may be mentioned that no hysteresis loop of magnetisation was observed for both

complexes at a normal sweeping rate below 100 Oe s™!' (Figure 2.8).

6.0

401 / %

2.0

7'/ cm’ mol”
7/ cm’ mol”

2"/ cm’ mol

Figure 2.6. Temperature dependence (left) and frequency dependence (right) of the in-phase (y') and

out-of-phase (") ac susceptibility for 1 under 1500 Oe dc field. Solid lines are guides for the eye.
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Figure 2.7. Temperature dependence (left) and frequency dependence (right) of the in-phase (y') and

out-of-phase (") ac susceptibility for 2 under 2000 Oe dc field. Solid lines are guides for the eye.
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Figure 2.8. Magnetic hysteresis measurements of 1 and 2 recorded at 2.0 K with field sweep rate of

20, 50 and 100 Oe/s.

2.6 Conclusion

In summary, two azido-bridged [2 x 2] grid-like cobalt(Il) complexes were constructed with two
pyridazine derivatives of pydz and pzdz as coding ligands and the incorporation of end-on azido ions
as secondary bridges. Magnetic studies indicated the overall intramolecular ferromagnetic couplings
and field-induced slow magnetic relaxation for both the complexes. Investigation on assembling
metal ions with tetrazine derivatives for further modulating the magnetic communications in these

grid-like structures is currently in progress.
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3.1 Abstract

The supramolecular self-assembly synthetic strategy provides a valid tool to obtain polynuclear
Fe(Il) complexes having effective communications between the metal centres and distinct spin
crossover behaviour. Despite the great success in constructing various magnetic molecules, progress
has not been made in SCO complexes based on azido bridges. In this article, the coordination-driven
supramolecular assembly based on 3,6-substituted pyridazine and azide is presented to afford two
Fe(Il) grid-like complexes: [(L)sFe'4(N3)4][BPhsls-sol (1, L = 3,6-bis(3,5-dimethyl-1H-pyrazol-1-
yl)pyridazine; 2, L = 3,6-di(pyridin-2-yl)pyridazine). The substitution of pyridinyl groups in 2 instead
of pyrazolyl ones in 1 led to the only example exhibiting spin-crossover behaviour (77,2 = 230 K)
among the azido-bridged complexes. In addition, a temperature-dependent photoluminescence study

of 2 demonstrates a visible synergetic effect between the SCO event and the luminescence.

3.2 Introduction

The great advances in the area of spin crossover (SCO) complexes in the last thirty years have
concentrated on Fe(Il) complexes, which display a distinct spin transition between high spin (HS)
and low spin (LS).! Such materials are expected to be applied in next-generation molecule-based
devices for sensing, switching, and information storage owing to their rapid response to external
stimuli such as magnetic field, temperature, light, pressure, etc.? In addition to the change in magnetic
properties, the spin transition is usually accompanied by changes in the colour,® volume (negative
thermal expansion in special cases),* electrical resistance (conductivity),> or other functions,® thus
making them popular candidates for multi-functional materials. Of particular interest are those
molecules that exhibit a synergistic effect between SCO and luminescence,’ for example those

showing great potential for application in nanosized sensing devices.®
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Coordination-driven self-assembly is an appealing approach for the design of diverse molecular
materials whose functionalities can be manipulated by selection of metal and ligands.® The control of
architecture based on coordination principles and multitopic ligand design as well as the versatility
of the assembly modular approach can address the increasing demand polynuclear SCO complexes,
in which the active metal centres may be chemically distinguishable, thus exhibiting site-selectivity'?
or step-wise transitions.!! In particular, the supramolecular tetranuclear grid architecture mediated by
various bridges has received growing attention in this area.'”? Furthermore, the enhanced
intramolecular interaction in these multinuclear clusters is supposed to yield stronger cooperative
effect when effective bridges are applied.'?

As one of the most effective bridges, the azide ion has been widely explored in the construction of
enormous magnetic complexes because it may engender appreciable and predictable ferro- or
antiferro- magnetic coupling depending on the metal species as well as the bridging modes (end-on
(EO) or end-end (EE)).!* Nevertheless, the azido-Fe(II) system is relatively less studied, only a few
exhibited magnetic bistability.'> Surprisingly, no azido-bridged SCO complex has yet been reported,
although there have been some reports of spin-transition related mononuclear iron complexes using
azide ion as a terminal ligand.'® Recently, we and others successfully incorporated azide ions as
secondary bridges and constructed a series of square complexes [M'4] (M = Co, Ni), in which the
3,6-substituted pyridazine or tetrazine derivatives adopt cis-bridging modes as dictated by the EO-
azido bridges, in which the cobalt analogues exhibited interesting SMM behaviour.!” With continuous
interest in this programmable system, herein, we prepared the Fe(Il) analogues:
[(L)sFe"4(N3)4][BPhs]s-sol (1, L = 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine (pzdz), sol =
3MeCN-2MeOH-3CHCls; 2, L = 3,6-di(pyridin-2-yl)pyridazine (pydz), sol = 4MeCN), where the

Fe(Il) ions are co-bridged by the end-on (EO) azide and the diazine. Interestingly, the substitution of
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pyridinyl groups in 2 instead of pyrazolyl ones in 1 set up the first SCO example (712 = 230 K) of

azido-bridged complexes.

3.3 Contribution

I performed the syntheses and characterisations of the iron complexes, including SCXRD at
different temperatures, static magnetic measurement and variable-temperature luminescent
measurement. Other co-authors are acknowledged: Maolin You, Dr Qiang Liu and Dr Yin-Shan
Meng helped with the Mdssbauer spectra. Dr Yi-Fei Deng helped with setting up the photomagnetic
measurements and data interpretation. The draft manuscript was written by me and revised by Prof.

Pikramenou and Dr. Zhang.

3.4 Experimental section

3.4.1 General methods

All synthetic procedures were carried out under an inert atmosphere using a glove box. 3,6-
di(pyridin-2-yl)pyridazine (pydz) ligand and other chemicals are commercially available and used as
received. Distilled and degassed solvents were obtained from a solvent purification system and stored
with molecular sieves in the glove box. 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine (pzdz) was
prepared according to the previous literature.'® Elemental analyses (C, H, N) were measured by a
vario EL cube CHNOS Elemental Analyzer Elementar Analysensysteme GmbH. Powder X-ray
diffraction (PXRD) measurements were recorded on a Rigaku Smartlab X-ray diffractometer. FT-IR

spectra were recorded in the range 600-4000 cm™!

on a Bruker tensor II spectrophotometer. Solid-
state UV-vis spectra were recorded on Aglient Cary 5000 UV-Vis spectrometer using an integrating

sphere. Magnetic measurements were carried out with a SQUID MPMS3 magnetometer. Magnetic
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data were corrected for the diamagnetism of the sample holder and for the diamagnetism of the sample
using Pascal’s constants. Photomagnetic irradiation was performed on fresh sample at 10 K. Diode
Pumped Solid State Lasers was guided via a flexible optical fibre into SQUID magnetometer.
Luminescence spectra were recorded on an Edinburgh Instruments FLSP920 steady-state and time-
resolved spectrometer with F900 software and on a Photon Technology International spectrometer.
The spectra are corrected for lamp/photomultiplier tube/instrument response.

X-ray data for 1 and 2 were collected on a Bruker D8 VENTURE diffractometer with graphite
monochromated Mo Ka (A =0.71073 A) and Cu Ko (A = 1.54178 A) radiation. Lorentz/polarisation
corrections were applied during data reduction and the structures were solved with the SHELXT
solution program using Intrinsic Phasing. Refinements were performed by full-matrix least squares
minimisation (SHELXL) on F2. Anisotropic thermal parameters were used for the non-hydrogen
atoms. Hydrogen atoms were added at calculated positions and refined using a riding model.
Weighted R factors (wR) and the goodness-of-fit (S) values are based on F?; conventional R factors
(R) are based on F, with F set to zero for negative F2. Since the solvent molecules in 1 could not be
completely modelled due to the disorder, a part of Q peaks were subtracted by the SQUEEZE program
implemented in Olex2. As a result, 272.6 electrons were found in a total solvent accessible volume
of 1035.3 A3 for 1 per unit cell. Combined with the definition in the residual density map, we attribute
this to the presence of four CHCl; and two CH3OH per unit cell which account for 268 electrons that
is consistent with the SQUEEZE calculations. CCDC-2015661 (1), 2015655 (2-100 K), 2078512 (2-

150 K), 2015657 (2-200 K) and 2015660 (2, 300 K) contain the crystallographic data.
3.4.2 Synthesis

Caution: Azido salts are potentially explosive and should be handled with only small amount and

great care.
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Synthesis of [(pzdz)sFe"4(N3)s][BPhs]s:3MeCN-2MeOH-3CHCI; (1). FeClx-4H,0 (19.8 mg,
0.10 mmol) and NaBPh4 (34.2 mg, 0.10 mmol) were dissolved in 5 mL mixed solvents of methanol
and acetonitrile (5 mL, v/v = 1/1) and stirred for two minutes, to which pzdz (27.1 mg, 0.10 mmol)
in 5 mL chloroform was added, followed by the addition of NaN3 (6.5 mg, 0.10 mmol) in 5 mL
methanol. Black crystals of 1 were obtained by slow evaporation at room temperature in a week and
collected by filtration. Yield 21.7 mg (28 % based on Fe salt). Selected IR data (cm!): 2069 (s, azido
bridges), 1476 (m), 1429 (s), 1353 (m). Anal. Calc. for CisoH144B4FesN3s(CHCl3)2(CH30H): C
61.80 %, H 5.02 %, N 16.74 %; Found: C 62.32%, H 4.76%, N 16.46%.

Synthesis of [(pydz)sFe'4(N3)s][BPhs]s-4MeCN (2). The synthetic procedure for 2 was similar to
that of 1 using pydz ligand in 5 mL dichloromethane instead. Black crystals of 2 obtained within a
week were collected by filtration and washed with cold water and acetonitrile. Yield, 37.6 mg (36 %
based on the Fe salt). Selected IR data (cm™'): 2065 (s, azido bridges), 1458 (m), 1417 (m), 1261 (w).
Anal. Calc. for Cis¢Hi26B4FesN3o(H20)4 C 67.90 %, H 4.89 %, N 15.23 %. Found C 67.84 %, H

4.78 %, N 14.75 %.

3.5 Results and discussion

3.5.1 Crystallographic studies

Slow evaporation of the methanol/acetonitrile/chloroform solution of FeCl>-4H20, pzdz (or pydz),
NaN3 and NaBPhy in stoichiometric ratio of 1:1:1:1 gave dark block crystals of 1 and 2, respectively.
Single crystal X-ray diffraction (SCXRD) studies at 100 K revealed that 1 crystallised in the triclinic
space group P-1 while 2 in the tetragonal space group /41/a, and each is isomorphous to their Co(II)
analogues (Table 3.1 and Table 3.2). Selected bond distances and angles are listed in Table 3.3 and

Table 3.4.The powder XRD pattern of 2 under ambient atmosphere matches well with its SCXRD

60



Chapter 3

simulation, indicating the purity and air-stability of the bulk products, while no peak was observed

for the sample of 1 due to the serious loss of interstitial solvent molecules.

Table 3.1. Selected crystallographic data for 1.

Empirical formula
Formula weight
Temperature
Radiation

Crystal size/mm?
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

v/

Volume/A3

Z

Pealcg/cm?

wmm'!

F(000)

20 range /°

Reflections collected/unique
Rint

Rsigma

Goodness-of-fit on F?

Final R indexes [[>20(])]
Final R indexes [all data]
Largest diff. peak/hole / e A

Ci6sH173B4ClisFeaN40Os3
3598.85

100 K

MoK (A = 0.71073)
0.30 x 0.25 x 0.15
Triclinic

P-1

18.0455(8)

19.1164(8)

28.9018(12)

89.217(2)

72.662(2)

62.820(2)

8377.7(6)

2

1.212

0.449

3192.0

2.628 to 55.018
200342/37759

0.0545

0.0473

1.030

R1=10.0493, wR>=0.1181
Ri1 =0.0759, wR> =0.1322
0.59/-0.98
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Table 3.2. Selected Crystallographic data of 2 at different temperatures.

Empirical formula
Formula weight
Radiation
Crystal size/mm?
Crystal system
Space group
Temperature/K
a/A
b/A
c/A
o/°
pre
V/°
Volume/A3
Z

Pealeg/cm?
wmm'!
F(000)

20 range /°

Reflections
collected/unique

Rint
Rsigma
Goodness-of-fit on F2

Final R indexes
[[>20(D)]

Final R indexes
[all data]

Largest diff.
peak/hole / e A

100
17.2401(3)

17.2401(3)
42.898(1)
90
90
90
12750.2(5)
4
1.400
4.124
5584.0
8.03 to 136.6

37412/5831

0.0565
0.0307
1.068
R =0.0369,
wRz = 0.0965
Ri =0.0459,
wR2=0.1011

0.70/-0.23

CiseHi26B4FesN3o
2687.50
CuKa (h = 1.54178)
0.25x0.25 x 0.20

Tetragonal
141/a
150 200
17.2652(8) 17.3036(3)
17.2652(8) 17.3036(3)
43.062(3) 43.1803(10)
90 90
90 90
90 90
12836.1(1) 12928.8(5)
4 4
1.391 1.381
4.097 4.067
5584.0 5584.0
5.51t0 130.3 10.2 to 136.8
26305/5831 26305/5831
0.0794 0.0490
0.0739 0.0325
0.996 1.057
R1=0.0660, R1=10.0335,
wR2=0.1707  wR2=0.0904
R:1=0.1027, R1=10.0466,
wR2=0.1994 wR>=0.0958
0.54/-0.31 0.34/-0.27

300
17.4466(3)

17.4466(3)
43.6969(13)
90
90
90
13300.6(6)
4
1.342
3.954
5584.0
7.91 to 130.3

26215/5667

0.0622
0.0590
1.024

R1=0.0479,
wR>=0.1238

R1=0.0748,
wR> =0.1408

0.28/-0.14
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Table 3.3. Selected bond distance [A] and angles [deg] of 1 at 100 K.

Fel-NI1

Fel-N3

Fel-N19

Fel-N21

Fel-N25

Fel-N28

Fe2-N4

Fe2-N6

Fe2-N7

Fe2-N9

Fe2-N25

Fe2-N34

Fe3-N10

Fe3-N12

Fe3-N13

Fe3-N15

Fe3-N31

Fe3-N34

2.159(2)
2.208(2)
2.155(2)
2.219(2)
2.084(2)
2.124(2)
2.222(2)
2.154(2)
2.159(2)
2.221(2)
2.124(2)
2.082(2)
2.212(2)
2.156(2)
2.179(2)
2.221(2)
2.119(2)

2.079(2)

Fe4-N16

Fe4-N18

Fe4-N22

Fe4-N24

Fe4-N28

Fe4-N31

N3-Fel-N21

N3-Fel-N19

N3-Fel-N28

N3-Fel-N25

N3-Fel-N1

N16-Fe4-N22

N16-Fe4-N24

N16-Fe4-N31

N16-Fe4-N28

N16-Fe4-N18

2.183(2)
2.179(2)
2.195(2)
2.160(2)
2.101(2)
2.121(2)
175.04(8)
111.07(8)
91.64(8)
85.99(9)
72.44(9)
173.90(8)
113.53(8)
86.92(9)
87.43(9)

72.67(8)

N4-Fe2-N9

N4-Fe2-N7

N4-Fe2-N34

N4-Fe2-N25

N4-Fe2-N6

N15-Fe3-N10

N15-Fe3-N12

N15-Fe3-N34

N15-Fe3-N31

N15-Fe3-N13

Fel-N25-Fe2

Fel-N28-Fe4

Fe3-N34-Fe2

Fe3-N31-Fe4

175.67(8)
109.22(9)
93.30(9)
84.56(8)
72.65(9)
172.35(8)
108.85(9)
93.04(9)
85.96(9)
72.46(8)
120.97
118.86
120.46

118.90
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Table 3.4. Selected bond distance [A] and angles [deg] of 2 at different temperatures.

100 K 150 K 200 K 300K
Fel-N1 1.976(0) 1.999(4) 1.985(8) 2.150(3)
Fel-N2 1.920(9) 1.940(4) 1.938(7) 2.141(2)
Fel-N3C 1.930(6) 1.938(4) 1.945(8) 2.140(3)
Fel-N4C 1.989(8) 1.986(4) 2.003(4) 2.179(3)
Fel-N5 2.005(7) 2.002(3) 2.003(4) 2.069(3)
Fel-N5C 2.011(8) 2.008(3) 2.017(4) 2.080(3)
N1-Fel-N2 80.96(6) 80.60(15) 80.60(6) 74.84(10)
N1-Fel-N3C  99.47(6) 98.04(15) 99.63(6) 103.44(9)
N1-Fel-N4C  83.66(6) 83.35(14) 83.36(6) 81.89(10)
N1-Fel-N5 166.43(6) 165.09(15) 165.88(7) 158.05(10)
N1-Fel-N5C  93.42(6) 94.47(15) 93.49(6) 94.13(10)
N5-Fel-N5C  91.80(9) 91.9(2) 92.24(9) 98.66(14)
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Figure 3.1. Crystal structures of 1 (a) and 2 (b) at 100 K with numbering scheme. Hydrogen atoms,
counter ions and solvent molecules are omitted for clarity. Colour codes: Fe(Il), green; C, grey; N,

light blue.

As shown in Figure 3.1, both 1 and 2 feature a [2 x 2] grid-like structure, where the Fe'' ions reside
in the corners and the neighbouring ions are linked simultaneously by one pyridazine and one EO-
azido bridges. The asymmetric unit of 1 contains four crystallographically independent Fe!! ions,
while only one is involved in the case of 2. Each Fe ion displays a distorted octahedral geometry
formed by six N atoms from two azides and two pzdz (for 1) or pydz (for 2) ligands. The Fe-N bond
lengths are in the range of 2.080 — 2.222 A (avg. 2.159 A) for 1 and 1.920 —2.011 A (avg. 1.972 A)
for 2, corresponding to the HS and LS states, respectively. This result demonstrated that the pydz
ligands in 2 are able to stabilise the LS Fe(II) ion at low temperatures owing to a stronger ligand field.
The bridging Fe-Na,ide-Fe angles for 1 are 118.84° and 120.93°, slightly larger than those (117.30 and
117.54°) for 2. The dihedral angles between the pyrazolyl- (or pyridyl-) and pyridazine rings are
varying from 5.00 to 27.82° for 1 while in a narrow range of 11.27 - 11.40° for 2. It should be

mentioned that the [Fe!'s] core in 1 displays a rather distorted square shape with the adjacent Fe'*'Fe
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distances of 3.612 - 3.662 A and the Fe'**Fe'*'Fe vertex angles of 86.74 — 93.05°. Instead, the [Fe'l]
core in 2 is in a nearly perfect square shape with the vertex angle of 89.97° and the adjacent Fe'-'Fe
distance of 3.435 A. The square molecules are well isolated by counter anions [BPh4]™ and interstitial
solvents, with the shortest intermolecular Fe''Fe distance of 12.7 A and 11.4 A for 1 and 2,

respectively (Figure 3.2 and Figure 3.3).

127A 5

Figure 3.2. The packing diagram of 1. Hydrogen atoms, counter ions and solvent molecules are
omitted for clarity. The dashed lines show the nearest intermolecular Co---Co separation. Colour

codes: Fe(Il), green; C, grey; N, light blue.
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Figure 3.3. The packing diagram of 2. Hydrogen atoms, counter ions and solvent molecules are
omitted for clarity. The dashed lines show the nearest intermolecular Co---Co separation. Colour

codes: Fe(Il), green; C, grey; N, light blue.

Additional crystallographic data for 2 were further collected at selected temperatures of 150, 200,
and 300 K, under a slow warming mode between the measurements. No change in the space group
was found at all temperatures, while significant changes in the Fe-N bond distances were discovered.
The average Fe-N bond lengths at 100, 150 and 200 K are nearly steady within the low-spin range,
giving the values of 1.972, 1.979 and 1.985 A, respectively. At 300 K the average Fe-N bond distance
increased abruptly to 2.127(7) A which is clearly assigned to the high-spin phase (Table 3.5 and
Figure 3.4). Such a clear elongation manifests the occurrence of thermally induced LS-to-HS SCO
process in 2. Correspondingly, the side Fe—Fe distance for the [Fe'4] core increases slightly to 3.551
A at 300 K. In addition, the distortion indices X (the sum of the deviations from 90° of the twelve cis-
angles of the iron) and ® (the sum of the deviations from 60° of the 24 unique torsion angles between
adjacent N donors on opposite triangular faces of the octahedron) in the [FeNg] octahedral geometry

can also be used to track the spin state change.'® For 2 the ¥ and ® values are calculated to be 68.21°
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and 188.01° at 100 K, which are dramatically smaller than those (X = 101.46° and ® = 272.77°) at
300 K. This is in accordance with the general agreement that a HS Fe(II) 1on displays a more plastic

octahedral structure with larger distortion parameters than its LS one.?’

Table 3.5. Distortion indices and average Fe-N bond distances of 2 at different temperatures.

Temp. /K 100 150 200 300
x/° 68.21 70.62 70.98 101.46
O/° 188.01 192.95 194.29 272.77

Avg. Fe-N Bond distances /

1.972(19)  1.979(9) 1.985(15)  2.127(7)
A*

* The average errors are calculated by the root mean square of the errors on the individual bond

lengths.
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Figure 3.4. Temperature dependence of average Fe-N bond distances for complex 2.
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3.5.2 Mossbauer spectroscopy

The *’Fe solid Mossbauer spectrum for 2 was further collected to determine the SCO process
(Figure 3.5). At 300 K, the Mdssbauer spectrum revealed a doublet with an isomer shift (o) of 0.78

""and a quadrupole splitting (AEq) of 1.81 mm s!, in well consistent with those HS Fe(II)

mm s
complexes. Upon cooling to 80 K, the spectrum is fitted to 6 = 0.30 mm sec™'and AEq = 0.60 mm sec
!, indicating the presence of LS Fe(Il) ions.?! It should be mentioned that the weak signals may hide
the possible HS portion, which was observed by the magnetic study (vide infra) as well as the slightly
longer Fe-N bond lengths at low temperatures (vide supra). It should be noted that the asymmetry of
the doublet at 300 K might be attributed to the anisotropic orientations of crystals, because the sample
was prepared via the fresh crystals without grinding. Another possible reason for the asymmetry could

be the Goldanskii-Karyagin effect. Nevertheless, this dramatic change clearly confirms the

occurrence of SCO event and is in good accordance with the crystallographic analysis.
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Figure 3.5. Mdssbauer spectra of 2 measured at 80 K and 300 K. Solid lines are the best fittings to

the data.

3.5.3 Magnetic studies

Variable-temperature magnetic susceptibilities for 1 and 2 were collected over the range of 2-300
K under an applied field of 1 kOe (Figure 3.6) with a 2 K min! sweeping rate. For 1, the 7 product
of 12.77 cm?® mol! K at 300 K agrees well with the sum of four isolated HS octahedral Fe' ions (S =
2), assigned as [Fe'"154]. Upon cooling, the 7 product of 1 decreases gradually until 5 K, and then
more quickly to 6.66 cm® mol! K at 2 K, likely due to zero-field splitting and/or intermolecular
antiferromagnetic coupling. The data was then fitted based on a square molecular model by the PHI

programme?? using the following Hamiltonian equation (eq. 3.1):
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4 ~
H =-2J(S,S,+5,8; + 8,8, +5,5,) + Z(DFe S0+ &reiMpSreB)
P s ’ ’ (eq. 3.1)

where Dre, us, gre, B, J corresponds to the axial zero-field splitting (zfs) parameter, Bohr magneton,
Landé factor, magnetic field vector and magnetic exchange between Fe(Il) centres, respectively.
Considering four high-spin Fe(Il) ions are in a similar coordination environment, the best fitting gave
Dre = -28.6 cm™!, J =-0.04 cm™ and gr. = 2.09. The small value of J indicates the negligible intra-
cluster Fe-Fe interaction, which is not surprised because of the competitive and comparable
ferromagnetic vs. antiferromagnetic (AF) coupling through the EO-azido bridge (J ~ +3 cm™!) and
diazine bridge (J ~ -3 cm™"), respectively.'>* 23 The obtained D parameter is comparable to those of
high-spin Fe(Il) ions in similar coordination environments. Field dependence of the magnetisation
data exhibited continuous increase with a high-field non-saturation value of 6.29 Nf at 2.0 K and 70
kOe (Figure 3.7), suggesting the presence of significant magnetic anisotropy. It should be noted that
the attempts to either fit the y7-T and M-H data only failed due to the limit of the Hamiltonian matrix.
To further verify the fitting results, simulations of the M-H plots were performed using the obtained
spin Hamiltonian parameters. As a result, the simulated magnetisation data for 1 are in reasonable
agreement with the experimental data, which could justify the reliability of the obtained parameters
to a certain extent. No slow magnetic relaxation behaviour was observed, excluding the possible
single-molecule magnet of 1. Such behaviour may be possibly correlated with the anisotropic
arrangements between the four Fe(II) metal ions, which may counteract each other leading to the

decreased magnetic anisotropy for the entire molecule.
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Figure 3.6. Temperature dependence of magnetic susceptibility data for 1 (0) and 2 (o, heating; +,
cooling) collected in the dark (1 kOe) and after light irradiation at 808 nm for 2 (green, 10 kOe). The

violet line represents the fitting based on eq. 3.1.
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Figure 3.7. Reduced magnetisation plots for 1 at 2-5 K.

For 2, the 4T value of 12.34 cm® mol™! K at 300 K is also consistent with the presence of four
uncoupled HS Fe!' ions. Upon lowering the temperature, the y7 product decreased gradually before

an abrupt drop with the values changing from 11.5 cm?® mol! K at 270 K to 5.0 cm?® mol™!' K at 200
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K, indicating an incomplete SCO event with a certain amount of residual HS components. The 71,2 is
estimated to be 230 K. Below 200 K, the 7T value went through a slow and gradual decrease which
may be attributed to the continuously transition to low-spin Fe(II) state, as implied by the variable-
temperature crystallographic analysis (Figure 3.4). Similar trends were also found in other SCO
complexes.?* The final 4T value reaches 0.59 cm? mol! K at 2 K, suggesting a nearly complete SCO
conversion to LS state.?> On warming back to 300 K, the y7 product follows the same variation as

seen in the cooling cycle, while no thermal hysteresis is observed.

-
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Figure 3.8. Magnetic susceptibility measurement of 2 under 10 kOe before and after 632 and 808 nm

irradiation at 10 K.

To probe the possible LIESST effect of 2, the photomagnetic behaviour were further investigated
at low temperatures under light irradiation. Under a selected laser light (808 nm, 10 mW, based on
the MLCT band, vide supra) at 10 K, the T products increased abruptly and reached a maximum of
3.77 cm® mol! K in 8 h, suggesting that the diamagnetic [Fe'"5;] phase were partially converted

(36 %, in reference to the corresponding y7 value of 1) to the paramagnetic [Fe'15] state. After
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switching the light off and heating with 1 K min’!, the 47 values increased slowly to the maximum
of 4.87 cm® mol! K at 32 K, corresponding to 19% photoconversion, which is attributed to the
intermolecular antiferromagnetic interactions and/or the magnetic anisotropy of metal centres. Upon
further heating, the metastable state undergoes the continuous decrease and finally relaxes back to
the thermodynamic diamagnetic LS phase at ca. 65 K. Similar LIESST effect with less
photoconversion was also observed when applying a laser light with 632 nm (Figure 3.8) which may
be due to the light penetration.?® The relaxation temperature T(LIESST) was determined to be 51 K
and 59 K at 632 and 808 nm irradiation, respectively.
3.5.4 Photophysical studies

The UV-vis absorption spectra of 2 as well as pydz ligand were recorded in both solution and solid
state at room temperature (Figure 3.9). The solid state absorption of 2 shows a broad peak in the
visible range centred at 632 nm which are possibly attributed to the MLCT transition (also observed
in solution of a broad peak centred at 547 nm) or low-lying d-d states.?’” Broad bands in the ultraviolet
region <300 nm and around 400 nm are observed which are attributed to the n-n* transition of the

ligand. The red shift of the ligand and 2 in solid state may be due to packing effects.
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Figure 3.9. Solid state (left) and acetonitrile solution (right) UV-vis spectra of 2 (solid line) and pydz

ligand (dashed line) at room temperature (* is an artefact due to lamp change at 800 nm).

To further probe the possible synergetic effect between SCO and luminescence, variable-
temperature solid-state luminescent spectra of 2 were measured in the range of 77-300 K. As depicted
in Figure 3.10, a broad emission with two distinct peaks at 435 nm and 465 nm was observed. This
can be attributed to the emission of the m-n* of the pydz ligand as previously observed in frozen
glass.”® We examined the correlation of the magnetic susceptibility with the luminescence signal
(integrated intensity). Unlike the commonly observed increasing of the intensity around the SCO
transition temperature, the emission intensity of 2 showed a continued decreasing trend upon heating;
yet it is interesting to observed that the rate of decrease of the luminescence signal changes at the
exact SCO transition temperature of 230 K. Thermal quenching is usually decreased as temperature
rises but the characteristic change is attributed to a synergistic effect of the paramagnetic iron

quenching the luminescence signal by electron transfer.
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Figure 3.10. (Ieft) Temperature dependent luminescence spectra of 2 under 300 nm excitation. (right)
Overlay diagram of magnetic susceptibility and luminescence integration. Blue and purple solid lines

indicate different decreasing rate of photoluminescence.

3.6 Conclusion

In conclusion, two novel [Fe'4] grids were constructed based on the coordination-driven
supramolecular strategy for which 2 exhibited interesting SCO behaviour and a clear synergetic effect
between the SCO and the luminescence. Remarkably, rational modification of the coordination
surroundings of Fe(Il) centres by using stronger ligands into the azido-bridged systems proved to be
feasible and thus afforded the first example of azido-bridged SCO complexes. To extend this idea to
other azido-bridged systems towards more SCO functionalised complexes and to realise site-

selectivity SCO behaviour by using asymmetric ligands in this programmable family are under way.
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4.1 Abstract

Introducing both tetrazine radical and azido bridges afforded two air-stable square complexes
[My(bpztz*)s(N3)4] (M = Zn*", 1; Co**, 2; bpztz = 3,6-bis(3,5-dimethyl-pyrazolyl)-1,2,4,5-tetrazine),
where the metal ions are co-bridged by pi1-azido bridges and tetrazine radicals. Magnetic studies
revealed strong antiferromagnetic metal-radical interaction with a coupling constant of -64.7 cm™! in
the 2J formalism in 2. Remarkably, 2 exhibits slow relaxation of magnetisation with an effective

barrier for spin reverse of 96 K at zero applied field.

4.2 Introduction

Coordination-driven self-assembly! of supramolecular architectures continues to produce
fascinating results in many interdisciplinary fields with various fundamental applications? including
sensors, optics, spintronics, and catalysis. Elegant and intricate structures such as metallacycles,
molecular knots, metal-organic polyhedra, metallocages, and interlocked molecules have been
reported owing to the structural versatility of the metal ions and the directionality of the metal-ligand
interactions based on coordination algorithm.®> A key underpinning of research on this topic is the
design of specific organic linkers that are coded to produce a desired topology. Of specific interest to
the present work is the use of organic radical linkers in supramolecular architectures that exhibit
strong direct magnetic couplings.*

The literature is replete with examples of compounds featuring metal spins coupled through closed-
shell bridging ligands via an indirect super-exchange mechanism but many of these magnetic
interactions are relatively weak especially when the bridging ligand spans a large distance. Although
the chemistry is more challenging, the use of free radical bridges’ is capable of propagating efficient

spin exchange beyond the limit of distance and gives rise to much stronger magnetic interactions due
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to the direct overlap of orbitals that bears the unpaired electrons. The growing body of research in
this area has demonstrated that higher blocking temperatures for single-molecule magnets (SMMs)
are achieved with paramagnetic bridges.® A remarkable recent example is a radical bridged dinuclear
Co(II) compound that exhibits significantly higher relaxation times and hysteresis up to 15 K, among
the very best properties reported for transition metal based SMMs.5¢

The most common motif for supramolecular metallacycles is the molecular square which is due to
the ease of satisfying the requirement for 90° angles between the metal corners with the use of linear
organic linkers. Specifically, 3,6-substituted pyridazine and tetrazine derivatives have been used for
the formation of various polygonal topologies including triangles, squares and pentagons mostly
through the trans-bridging mode.” Such pre-programed topologies with tetrazine radical ligands
haven been incorporated into coordination complexes including recent work from Dunbar and
Murugesu groups who demonstrated that much stronger ferromagnetic or antiferromagnetic coupling
up to J ~ £100 cm™! (in 2J formalism) between tetrazine radicals and paramagnetic metal ions can be
realised, however less SMM behaviour was observed.® Given that the contribution to the spin reversal
barrier in most transition metal complexes is dominated by axial zero-field splitting (D) and the
magnetic coupling (J) these parameters are important to control.” It is well-known that the end-on
(EO, u1,1) azido bridge would engender appreciable and predictable ferromagnetic coupling, and we
recently incorporated azide ions as secondary bridges and constructed two [Cos] square complexes,
in which the neutral pyridazine derivatives adopt cis- bridging modes as dictated by the EO-azido
bridge (Figure 4.1). The ferromagnetic coupling constant was found to be approximately +4 cm™! and

both compounds exhibit typical field-induced slow relaxation in magnetisation.'”
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Figure 4.1. Coordination modes of tetrazine/diazines.

With this prior work as a backdrop as well as the above considerations, the related tetrazine
derivative of bpztz anion radical formation was thus explored in the assembly of metal complexes
within the selected topology bearing azide bridging ligand to further improve the magnetic
communication. Herein we report the synthesis, structures and magnetic studies of the air-stable
azido-bpztz co-bridged molecular squares [M!U4(bpztz*)a(N3)s] M = Zn*", 1, Co*", 2).
Crystallographic and magnetic studies revealed a rare cis-tetrazine radical bridged [M4] square
structure with magnetic coupling for 2 being significantly enhanced for the radical versus the
diamagnetic bridging ligand. As a result, high-performance behaviour with an effective energy barrier
of 96 K of 2 at zero dc field and clear magnetic hysteresis loops below 5 K were observed, which is
the first example of cis-tetrazine radical bridged [Co4] square and among the highest relaxation

barriers for the reported polynuclear Co(II) compounds.

84



Chapter 4

4.3 Contribution

I started the project by doing the synthesis of the complexes and their characterisations including
SCXRD, PXRD, UV-vis, CV, EPR measurements. I also did the magnetic measurements of the
complexes. Dr Yi-Fei Deng helped with further characterisation on the metamagnetism of the
complex as well as fitting of the magnetic data. I wrote the first draft of the manuscript then Dr Yi-

Fei Deng, Prof Pikramenou, Prof Dunbar and Dr Zhang helped to revise.

4.4 Experimental Section

4.4.1 General methods

All syntheses were carried out under an argon atmosphere using a glove box. The starting materials
are from commercially available sources and were used as received. Acetonitrile and dichloromethane
were purified using a solvent purification system and stored over molecular sieves in the glove box.
Anhydrous methanol was purchased from Energy Chem and stored over molecular sieves in a glove
box.

Caution. Although no such issues were observed during the present work, azido and perchlorate
salts are potentially explosive and should be handled with extreme caution.

X-ray data for were collected on a Bruker APEX-II CCD diffractometer using graphite
monochromated Cu Ko radiation (A = 1.54178 A). The structure was solved with the ShelXT structure
solution program using Intrinsic Phasing and refined in the ShelXL refinement package using Least
Squares minimisation. Hydrogen atoms were added at calculated positions and refined using a riding
model. Weighted R factors (wR) and the goodness-of-fit (S) values are based on F?; conventional R
factors (R) are based on F, with F set to zero for negative F?. Powder X-ray Diffraction (PXRD)

measurements were recorded on a Rigaku Smartlab X-ray diffractometer. FT-IR spectra were
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recorded in the range 600-4000 cm ™! on a Bruker tensor Il spectrophotometer. Elemental analyses (C,
H, N) were measured by a vario EL cube CHNOS Elemental Analyzer Elementar Analysensysteme
GmbH. UV-vis absorption spectra were recorded on an Agilent Cary 5000 UV-vis spectrophotometer.
Solid state reflectance spectra were recorded on the same instrument with a corresponding integrating
sphere from Agilent. Cyclic voltammetry (CV) measurements were carried out on a CHI760E
electrochemical workstation (Chenhua Co. Ltd., China) equipped with a Pt working electrode.
Ag/AgCl was used as the reference electrode. The measurements were performed under nitrogen
atmosphere in dichloromethane solution with a 0.4 mM concentration of the complex in the presence
of 0.1 M [BusN][PF¢] as the supporting electrolyte at a scan rate of 0.1 V-s™!. The specific heat
measurements were conducted using a PPMS DynaCool-9T system. Magnetic measurements were
carried out on a SQUID MPMS3 magnetometer. Diamagnetic corrections were calculated from
Pascal constants and applied to all the constituent atoms and sample holder.
4.4.2 Synthesis

Synthesis of [Zn4(bpztz*-)4(N3)4] (1): [Zn(H20)6][ClO4]2 (37.2 mg, 0.1 mmol) and L-ascorbic acid
(26.5 mg, 0.15 mmol) were dissolved in 3 mL acetonitrile and 1 mL methanol, to which bpztz (27.2
mg, 0.1 mmol) in 4 mL dichloromethane was added, followed by NaN3 (9.1 mg, 0.14 mmol) in 4 mL
methanol. The resulting brown solution was slowly evaporated at room temperature for three days
which yielded black block crystals of 1. The product was collected by filtration and washed with
acetonitrile. Yield 9.6 mg (26 % based on bpztz). Anal. Calc. for CagHssZnaNas C, 38.16 %; H, 3.74 %;
N, 40.79 %. Found C, 38.34 %; H, 3.88 %; N, 40.29 %. Selected IR data (cm™): 2361 (m), 2338 (w),
2074 (s), 1573 (m), 1477 (m), 1408 (s), 1320 (m), 1294 (m), 1121 (m), 1063 (m), 1043 (m), 985 (m).

Synthesis of [Cos(bpztz*)s(N3)4] (2): Black block crystals of 2 were obtained by following a
similar procedure to that of 1 with the starting material [Co(H20)s][C1O4]2 (36.8 mg, 0.1 mmol). Yield

13.4 mg (36 % based on bpztz). Anal. Calc. for C4sHs6C04Nasa C, 38.82 %; H, 3.80 %; N, 41.50 %.
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Found C, 38.65 %; H, 3.49 %; N, 41.25 %. Selected IR data (cm™): 2363 (m), 2338 (w), 2053 (s),

1571 (m), 1478 (m), 1411 (s), 1323 (m), 1283 (m), 1125 (m), 1065 (m), 1041 (m), 987 (m).

4.5 Results and discussion

4.5.1 Crystal Structures

Treatment of [Zn(H20)s][ClO4]2 or [Co(H20)6][C104]> with bpztz ligand in 1:1 ratio with slightly
excess of sodium azide and L-ascorbic acid in an inert atmosphere yielded compounds 1 and 2.
Single-crystal X-ray diffraction (SCXRD) studies revealed that 1 and 2 crystallise in the tetragonal
space group /4i/acd (Table 4.1). Select bond distances and angles are listed in Table 4.2. Bond
valence sum (BVS) calculations (Table 4.3) indicate the presence of 2+ oxidation state of Co and Zn
which, considering overall charge balance, means that all bpztz ligands have been reduced to radicals.
This was further confirmed by room-temperature EPR data of 1 in solid state which graq = 2.003
(Figure 4.2). Powder X-ray diffraction patters of 1 and 2 under ambient condition matched well with

the SCXRD simulation, indicating high purity and air stability for the compound.

f v T ' v
3400 3450 3500 3550 3600
Magnetic field / G

Figure 4.2. EPR spectrum of 1 in the solid state at room temperature giving grad = 2.003.
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Table 4.1. Crystallographic data of 1 and 2.

1 2
Empirical formula CasHs6N4aZng4 CasHs6C04Na4
Formula weight 1510.84 1485.08
Temperature/K 150(2) 100(2)
Crystal system tetragonal tetragonal
Space group 141/acd 141/acd
a/A 17.3851(8) 17.3642(5)
b/A 17.3851(8) 17.3642(5)
c/A 42.117(2) 41.7879(12)
o/° 90 90
pB/e 90 90
v/° 90 90
Volume/A3 12729.6(13) 12599.7(8)
Z 8 8
Pealeg/cm? 1.577 1.566
wmm'! 2.333 8.734
F(000) 6176 6080
Crystal size/mm? 0.2x0.2x0.15 0.21 x0.18 x 0.07

Radiation

CuKoa (= 1.54178)

26 range for data collection/°11.01 to 136.96

Reflections collected
Independent reflections
Goodness-of-fit on F?
completeness

Final R indexes [[>20(1)]*°

Final R indexes [all data]

30639

2930 [Rin = 0.0487]

1.077

99.8 %

R, =0.0417, wR, = 0.1007
R, = 0.0492, wR; = 0.1060

Largest diff. peak/hole/ e A= 0.65/-0.41

CuKa (A = 1.54178)
8.35 to 136.81

27656

2898 [Rin = 0.0754]

1.037

99.9 %

R = 0.0379, wR, = 0.0866
R, = 0.0488, wR; = 0.0923
0.65/-0.42

88



Chapter 4

Table 4.2. Selected bond distances (A) and bond angles (deg) for 1 and 2.

1 2
Znl-N2 2.183(2) Col-N1 2.158(2)
Znl-N2A 2.183(2) Col-N1A 2.158(2)
Zn1-N9 2.096(2) Col-N2 2.052(2)
Zn1-N9A 2.096(2) Col-N2A 2.052(2)
Znl-N1A 2.218(2) Col-N9A 2.119(2)
Znl-N1 2.218(2) Col-N9 2.119(2)
Zn2-N9 2.132(2) C02-N4A 2.185(2)
Zn2-N9B 2.132(2) C02-N4B 2.185(2)
Zn2-N3 2.082(2) C02-N3A 2.121 (2)
Zn2-N3B 2.082(2) C02-N3B 2.121(2)
Zn2-N4 2.231(3) C02-N9 2.091(2)
Zn2-N4B 2.231(3) C02-N9C 2.091(2)
N2-N3 1.378(3) N2-N3 1.377(3)
N6-N7 1.400(3) N6-N7 1.397(3)
N2-Zn1-N1A 111.08(8) N2-Col-N1A 105.73(8)
N2-Zn1-N1 71.23(8) N2-Col-N1 74.51(8)
N2-Zn1-N9A 94.34(9) N2-Col-N9A 85.77(8)
N2-Zn1-N9 83.76(9) N2-Col-N9 94.04(8)
N9-Zn1-N9A 99.14(14) N1-Col-N1A 84.67(12)
N9A-Zn1-N1 94.46(9) N1-Col-N9 89.51(8)
N1-Znl-N1A 84.05(12) N9-Col-N9A 103.84(12)
N9-Zn1-N9B 102.20(13) N4A-Co2-N4B 83.39(11)
N9-Zn1-N4B 90.41(11) N3B-Co2-N4B 72.42(7)
N3-Zn2-N9 86.79(9) N3A-Co02-N4B 111.92(8)
N3-Zn2-N9B 95.97(9) N9-C02-N4B 93.94(8)
N3B-Zn2-N4 103.59(10) N9-C02-N3A 83.93(8)
N3-Zn2-N4 73.04(9) N9-C02-N3B 92.54(8)
N4-Zn2-N4B 84.49(18) N9-C02-N9C 100.00(12)

Symmetry operation for 1. A: 5/4-y, 5/4-x, 5/4-z; B: 1-x, 3/2-y, z
Symmetry operation for 2. A: 1-x, 1/2-y, z; B: 3/4-y, 3/4-x, 3/4-z; C: 1/4+y, -1/4+x, 3/4-z
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Table 4.3. Bond Valence Sum (BVS) calculations for 1 and 2.

1 2
anl COII COIII

Znl 2.08(0) Col 2.10(9) 1.94(5)

Zn2 2.18(6) Co2 1.98(0) 1.82(6)

Figure 4.3. A ball-and-stick structure of 1 (M = Zn?") and 2 (M = Co?") with a numbering scheme.

Hydrogen atoms were omitted for the sake of clarity.

As shown in Figure 4.3, the neighbouring metal ions reside at corners and are linked by one bpztz
ligand in a cis mode and one p1,1-azido bridge to form a neutral molecular square [M4]. There are two
crystallographically independent metal ions (M1 and M2) in the asymmetric unit. Each M ion adopts
a distorted octahedral coordination geometry formed by four N atoms from two different bpztz
ligands and two N atoms from azido ligands. The M-N bond distances and the cis N-M-N angles are

in the range of 2.082 - 2.231 A and 71.23 - 111.08° for 1, 2.052 - 2.185 A and 74.51 - 111.92° for 2,
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respectively. The Co-N bond distances in 2 are consistent with those for a high spin Co(Il) ion. The
bridging M-Nuzido-M angle is 117.63° for 1 and 117.89° for 2, respectively. Significant elongation of
the N-N intra-tetrazine bond distances of 1.378 A (N2-N3) and 1.400 A (N6-N7)in 1, 1.377 A (N2-
N3) and 1.397 A (N6-N7) in 2, respectively, compared with the neutral tetrazine ligand (~ 1.32 A)
strongly support the formation of tetrazine radical in 1 and 2.8% ! It should be mentioned that the
dihedral angles between the pyrazolyl and tetrazine rings of the bpztz ligand in 2 are 3.32 and 10.21°,
indicating increased coplanarity compared to the previously reported diamagnetic analogues (4.19 -
26.06°). Moreover, the chelating Np,-M-N, (N1-Co1-N2 and N3-Co2-N4) angles of 74.51 and 72.41°
in 2 are significantly smaller than those for the related [Cos] complexes in a frans binding mode. The
[Co4] core is nearly planar with adjacent Co---Co distances of 3.606 A and vertex Co-Co-Co angles
of 92.83° and 87.17° for 2 with similar parameters of 3.617 A, 92.38° and 87.62° for 1. The shortest
intermolecular M---M separation is 9.98 A and 10.29 A for 1 and 2, respectively. It is worth noting
that extensive short contacts were found throughout the 3D packing arrangement involving weak
Hyp - *Nazide hydrogen bonds (1, 3.042 A; 2, 3.142 A), non-covalent C-H:- - interactions (1, 2.455-
3.217 A; 2,2.418-3.232 A) and edge-to-edge (1, 4.107 A; 2, 4.072 A) n---m interactions (Figure 4.4
and Figure 4.5). Such supramolecular interactions give rise to appreciable intermolecular magnetic
interactions which accounts for the long-range antiferromagnetic ordering for this large spin system

(vide infra).
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Figure 4.4. Ball and stick view of 1 highlighting the short contacts around the square (left) and
between the packed molecules (right). The turquoise, orange and red dashed lines indicate the
hydrogen bonds (3.042 A), C---H---m couplings (2.455-3.217 A) and edge-to-edge - - interactions
(4.107 A), respectively. Colour codes: Zn, pink; C, grey; N, blue; H, lime. Other hydrogen or metal

atoms are omitted for clarity.

Figure 4.5. Ball and stick view of 2 highlighting the short contacts around the perimeter of the square
(left) and between the packed molecules (right). The turquoise, orange and red dashed lines indicate
the hydrogen bonds (3.142 A), C---H--'m couplings (2.418-3.232 A) and edge-to-edge n-'m
interactions (4.072 A). Colour codes: Co, green; C, grey; N, blue; H, lime. Other hydrogen or metal

atoms are omitted for clarity.
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4.5.2 UV-vis spectroscopy

UV-vis spectroscopy is also performed to study the tetrazine radical formation. In solution, neutral
bpztz ligand shows a strong n-* transition at 298 nm and less intense n-nt* transition bands at visible
region.!? For 1 and 2, the n-n* transition absorption bands are blue-shifted to 280 nm due to decreased
conjugation. The absorption bands at visible region show clear red shift which is the influence of n-
n* contributions upon coordination. This is consistent with the previously reported N-heterocylic
radicals,'? which clearly supports the tetrazine radicals in 1 and 2 (Figure 4.6). In solid state (Figure
4.7), the band at 530 nm of the spectrum can be possibly attributed to excimer formation. The bands
of 1 and 2 in solid state can be also attributed to packing or extensive electronic communication

between ligands which alters the HOMO-LUMO of n-n* transition.

Normalised absorbance

1 I 1
300 400 500 600 700 800
Al nm

Figure 4.6. UV-vis spectra of bpztz ligand (solid line), 1 (dashed line) and 2 (dotted line) in CH>Cl,

solution.
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Figure 4.7. Solid state absorption spectra of neutral bpztz ligand (solid line), 1 (dashed line) and 2

(dotted line).

4.5.3 Electrochemical properties

The electrochemical property of 2 studied by cyclic voltammetry method in dichloromethane
revealed four consecutive and reversible redox potentials at E1, = +0.31, +0.47, +0.63 and +0.79 V
(vs Ag/AgCl, Figure 4.8), which were assigned to the four one-electron oxidation processes of
[Co™Co'5]%, [Co™,Co',]%*, [Co™sCo™i]*" and [Co4]*" states, respectively. In addition, the
reversible one-electron reduction at £1, = -1.3 V is most likely attributed to bpztz radical reduction.
Given that AE (the redox potential difference) is the same (0.16 V) for the four redox waves, the
calculated comproportionation constants (Kc) based on Kc = exp(FAE/RT) were found to be 5.07 x

102, indicating the intermediated stability of mixed valence states.
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1
-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
E/V vs Ag/AgCl

Figure 4.8. Cyclic voltammetry spectrum of 2 in CH>Cl; solution (in 0.1 M [,BusN][PF¢] supporting

electrolyte) with a Pt working electrode at a scan rate of 0.1 V/s at room temperature.

4.5.4 Magnetic studies

Variable-temperature magnetic susceptibility data for 1 and 2 were collected with applied direct
current (dc) fields of 0.1 and 1 kOe (Figure 4.9). The y7 value at 300 K of 1.46 cm® mol™! K for 1 is
consistent with four non-interacting bpztz*~ radicals (Swa = 1/2, g = 2.003). Upon cooling, the T
value remains essentially constant down to 50 K and then decreases to 0.122 ¢cm?® K mol™! at 2 K,
indicating antiferromagnetic (AF) interactions between the radicals. In the case of 2, the yT value of
13.67 cm?® K mol'! at 300 K is significantly higher than the theoretically calculated for four isolated
high-spin Co" ions (1.85 ¢cm?® K mol! each) and four uncoupled bpztz™ radicals, indicating the
significant orbital contribution.'* Upon cooling, the y7 value increases continuously to a maximum
0f29.16 cm? mol! K at 37 K and then decreases to 0.64 cm?® K mol! at 2 K, likely due to the presence

of inter-molecular AF interactions, magnetic anisotropy and/or blocking dynamics.
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Figure 4.9. Variable-temperature magnetic susceptibility data for 1(LJ) and 2(O) under an applied dc

field of 1 kOe. Solid lines represent the fittings based on eq. 1 and eq. 2. Inset shows the magnetic

exchange pathways in 2.

To probe the magnetic coupling between the spin carriers, the magnetic susceptibility data for 1
(2-300 K) and 2 (50-300 K) were fitted using the PHI programme'> based on the following spin

Hamiltonian (eq. 1 for 1 and eq. 2 for 2):

D
H =-2J5(S,Sp + 85S¢ +S8c8p +5p5,) + (ZgradluBSiH) """ eq. 1

i=A

where Si to S4 = Sco = 3/2, Sa to Sp = Sraa = 1/2, up is the Bohr magneton, H is the magnetic field
vector, gc, and g (2.003 as determined by EPR studies) are the Lande factors for Co(Il) ion and

bpztz®~ radical, respectively; Ji to J3 correspond to the magnetic couplings for Co---radical, Co---Co
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and the neighbouring radicals, respectively. It should be mentioned that no acceptable fitting of y7 vs
T plots was achieved over the 2-300 K temperature range using an anisotropic spin model, possibly
due to the low temperature complexity including the metamagnetism, antiferromagnetic ordering and
relaxation dynamics. In addition, the incorporation of more anisotropic parameters in this advanced
model would lead to the over-parameterisation. On the basis that the high temperature magnetic
susceptibility should be dominated by the strong exchange couplings mediated by bpztz*~ radical
bridges, the yT vs T plots at above 50 K were thus fitted with an isotropic spin model. Moreover,
given that the [Zn4] analogue can be unambiguously characterised over the entire temperature, the
coupling constant between the neighbouring bpztz*~ radicals was thus restrained as the same across
the two data sets of 1 and 2 to avoid the over-parameterisation. With the addition of the intermolecular
couplings (zj’) based on the mean-field approximation,'® the best fitting gave J3 = -4.7 cm’!, and z;’
=-0.2 cm’! for 1. For 2, zj’ can be neglected in the high-temperature range, and J3 was fixed to -4.7
cm’! in the fitting process to reduce the parameter space. The best set of parameters are J; = -64.7 cm
1 Jh=44.9 cm’!, gco = 2.81. It should be noted that attempts to fit the susceptibility data of 2 with a
free J3 parameter did not improve the quality significantly and gave similar results. The obtained
Jco --rad value is similar to that observed for bptz®~ radical bridged [Co's] (-67.5 cm™) and [Co'4] (-
66.8 cm™) complexes and confirms the strong AF coupling between the Co(Il) metal centres and
bpztz*~ radicals.

The isothermal field-dependent magnetisation of 2 measured at 2 K exhibits a pronounced
sigmoidal behaviour with an initial slow increase (Figure 4.10), corresponding to an AF ordered state,
and then a sharp transition to a superparamagnetic state, reaching an unsaturated value of 11.4 Nf at
70 kOe, typical for a metamagnet with the critical field of 32.5 kOe, extracted from the peak in its
dM/dH curve (Figure 4.11). Such behaviour is indicative of metamagnetic behaviour which comes

from the weak inter-square couplings. The lack of saturation reveals the presence of magnetic
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anisotropy.!” Further studies revealed that the critical fields decrease at higher temperatures and the
S-shape disappears at temperatures above 12 K. The metamagnetic behaviour is further supported by
the field-cooled (FC) magnetisation measurements under fields of 1 to 35 kOe (Figure 4.12).
Moreover, specific heat measurements reveal a A-shaped peak at ~11.5 K under zero field and

disappeared under an applied dc field of 30 kOe (Figure 4.13), which corroborated the

antiferromagnetic ordering and metamagnetic behaviour of 2.

Figure 4.10. Field dependence of the magnetisation for 2 between 2 and 14 K. Solid lines are guides

for the eye.
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between 2 and 14 K. Solid lines are guides for the eye.

98




Chapter 4

1.6 —0— 0.1 kOe
[ WY ° 1 kOe
| 0-0.9°0. —0— 5kOe
.,..o"'l e —o— 10kOe
Ll ’.583‘}@. 15 kOe
- ° 881a —@— 20kOe
° o®0.q .=.§a:a 25kOe
L o. .: S
g 0., 95 —®— 30kOe
” b ®o. 88, —O— 35kOc
E () 0. .la:
o 08 | ) ®.e .'ﬁ=
— / ....' Ef.\.
‘0.9
X I d o.ififis'
0.4 o @)
o0
1 l 1 l 1 l 1 l 1 l
0 10 20 30 40 50
T/K

Figure 4.12. Temperature dependence of the magnetic susceptibility for 2 as a function of applied dc

fields. Solid lines are guides for the eye.
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Figure 4.13. Variable temperature heat-capacity plot of 2 under zero and 30 kOe dc fields. Inset

shows the enlarged plots over the temperature range of 8-14 K.

Remarkably, step-wise magnetic hysteresis loops at a field sweep rate of 20 Oe/s were observed

below 4.0 K (Figure 4.14). At 2 K, a wide step-wise hysteresis loop with a coercive field of 9 kOe
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and a remnant magnetisation (Mr) of 2.2 N3 was observed. The loops exhibit narrowing at higher
temperatures and disappear at temperatures above 4 K. In terms of the ZFC-FC experiments, under
an applied dc field of 50 Oe, the ZFC-FC splitting at about 12 K is much higher than the blocking
temperature where the hysteresis closes (Figure 4.15 left), which may be caused by the coexistence
of AF ordering and magnetic relaxation. To better address this, the ZFC-FC plots were further
measured under an applied dc field of 30 kOe where the AF ordering is overcome (Figure 4.15 right).
As a result, the observed divergence for the ZFC-FC plots at about 4.5 K is in well agreement with
the blocking temperature extracted from the hysteresis measurements, indicating that the ZFC-FC

splitting is attributed to the blocking dynamics rather than the long-range magnetic ordering.

-60 -40 -20 0 20 40 60

H/kOe
Figure 4.14. Hysteresis loops of 2 measured at 2-5 K with a field sweep rate of 20 Oe/s. Solid lines

are guides for the eye.
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7/ cm’ mol

Figure 4.15. ZFC and FC magnetisation data for 2 measured with an applied dc field of 50 Oe (left)

and 30 kOe (right).

To investigate the relaxation dynamics of 2, ac susceptibility data were collected under zero and
30 kOe applied dc fields. The in-phase (y’) signals under a zero dc field exhibit frequency-
independent signals maximum at 13 K with the out-of-phase (y’’) component remaining zero around
this temperature (Figure 4.16). This is not unexpected for antiferromagnets and agrees well with the
dc results. Interestingly, strong frequency dependent behaviour in the temperature range of 4 - 10 K
was observed, although the signals are weak. Under an applied dc field of 30 kOe (above the critical
field) in order to overcome the intercluster AF interactions, both the in-phase and out-of-phase ac
susceptibilities exhibit obvious frequency dependence, with the y’’ maximum shifting from 4.8 K at
29 Hz to 5.9 K at 898 Hz . The intensities of the out-of-phase signals increase ten times. The Mydosh
parameter ¢ = (ATy/Tp)/(Alogf) was estimated to be 0.13, which is larger than a canonical spin glass
and closer to a normal value for superparamagnetic behaviour.'® The relaxation time (z) derived from
the »°° peaks follows the Arrhenius law 7 = 79 exp(Uet/ksT).!® The obtained effective energy barriers
of 96 K (tp = 5.2 x 10719 s; zero field) and 83 K (7o = 1.7 x 10"'% s; 30 kOe dc field) are among the
largest reported for polynuclear d-block compounds.?’ The coexistence of long-range magnetic

ordering and slow magnetic relaxation is not unexpected for an anisotropic system.?! It should be
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noted that the relaxation time obtained from ac susceptibility measurements seems much lower than
those account for the pronounced ZFC-FC and hysteresis curves. Based on the 3D supramolecular
structure and AF ordering dictated by extensive short contacts between the [Cos] squares, such
abnormality is reminiscent of some high-dimensional magnetic systems??> wherein much lower pre-

exponential factor and relaxation time are observed due to the variable system size, intermolecular

interactions and/or random defects.
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4.6 Conclusions

In summary, two new azido-bridged square complexes with cis-bpztz radical bridges are reported.

Magnetic studies revealed the introduction of tetrazine radicals into [Co'4] square system is an
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effective strategy for engendering direct and strong magnetic interactions between metal spin centres
and the radicals. The slow magnetic relaxation behaviour of 2 is significantly enhanced compared to
the neutral pyridazine-bridged analogues, demonstrating the potential of topological control coupled
with magnetic properties of radical bridges. Future work is being directed at synthesising
combinations of various paramagnetic 3d transition metals and tetrazine type ligands in the context

of these studies.
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Tetranuclear Co Square Complexes Based on a Redox Active

Tetrazine Ligand
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5.1 Abstract

Organic radicals have been attractive in the design of molecular magnetic materials, creating direct
and efficient magnetic interaction pathways between spin carriers. Tetrazine derivatives are of
particular interest due to their unique and active redox properties which may produce anion radical
after one-electron reduction. Herein, 3,6-bispyridyl-1,2,4,5-tetrazine (bptz) is introduced to molecular
grid architecture accompanied with the azido bridges. Three cobalt-based complexes
[Co'l4(bptz™)4(N3)4]-MeOH (1), [Co?34(bptz)4(N3)4](ClO4)2- 5MeOH (2) and
[CoCo",(Hbptz)4(N3)4](OTF),-solvents (3) are successfully prepared and characterised by single-
crystal X-ray diffraction, UV-vis and cyclic voltammetry methods. Anion radicals of bptz™ were
obtained in 1 and 2, while hydrogenated Hbptz- was observed in 3. Magnetic measurements of the
complexes show typical antiferromagnetic interaction between Co and bptz™ radicals in 1 as well as
slow magnetic relaxation with an effective energy barrier of 57 K at zero field. Tuning the oxidation
state of Co(II) ions, slow magnetic relaxation performance was observed in 2 and further switched

off in 3.

5.2 Introduction

Tremendous development in coordination driven self-assembly coordination complexes has been
made in recent years, producing intricate supramolecular architectures with a defined geometry of
metal centre, including grids, cages, capsules, polyhedral and interlocked structures.! These
functional nanoscale molecular materials exhibit great potentials in catalysis, optics, sensors,
recognition and molecular magnetism throughout various systems.”? The chelate ligands and
appropriate organic bridges have then become key to design polymetallic complexes with desired

topology. More importantly, in the field of designing molecular magnetic materials, incorporating
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radical bridges has been proven to be effective in creating direct magnetic communication and
stronger magnetic couplings when compared to the indirect super-exchange interactions through
diamagnetic linkers,®> leading to exceptional performance in transition metal and lanthanide
complexes.

Molecular squares, first described by Stang and Fujita, are deemed to be the most common motif
of metallacycles due to their good stability and steerability. Specifically, 3,6-substituded tetrazine
derivatives have been well-employed in pre-programmed polygonal architectures with
supramolecular anion-r interactions.* The low-lying 7* orbital located at the tetrazine ring and highly
electron deficiency provide active and reversible redox properties of the ligands and related metal
complexes.’ Looking at bptz ligand, stable anion radical is formed through one-electron reduction
and it can be further reduced to the non-radical hydrogenated formation (Figure 5.1). The tetrazine
radical formations have been observed in homo- and hetero-dinuclear Cu, Re, Os, Ru complexes and
their mixed-valence species, many of which were observed in solution via the in situ electrochemical
process and show remarkable control on the redox behaviours.® Notably, mixed-valence Cu'Cu!?
complexes using neutral asymmetric tetrazine ligand were reported and considered to be class-III
type mixed-valence system where the single electron is delocalised between the two metal centres.’
Nevertheless, the crystallisation of tetrazine radical based complexes are found to be difficult due to
the challenges posed by reactivity and sensitivity towards protons, oxygen and other electrophiles in

solution.
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oxidant
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bptz bptz*- H,bptz

Figure 5.1. The redox scheme of bptz ligand.

Moreover, reduction of neutral tetrazine can switch off the anion-n interaction while the resulting
radical is still able to bind cationic and neutral donor molecules to facilitate direct exchange
interactions and lead to stronger ferromagnetic or antiferromagnetic couplings up to J ~ 100 cm’!
between tetrazine radicals and paramagnetic metal ions, demonstrated by the latest work from Dunbar
and Murugesu groups.® Despite the first report of dinuclear tetrazine radical (bmtz™) bridged Co!!
SMM, our recent progress has led to successful assembling tetrazine radical (bpztz™) with azido
bridges into a Co'" grid complex where the antiferromagnetic coupling constant was found to be -64.7
cm! in addition to slow relaxation of magnetisation with an barrier up to 96 K.°

With continuous interest in this area and by using similar synthetic strategies, herein we report the
synthesis of three cobalt-based molecular grid-like complexes based on bptz ligand and azido-bridge:
one [Co'4] SMM (1) and mixed-valence [Co?>]4 (2) with tetrazine radicals followed by a [Co'>Co'!;]

complex (3) with hydrogenated tetrazine. The mixed-valence state of the complexes are supported by
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crystallography, UV-vis and cyclic voltammetry measurements. Both 1 and 2 behave as typical

SMMs under zero field, while 3 does not show slow relaxation of magnetisation.

5.3 Experimental Section

5.3.1 General Methods

All chemicals are commercially available and used as received. 3,6-di(pyridin-2-yl)-1,4-dihydro-
1,2,4,5-tetrazine ligand (Hzbptz) was prepared according to the literature method.!® Syntheses of the
metal complexes were carried out in a glove box under an argon atmosphere. Acetonitrile and
dichloromethane were purified using a solvent purification system and stored over molecular sieves
in the glove box. Anhydrous methanol was purchased from Energy Chem and stored over molecular

sieves in a glove box.

5.3.2 Physical measurements

Suitable single crystals were selected and put on a Bruker APEX-II CCD diffractometer using
graphite monochromated Cu Ko (A = 1.54178) or Mo Ka (A = 0.71073) radiation at 100 K. The
structure was solved with the ShelXT structure solution program using Intrinsic Phasing and refined
in the ShelXL refinement package using Least Squares minimisation. Hydrogen atoms were added at
calculated positions and refined using a riding model. Weighted R factors (wR) and the goodness-of-
fit (S) values are based on F?; conventional R factors (R) are based on F, with F set to zero for negative
F2. Highly disordered solvent molecules in 2 and 3 were squeezed using solvent mask in Olex2. FT-

IR spectra were recorded in the range 600-4000 cm™!

on a Bruker tensor II spectrophotometer.
Elemental analyses (C, H, N) were obtained on a vario EL cube CHNOS Elemental Analyzer
Elementar Analysensysteme GmbH. UV-vis spectra were recorded on a Agilent Cary 5000

spectrometer. Cyclic voltammetry experiments were carried out on a CHI760E electrochemical
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workstation (Chenhua Co. Ltd., China) with a Pt working electrode. Ag/AgCl was used as the
reference electrode and 0.1 M acetonitrile solution of [n-BusN][PFs] was used as supporting
electrolyte. Magnetic measurements were carried out on a SQUID MPMS3 magnetometer.
Diamagnetic corrections were calculated from Pascal constants and applied to all the constituent

atoms and sample holder.
5.3.3 Synthesis

Caution. Although no such issues were observed during the present work, azido and perchlorate
salts are potentially explosive and should be handled with extreme caution.

Synthesis of [Co4(bptz)4(N3)4]-MeOH (1). [Co(H20)6][OTF]> (46.6 mg, 0.1 mmol) and L-
ascorbic acid (26.0 mg, 0.14 mmol) were dissolved in 5 mL MeOH, to which Habptz (23.8, 0.1 mmol)
in 4 mL dichloromethane was added, followed by sodium azide (9.1 mg, 0.14 mmol) in 4 mL MeOH.
The resulting solution was left to slowly evaporate at room temperature. Black block crystals
appeared in a few days which were collected via filtration, washed with cold acetonitrile and dried.
Yield 11.9 mg (35% based on Hybptz). Anal. Calc. (%) for C4sH32C04N36(CH30H)(H20)2 C, 41.54;
H, 2.85; N, 35.59. Found C, 41.19; H, 2.90; N, 35.91. Selected IR data (cm™): 2358 (m), 2340 (w),
2060 (s), 1598 (m), 1385 (m), 1321 (m), 1278 (m), 1254 (m), 1150 (m).

Synthesis of [Co4(bptz)4(N3)4](Cl104)2:5MeOH (2). [Co(H20)6][C1O4]2 (36.8 mg, 0.1 mmol) and
L-ascorbic acid (26.2 mg) were dissolved in 5 mL MeOH, to which bptz (23.6, 0.1 mmol) in 4 mL
dichloromethane was added, followed by sodium azide (9.1 mg, 0.14 mmol) in 4 mL MeOH. The
resulting black mixture left undisturbed for three hours before filtration. The filtrate was left to slowly
evaporate at room temperature. Black block crystals were collected via filtration after a few days.
Yield 7.8 mg (21% based on ligand). Anal Calc. (%) for C4gH32C04N36(C104)2(CH30H)s C, 37.27; H,
3.07; N, 29.52. Found C, 36.92; H, 2.74; N, 29.18. Selected IR data (cm™): 2358 (m), 2340 (w), 2066

(s), 1600 (m), 1394 (m), 1252 (m), 1077 (br).
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Synthesis of [Co4(Hbptz)4(N3)4](OTF);2-solvents (3). [Co(H20)s][OTF]> (36.8 mg, 0.1 mmol) and
L-ascorbic acid (26.2 mg) were dissolved in 5 mL MeOH, to which bptz (23.6, 0.1 mmol) in 4 mL
dichloromethane was added, followed by sodium azide (9.1 mg, 0.14 mmol) in 4 mL MeOH. The
resulting mixture was left undisturbed for three hours before filtration. The filtrate was left to slowly
evaporate at room temperature. Black plate crystals appeared in a week which were collected via
filtration. Yield 6.3 mg (21% based on ligand). Anal. Calc. (%) for
CagH36C04N36(CF2S03)2(CH30H)2(CH2Cl2)2 C, 34.41; H, 2.57; N, 26.75; S, 3.40. Found C, 34.91;
N, 27.78; H, 2.22; S, 3.83.Selected IR data (cm™): 2360 (m), 2340 (w), 2061 (s), 1600 (m), 1397 (m),

1247 (m), 1223 (w), 1027 (s).

5.4 Results and discussion

5.4.1 Syntheses and Structures

Compounds 1-3 were prepared in similar conditions by the reaction of equivalent molar of Co!! salt
and Hybptz (for 1) or bptz ligand (for 2 and 3) in the presence of slightly excess sodium azide and L-
ascorbic acid. Notably, 1 can also be synthesised using [Co(H20)s][ClO4]> and bptz with less L-
ascorbic acid but the yield is much lower. Interestingly, these complexes are found to be quasi-
reversible in syntheses as evidenced by the crystallographic measurements (Figure 5.2): complex 2
or 3 can convert to 1 in solution under excess NaNO;, while 2 can be obtained by 3 by anion
substitution with excess NaClO4. The mechanism of the reactions are still under investigation. The
powder X-ray diffraction pattern of the bulk products cannot be obtained due to the loss of solvent in

the crystal lattice.
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Co(Cl0,),-6H,0, NaN;,
less L-ascorbic acid
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excess L-ascorbic acid

excess NaClO,

Figure 5.2. Synthetic scheme of the complexes.

All three complexes reveal similar square structures where the metal ions are capped by two bptz
or Hbptz ligands and bridged by EO-azide and tetrazine rings in a cis position (Figure 5.3 - Figure
5.5). Crystallographic information are summarised in Table 5.1. The average intra-tetrazine N-N
bond lengths in 1 and 2 are 1.387 A and 1.377 A, respectively, which firmly support the anion radical

formation of bptz.5 !

Interestingly, the average N-N bond distance of tetrazine in 3 has increased to
1.428 A, which is in line with the crystallographic data of Hbptz" formation and related metal

complexes,'? suggesting the absence of radical bridges in 3.
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Table 5.1. Selected crystallographic information of 1-3.

1 2 3
Empirical formula C49H36C04N360 Cs2H47C1oC04N36012 CosH72C08FsN7206S2
Formula weight 1380.86 1674.87 3003.83
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P2i/n P2i/n
a/A 40.1008(15) 12.2788(8) 16.5772(18)
b/A 15.6242(5) 24.1285(17) 27.580(3)
c/A 19.5565(5) 23.3690(16) 32.190(4)
o/° 90 90 90
pB/e 116.361(3) 104.180(2) 97.6840(10)
v/° 90 90 90
Volume/A3 10978.8(7) 6712.6(8) 14585(3)
V4 8 4 4
Pealcg/cm? 1.671 1.657 1.368
wmm'! 9.951 1.139 0.994
F(000) 5584.0 3396.0 6056.0

Crystal size/mm?
Radiation

Goodness-of-fit on F?

0.15 x 0.09 x 0.07
CuKa (A = 1.54178)
1.025

Final R indexes [[>=2c R = 0.0442,

@]

wR>=0.1168

Final R indexes [allR;=0.0563,

data]

wR> =0.1248

0.35x0.15 % 0.08
MoKa (A =0.71073)
1.031

R1=10.0973,

wR> =0.2037
R1=0.1558,
wR2=0.2399

0.25 x0.24 x 0.22
MoKa (A =0.71073)
1.049

R1=10.0522,

wR> =0.1366
R1=0.0764,

wR; =0.1541
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Figure 5.3. Asymmetric unit of 1. Hydrogen atoms, solvent molecules are omitted for clarity. Atom

colours: N, blue; C, black.

1 crystallised in a monoclinic C2/c space group, where the asymmetric unit contains one unique
[Co4] square and one methanol molecule (Figure 5.3). Selected bond distances and angles are listed
in Table 5.2. Considering the overall charge balance and the bond valence sum (BVS) calculation
(Table 5.5), each Co ion is in a 2+ oxidation state. All Co" ions are located in distorted octahedral
environments formed by two N atom from azide and four from two different bptz ligands, giving the
average Co-N bond lengths for Col, Co2, Co3, Co4 are 2.113 A, 2.109 A, 2.116 A and 2.112 A,
respectively, suggesting the presence of high-spin Co! ions. The cis-N-Co-N angles are in the range
of 73.98-106.55° and the Co-Naside-Co angle ranges from 116.66° to 118.10°. The bptz radicals are
not planar and bow inward towards the azide, giving an average dihedral angles between pyridine
and tetrazine rings of 8.2°. Unlike the bpztz radical-bridged Co4 analogue, the pyridine substitution
cuts off the supramolecular interactions in 1, giving the closest intermolecular Co-Co distance of

8.434 A.
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Table 5.2. Selected bond lengths (A) and angles [deg] for 1.

Col-N8

Col-N31

Col-N7

Col-N2

Col-N25

Col-N1

Co2-N15

Co2-N14

Co2-N4

Co2-N25

Co2-N3

Co2-N28

N8-Col-N31

N8-Col-N7

N8-Col-N2

N8-Col-N25

N8-Col-N1

N31-Col-N7

N31-Col-N25

N31-Col-N1

N7-Col-N1

N2-Col-N31

N2-Col-N7

2.070(3)
2.091(3)
2.161(3)
2.072(3)
2.096(3)
2.193(3)
2.064(3)
2.161(3)
2.162(3)
2.098(3)
2.057(3)
2.111(3)
85.19(10)
75.18(10)
178.21(11)
93.73(11)
105.97(11)
158.58(11)
97.85(11)
94.86(11)
82.64(10)
96.00(11)

103.84(11)

Co3-N16

Co3-N34

Co3-N20

Co3-N22

Co3-N19

Co3-N28

Co4-N31

Co4-N21

Co4-N11

Co4-N9

Co4-N10

Co4-N34

N16-Co3-N34

N16-Co3-N20

N16-Co3-N19

N16-Co3-N28

N34-Co3-N20

N34-Co3-N19

N20-Co3-N19

N22-Co3-N16

N22-Co3-N34

N22-Co3-N20

N22-Co3-N19

2.062(3)
2.123(3)
2.151(3)
2.044(3)
2.203(3)
2.088(3)
2.101(3)
2.075(3)
2.170(3)
2.059(3)
2.188(3)
2.104(3)
92.94(11)
105.83(12)
73.98(11)
86.58(11)
159.31(12)
93.98(11)
83.17(11)
176.26(12)
84.52(11)
76.30(12)

103.42(12)
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N2-Col-N25

N2-Col-N1

N25-Col-N7

N25-Col-N1

N15-Co2-N14

N15-Co2-N4

N15-Co2-N25

N15-Co2-N28

N14-Co2-N4

N25-Co2-N14

N25-Co2-N4

N25-Co2-N28

N3-Co2-N15

N3-Co2-N14

N3-Co2-N4

N3-Co2-N25

N3-Co2-N28

N28-Co2-N14

N28-Co2-N4

84.79(11)
75.29(11)
91.98(11)
157.36(11)
74.95(11)
106.73(11)
92.33(11)
86.21(11)
88.79(11)
90.91(11)
160.15(11)
99.77(11)
177.61(11)
106.01(11)
75.54(11)
85.49(11)
93.20(11)
158.73(11)

87.25(11)

N22-Co3-N28

N28-Co3-N34

N28-Co3-N20

N28-Co3-N19

N31-Co4-N11

N31-Co4-N10

N31-Co4-N34

N21-Co4-N31

N21-Co4-N11

N21-Co4-N10

N21-Co4-N34

N11-Co4-N10

N9-Co4-N31

N9-Co4-N21

N9-Co4-N11

N9-Co4-N10

N9-Co4-N34

N34-Co4-N11

N34-Co4-N10

96.57(12)
100.50(11)
89.46(11)
156.33(12)
158.52(11)
91.51(11)
98.39(11)
94.75(11)
104.87(11)
74.80(11)
84.40(11)
85.39(11)
85.41(11)
178.64(12)
75.18(11)
106.55(11)
94.23(11)
92.24(11)

157.65(11)
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Figure 5.4. Crystal structure of 2. Hydrogen atoms, solvent molecules are omitted for clarity. Atom

colours: Cl, green; O, red; N, blue; C, black.

Both 2 and 3 crystallised in monoclinic P21/n space group. The asymmetric unit of 2 contains one
[Co4] core with two perchlorate anions and solvent molecules (Figure 5.4). All Co ions are located
in distorted octahedral geometry with six N atoms coordinated. The average Co-N bond lengths are
2.021 A, 2.044 A, 2.002 A and 2.048 A for Col, Co2, Co3 and Co4, respectively (see Table 5.3 for
selected bond lengths and angles), which are either too long for low-spin Co'" (~1.9 A) or too short
for high-spin Co" (~2.1 A). The charge balance consideration suggests the four Co ions distribute an
overall +10 charge. Moreover, the BVS calculation indicates a delocalisation of positive charges
around cobalt ions (+2.5 each) instead of accurate identification of the oxidation state (Table 5.5). To
the best of our knowledge, this has not yet been found in any Co intervalent cluster. The Co-Nazide-

Co angle ranges from 116.84° to 118.21°. The [Co4] units are separated by the perchlorate ions and
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solvent molecules with no significant intermolecular interaction. The closest intermolecular distance

of Co-Co is 8.143 A.

Table 5.3. Selected bond lengths [A] and angles [deg] of 2.

Col-N1 2.037(5) Co3-N4 2.023(6)
Col-N3 1.995(5) Co3-N13 2.026(6)
Col-N6 2.039(7) C03-N20 1.999(8)
Col-N14 2.013(8) Co3-N24 1.966(7)
Col-N19 2.009(7) Co03-N25 1.976(7)
Col-N23 2.035(6) Co3-N28 2.024(9)
Co02-N2 2.055(5) Co4-N6 2.056(7)
Co2-N14 2.068(8) Co4-N7 2.056(6)
Co2-N15 1.998(6) Co4-N8 2.074(6)
Co02-N16 2.071(6) Co4-N9 2.029(6)
C02-N20 2.063(8) Co4-N11 2.023(5)
C02-N22 2.017(7) Co4-N28 2.057(10)
N1-Col-N6 166.1(2) N4-Co3-N13 92.4(3)
N3-Col-N1 79.6(2) N4-Co3-N28 165.7(3)
N3-Col-N6 86.5(2) N20-Co3-N4 87.5(2)
N3-Col-N14 93.9(3) N20-Co3-N13 165.9(3)
N3-Col-N19 177.73) N20-Co3-N28  91.4(3)
N3-Col-N23 99.6(3) N24-Co3-N4 79.8(3)
N14-Col-N1 89.2(2) N24-Co3-N13  95.8(3)
N14-Col-N6 93.2(3) N24-Co3-N20  98.0(3)
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N14-Co1-N23

N19-Col1-N1

N19-Col-N6

N19-Col-N14

N19-Col-N23

N23-Col-N1

N23-Col-N6

N2-Co2-N14

N2-Co2-N16

N2-Co2-N20

N14-Co2-N16

N15-Co2-N2

N15-Co2-N14

N15-Co2-N16

N15-Co2-N20

N15-Co2-N22

N20-Co2-N14

N20-Co2-N16

N22-Co2-N2

N22-Co2-N14

N22-Co2-N16

N22-Co2-N20

166.4(3) N24-C03-N25
98.3(3) N24-C03-N28
95.5(3) N25-Co3-N4
86.9(3) N25-Co3-N13
79.5(3) N25-C03-N20
92.5(2) N25-Co3-N28
88.3(2) N28-C03-N13
88.3(2) N6-Co4-N7
91.7(3) N6-Co4-N8
163.9(2) N6-Co4-N28
164.1(3) N7-Co4-N8
78.5(2) N7-Co4-N28
98.5(3) N9-Co4-N6
97.1(3) N9-Co4-N7
85.5(3) N9-Co4-N8
175.6(3) N9-Co4-N28
94.5(3) N11-Co4-N6
89.9(3) N11-Co4-N7
99.6(3) N11-Co4-N8
85.4(3) N11-Co4-N9
78.9(3) N11-Co4-N28

96.4(3) N28-Co4-N8§

175.7(3)
86.3(3)
99.3(3)
80.0(3)
86.1(3)
94.8(3)
92.1(3)
163.2(2)
89.3(2)
97.4(3)
91.1(3)
87.4(3)
96.7(3)
99.9(3)
78.3(3)
83.7(3)
85.4(2)
78.0(2)
99.9(3)
177.3(3)
97.9(3)

161.5(3)
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Figure 5.5. Asymmetric unit structure of 3. Solvent molecules and hydrogen atoms of pyridine are

omitted for clarity. Atom colours: S, yellow; O, red; F, light green; N, blue; C, black.

In the case of 3, the asymmetric unit contains two OTF anions and two independent [Cos] squares
showing similar structural parameters (Figure 5.5), so only one square (Col-Co4) will be discussed
in detail. All Co ions are in six N coordination environment, resulting in distorted octahedral geometry.
According to the BVS calculation (Table 5.5), Col and Co3 are more likely assigned to low-spin
Co'"" where the average Co-N bond lengths are 1.952 A and 1.939 A, while Co2 and Co4 are close to
high-spin Co' with the average Co-N bond lengths of 2.112 A and 2.122 A. The distance of the
adjacent Co ions inside square is within the range of 3.478-3.488 A and the diagonal Co ions is 5.411
and 4.378 A. The Co-Naside-Co angle ranges from 115.71° to 118.18°. The square molecules are
separated by counter anions, giving the closest intermolecular Co-Co distance of 7.394 A. Strong
hydrogen bond interaction was observed between OTF anion and neighbouring Hbptz, with the
closest O---H and F---H distances of 2.338 A and 2.598 A, respectively, as well as azide and Hbptz

(N---H distance is 2.386 A).
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Table 5.4. Selected bond lengths (A) and angles of 3.

Col-N8

Col-N12

Col-N15

Col-N17

Col1-N20

Col-N24

Co2-N1

Co2-N3

Co2-N6

Co2-N12

Co2-N21

Co02-N33

N8-Col-N12

N8-Col-NI15

N8-Col-N17

N8-Col-N24

N12-Col-N15

N12-Co1-N24

N15-Col1-N24

N17-Col-N12

N17-Col-N15

N17-Co1-N24

N20-Col-N8

1.939(3)
1.953(3)
1.954(3)
1.948(3)
1.936(3)
1.971(3)
2.060(3)
2.123(3)
2.153(3)
2.105(3)
2.067(3)
2.136(3)
89.55(12)
81.96(12)
94.93(12)
93.71(12)
171.51(12)
88.15(12)
92.12(12)
90.13(12)
90.85(12)
171.18(11)

176.26(12)

Co3-N3

Co3-N10

Co3-N11

Co3-N25

Co3-N35

Co3-N41

Co4-N4

Co4-N7

Co4-N11

Co4-N16

Co4-N24

Co4-N44

N3-Co3-N10

N3-Co3-N11

N11-Co3-N10

N25-Co3-N3

N25-Co3-N10

N25-Co3-N11

N25-Co3-N41

N35-Co3-N3

N35-Co3-N10

N35-Co3-N11

N35-Co3-N25

1.942(3)
1.953(3)
1.947(3)
1.936(3)
1.921(3)
1.936(3)
2.072(3)
2.072(3)
2.121(3)
2.152(3)
2.140(3)
2.147(3)
89.41(11)
86.93(12)
170.38(12)
89.23(12)
94.47(12)
94.37(12)
83.11(12)
94.60(12)
82.05(12)
89.37(12)

174.79(12)
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N20-Col-N12

N20-Col-N15

N20-Col-N17

N20-Co1-N24

N1-Co2-N3

N1-Co2-N6

N1-Co2-N12

N1-Co2-N21

N1-Co2-N33

N3-Co2-N6

N3-Co2-N33

N12-Co2-N3

N12-Co2-N6

N12-Co2-N33

N21-Co2-N3

N21-Co2-N6

N21-Co2-N12

N21-Co2-N33

N33-Co2-N6

93.15(12)
95.34(12)
82.50(12)
88.96(12)
94.62(11)
75.88(11)
83.41(11)
174.70(11)
106.88(11)
85.18(11)
157.91(11)
99.75(11)
159.06(11)
87.96(11)
82.20(11)
99.56(11)
101.27(11)
75.98(11)

95.00(11)

N35-Co3-N41

N41-Co3-N3

N41-Co3-N10

N41-Co3-N11

N4-Co4-N7

N4-Co4-N11

N4-Co4-N16

N4-Co4-N24

N4-Co4-N44

N7-Co4-N11

N7-Co4-N16

N7-Co4-N24

N7-Co4-N44

N11-Co4-N16

N11-Co4-N24

N11-Co4-N44

N24-Co4-N16

N24-Cod-N44

N44-Co4-N16

93.13(12)
172.22(12)
92.50(12)
92.31(12)
174.97(12)
103.03(11)
75.68(11)
82.34(11)
99.63(12)
81.53(11)
102.80(11)
98.53(11)
75.45(11)
85.59(11)
105.96(11)
153.87(12)
157.07(11)
89.71(11)

87.60(11)
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Table 5.5. Bond Valence Sum (BVS) calculation of 1-3.

1 2 3

Coll Coll Coll Coll Coll
Col 2.257 Col 2.658 2451 Col 2.314* 2.951
Co2 2.142 Co2 2.502 2.307 Co2 2.085°
Co3 2.156 Co3 2.802 2.583 Co3 2.396% 3.056
Co4 2.108 Co4 2471 2.278 Co4 2.033b

2 Simulating with low-spin Co(II) parameters.

b Simulating with high-spin Co(II) parameters.

5.4.2 UV-vis spectroscopy studies

The absorption spectra of all complexes as well as the ligands are measured at room temperature
in solution (Figure 5.6). The neutral bptz ligand shows a strong n-n* transition at 295 nm as well as
less intense n-m* transition bands at the visible region. The n-nt* transition bands in 1 and 2 are blue-
shifted which is indicative of decreased conjugation. Meanwhile, the absorption bands at the visible
region for 1 and 2 show clear red shift that can be attributed the effect of coordination to n-m*
transition. This is consistent with the previously reported N-heterocylic radicals'® and the Cosbpztz
analogue, which clearly supports the tetrazine radical formation. No obvious visible absorption
observed for Hobptz ligand and 3 may support the absence of tetrazine radicals and further reduction

of tetrazine into the hydrogenated formation.
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normalised absorbance

T T T T - |
240 320 400 480 560 640 720 800

Al nm

Figure 5.6. UV-vis absorption spectra of 1 (solid line), 2 (dotted line) and 3 (dashed line) in

acetonitrile solution.

5.4.3 Electrochemistry studies

To gain an insight of the electrochemistry of the complexes, cyclic voltammetry spectra of the
complexes were recorded at room temperature in acetonitrile solution. The CV spectrum of 1 shows
four consecutive and reversible Co'! oxidation peaks at +0.048, +0.31, +0.54 and +0.73 V (Figure
5.7 left) under a positive scan mode. Further scanning to negative region an irreversible peak at -0.88
V appeared which possibly correspond to the tetrazine radical reduction (Figure 5.7 right). The shift
of the oxidation potentials under a negative scan mode may be due to the overlap of an unknown
oxidation process. A comproportionation constant Kc calculated by Kc = exp(FAE/RT) is used to
evaluate the relative stability of the mixed valence states with respect to their reduced and oxidation
forms. The Kc values for each oxidation process of 5.03 x 104 7.76 x 10° and 1.63 x 10° indicates

intermediated stability of [Co">Co',], [Co'"3Co'!j] and [Co'"l4] state.
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T T T T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

E/V vs Ag/AgCl E/Vvs Ag/AgCl

Figure 5.7. Cyclic voltammetry of 1: (left) a positive scan mode with a scan rate of 50 mV/s and

(right) negative scan mode of 100 mV/s.

In the case of 2 (Figure 5.8), a broad oxidation band appeared in the range of 0.5-1.5 V along with
obvious reduction process of metal ions in the negative region, however it is difficult to assign each
process. Such an overall quasi-reversible curve may be an evidence of delocalisation of Co'//Co.
The one-electron irreversible reduction peak at-1.16 V is likely attributed to the bptz radical reduction.

The CV spectrum of 3 (Figure 5.9) displays two quasi-reversible CoV!

oxidation processes at +0.49
V and 0.68 V as well as two Co"" reductions at -0.37 V and -0.52 V. No obvious peak was observed
after -0.8 V. The close overlap of Co™ oxidation could be due to the redox events occurring at the

Co(Il) sites occupying opposing vertices inside the square.'* This is also consistent with

crystallographic assignments.
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1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E/Vvs Ag/AgCl

Figure 5.8. Cyclic voltammetry of 2 in acetonitrile with a scan rate of 100 mV/s.

1
-0.8 -0.4 0.0 0.4 0.8 1.2
E/V vs Ag/AgCl

Figure 5.9. Cyclic voltammetry of 3 in acetonitrile with a scan rate of 100 mV/s.
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5.4.4 Magnetic studies

Static magnetic properties of the complexes were measured under 1000 Oe field from 300 to 2 K.
As shown in Figure 5.10, the T value of 1 at 300 K is 12.29 ¢cm? mol™!' K, which is significantly
higher than the sum of four non-interacting Co'' ions (1.89 cm® mol™! K each) with unquenched orbital
momentum and four isolated tetrazine radicals (0.375 c¢m® mol!' K each), suggest strong orbital
contribution.!> The 7 product remained nearly static to 150 K before an increase to a maximum of
16.76 cm® mol! K at 16 K. The decrease of 47 to 14.73 cm® mol!' K at 2 K might be due to

antiferromagnetic interactions and/or spin-orbit coupling.
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Figure 5.10. Variable-temperature magnetic susceptibilities of 1 under 1000 Oe applied field. Solid

lines represent the best fittings using eq. 5.1. Inset shows the magnetic exchange pathways in 1.

To gain an insight of the magnetic couplings of the spin carriers, the full-range magnetic

susceptibility data were fitted using PHI programme'® based on the following Hamilton similar to the

Cosbpztz complex
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4
+(chO/UBSiH)‘2J2 (SISZ + sta + S3S4 +S4S1 )'2‘]3 (SASB +SBSC +SCSD +SDSA) (eq.5.1)
i=l

where S1 to 84 = Sco = 3/2, Sa to Sp = Sraa = 1/2, up is the Bohr magneton, H is the magnetic field
vector, gco is the Lande factors for Co'" ion and graq is fixed to be 2.003 for bptz*~ radical, respectively;
J1 to J3 correspond to the magnetic couplings for Co---radical, Co---Co, and the neighbouring radicals,
respectively. The best fitted parameters gave J; =-23.11 cm™, J» = 6.34 cm™!, J5 =-8.36 cm™! and gco
=2.42. The negative value of J; indicates antiferromagnetic interaction between Co'" and bptz radical
as expected, however it is much smaller than the previously reported Cosbpztz compound and bptz*~
bridged squares. J> represents metal-metal exchange coupling mediated by both the bptz®*~ radicals
and EO-azido bridges and the obtained value is close to that of Cosbpztz compound, while the
negative J3 indicates the bptz*~ radicals are antiferromagnetically coupled. The addition of axial zero-
field-splitting parameter D to the Hamiltonian did not significantly improve the fitting quality by

giving D=-0.85cm™, J; =-22.9 cm™, », =598 cm™!, J3=-7.82 cm™! and g =2.43.

130



Chapter 5

8.5

STY)
80 B ))))))))))))))))
2%

D))

)
.5 )))))))))))))))))))))))))))))))))))))))))))))))))))))»)))))))))))))))))))))))))))))))

7.0 +

6.5

T/ cm3 mol'1 K
O

a
(@)

6.0

5.5+

500

T T

0 50 100 150 200 250 300
T/K

Figure 5.11. Variable-temperature magnetic susceptibilities of 2 under 1000 Oe applied field.

In the case of 2, the yT value is 7.59 cm?® mol! K at 300 K, which agrees well with the
considerations of four bptz*~ radicals and two non-interacting Co'" ions (Figure 5.11). The 4T value
gradually increased to 8.21 ¢cm?® mol! K at 32 K then dropped abruptly to 5.08 cm?® mol! K at 2 K.
The data fitted by Curie-Weiss law gave a positive Weiss constant of +2.5 K, indicating an overall
ferromagnetic interaction of the clusters. Due to the lack of spin-delocalisation model for the present
system, no reasonable fitting of the magnetic exchange coupling parameters could be obtained. Fitting
the data by PHI programme considering the entire molecule to extract the axial (D) and transverse (E)
zfs parameters was not successful by giving |E/D| values exceeding the theoretical limit (|E/D| =

1/3).17
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Figure 5.12. Variable-temperature magnetic susceptibilities of 3 under 1000 Oe applied field. Solid

lines represent the fittings by eq. 5.2.

For 3, the T value of 5.50 cm? mol™! K at 300 K is higher than the sum of two independent Co!!
ions (1.89 ¢cm?® mol™! K each, g = 2.0) with unquenched orbital momentum, indicating strong orbital
contribution (Figure 5.12). Upon cooling, the value decreased gradually to 2.02 ¢cm?® mol! K at 2.0
K, which may be due to intermolecular antiferromagnetic coupling and/or zero-field splitting. The
data fitted by Curie-Weiss law gave a negative Weiss constant of -11.7 K, indicating the overall
antiferromagnetic interaction of the molecule. The data were further fitted by PHI programme!¢ using

the following spin Hamilton model

Co,i™z,i

A A 2 A O
H=-2JSS, +Z(D S + &coiMpScoB)
- ‘ : (eq.5.2)

where S1 = §> = 3/2 for high-spin Co(Il) ion, D and J represents axial zero-field splitting parameters
and the magnetic interaction between two Co!! ions, respectively. Both positive and negative D values
can be used for fitting. The best set gives similar parameters with D =+15.0 cm™!, J=-0.31 cm™ and
g=238,orD=-15.8cm!, J=-0.14 cm and g = 2.38. The small and negative J value indicates the

weak intramolecular antiferromagnetic interaction. This is not surprise because the two diagonal Co"!
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ions are relatively independent. To accurately determine the D value, high-field EPR measurements

at low temperatures may be required.

The reduced magnetisation (M - H) curves of 1-3 measured at 2 — 5 K did not saturate up to 7 kOe
(Figure 5.13 - Figure 5.15), reaching 7.47, 5.23 and 3.40 Ng for 1, 2 and 3, respectively. The non-

superposition of the isofield curves also indicates the presence of magnetic anisotropy in these grid

complexes.'’
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eye.
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Hysteresis loops were observed for 1 (Figure 5.16) and 2 (Figure 5.17) at 2 K under low sweep

rates, which may suggest the presence of slow magnetic relaxation.
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Figure 5.16. Hysteresis loop of 1 at 2 K with a sweep rate of 30 Oe/s.
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Figure 5.17. Hysteresis loop of 2 at 2 K with a sweep rate of 50 Oe/s.
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To further investigate the dynamic magnetic properties of the complexes, alternate current (ac)
magnetic measurements were carried out under zero applied field. Both 1 and 2 exhibit strong
frequency-dependent and temperature-dependent peaks in in-phase and out-of-phase magnetic
susceptibility plots (Figure 5.18 and Figure 5.19), indicating typical slow magnetisation relaxation.
The Cole-Cole plots of 1 fitted with Debye model at different temperatures show a single relaxation
process. The relaxation time (7) derived from the y”° peaks follows the Arrhenius law 7 = 79
exp(Uet/ksT). The estimated energy barrier is 65 K with a preexponential factor (7o) of 1.43 x 107! s,

Further measurement under different applied fields did not improve the relaxation of magnetisation

behaviour.
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Figure 5.18. Frequency dependence (left) and temperature dependence (right) of the in-phase (') and

out-of-phase (") ac susceptibilities for 1 at zero field.
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In the case of 2, the Mydosh parameter ¢ = (ATp/Tp)/(Alogf) (Tp is the peak temperature from out-
of-phase ac susceptibility and f'is the frequency) is estimated to be 0.11 which is close to a normal
value for superparamagnetic behaviour. The energy barrier extracted from the frequency-dependent
data is 49 K based on Arrhenius law t = roexp(A/ksT). The 7o value of 1.5 x 10~ s is within the range
of the reported Co-SMMs. In addition, no obvious frequency-dependent or temperature-dependent
peaks were observed for 3 under zero or 1000 Oe applied field which can be due to the presence of
fast quantum tunnelling of magnetisation. The energy barriers of 1 and 2 are smaller than the bpztz
analogue but still higher than the neutral pyridazine-bridged complexes and within the leading values
in azido-bridged systems, demonstrating again that the introduction of radical bridge into selected

topologies can effectively enhance the magnetic performance.
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Figure 5.19. Frequency dependence (left) and temperature dependence (right) of the in-phase (') and

out-of-phase (") ac susceptibilities for 2 at zero field.
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5.5 Conclusion

Three novel Co grids were successfully prepared using a redox-active bptz ligand, including a
tetrazine radical and azido co-bridged [Co'4] grid (1) and two mix-valent [Co%%4] (2), [Co"2Co™2] (3)
grids with tetrazine radical and hydrogenated tetrazine. Magnetic studies of the complexes
demonstrated again that direct antiferromagnetic coupling between Co and tetrazine radical leads to
the enhancement of single-molecule magnetism in the square complexes compared to the neutral
pyridazine analogues. The related DFT calculations on the mixed-valence state are currently in

progress.
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Chapter 6

Energy Transfer of Heterodinuclear Lanthanide Complexes Based

on a Pentaphenyl Diimidotriphosphate Ligand
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6.1 Abstract

The employment of a pentaphenyl diimidotriphosphate HbistpOp afforded a series of
homodinulcear lanthanide complexes [LnybistpOps] (Ln = Sm, Eu, Gd, Tb, Dy, Yb, 1-6). The
complexes are synthesised by the reaction of KsbistpOp and corresponding LnCl3-6H>O. The 2:3
stoichiometry of Ln : bistpOp is supported by mass spectrometry, luminescence titration and solid
state magnetic measurements. Photophysical measurements of the complexes display characteristic
visible emissions of Eu**, Tb**, Dy** and Sm*" as well as near-infrared emission of Yb’". Long
lifetimes are observed for [EuzbistpOps] (2) and [Tb2bistpOps] (4) complexes. On the other hand, the
in situ formation of heterometallic [DyEubistpOps] and [EuYbbistpOps] dimers in solution were
investigated, monitoring by luminescence titration experiments and mass spectrometry.
[DyEubistpOps] dimer displays dual colour emission while [EuYbbistpOp3] shows both visible and
near-infrared emission. The energy transfer efficiency of Dy** to Eu** and Eu*" to Yb*" for both

dimers calculated by time-resolved luminescent lifetime are above 50%.

6.2 Introduction

Luminescent lanthanide complexes have wide applications in sensing, biological imaging, optical
devices and telecommunications.! Due to the forbidden 4f-4f transition of single lanthanide ions,
organic ligand is always introduced as an antenna to achieve the characteristic luminescence output
of lanthanide ions with long lifetimes and high quantum yields. However, it is challenging for a single
organic ligand to sensitise all lanthanide ions since the luminescent signal is related to the
photosensitising process from the ligand and the reduction of nonradiative quenching pathways
mainly from high-energy vibrations in the proximity of the lanthanide coordination site and the
presence of charge transfer bands. As a result, the ligand design requires an effective energy transfer

between the triplet state of a ligand and the emitting level of the lanthanide ion.
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Polynuclear lanthanide systems have garnered growing attentions in exploring new functions such
as catalysts, magnetism, optical-magnetic probe, upconversion and biological assays.? Of particular
interest are the dinuclear complexes bearing proper bridges or well-designed multidentate chelating
ligands, including homo- and hetero- dinuclear lanthanide complexes and dinulear lanthanide-
transition metal complexes. Research into a series of homodinuclear lanthanide complexes has
demonstrated significant enhancement of luminescent output in intensity, lifetimes and quantum
yields when compared to their mononuclear species,'d! including our previous work based on bis-
diketonate ligands for dinuclear Eu and Sm complexes.> Meanwhile, the supramolecular
heterodinuclear lanthanide complexes that exhibit dual emissions and effective energy transfer are
also of great interest.* However, the syntheses and isolation remain difficult due to the stereochemical
and coordination preference of the lanthanide ions. To assemble heterodinuclear lanthanide
complexes, the control of the ligand to match the lanthanide size or stepwise formation and reactions
is also challenging.’

Imidodiphosphinate ligands, which provides bidentate bindings to lanthanide ions to form a six-
membered ring, are proved to be effective antennas to sensitise lanthanide luminescence with
dominant quantum yields and lifetimes.® Recently, we adopted a bidentate HtpOp ligand to coordinate
with lanthanide ions demonstrating a flexible shielding enhancement on visible and near infrared
emission.” A bis-bidentate formation ligand H,bistpOp (pentaphenyl diimidotriphosphate, Figure
6.1),® which offers an extra coordination position compared to HtpOp ligand, has then drawn our
attention. Similar to the triketonate ligands that have been studied due to their ability of to form
dinuclear complexes while maintaining local symmetry,’ this ligand can also afford linear arrays for
metal ions upon coordination. Herein we investigated the assembly of HobistpOp in a series of

homodinuclear lanthanide complexes [Lnz(bistpOp)s] (Ln = Sm, Eu, Gd, Tb, Dy, Yb, 1-6) with a
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detailed photophysical study of the complexes. Meanwhile, heterodinuclear assemblies of lanthanide

ions are investigated via luminescence titration.

0o R SN
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Figure 6.1. Structures of Htpip, HtpOp and HbistpOp ligands.

6.3 Contribution

The ligands (H2bistpOp and KobistpOp) and the homodinulcear lanthanide complexes were
previously reported by the Pikramenou research group.!? I reproduced the synthesis of the ligand and
lanthanide complexes to ensure full characterisations and more detailed photophysical measurements.
I also extended the research on magnetic properties of homodinuclear lanthanide complexes (Gd, Tb,

Dy and Yb) and investigation of heterodinuclear assemblies.

6.4 Experimental Section

6.4.1 General methods

All the chemicals and solvents were commercially available from Sigma-Aldrich, Alfa Aesar or
Fisher. NaH (60% dispersion in mineral oil) and KH (35% dispersion in mineral oil) was removed

prior to use by successively washed with hexane. NMR spectra were obtained on Bruker AC 300, AV
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300, AMX 400, AV 400 or DRX 500 spectrometers. Electrospray mass spectra were recorded on a
Micromass LC-TOF machine. Single crystal data were collected on Bruker D8 Adventure
diffractometer with CuKa (A = 154178) radiation and kept at 100 K for HabistpOp and 298 K for
KobistpOp during data collection. The structures were solved with the ShelXT structure solution
program'!' with Olex2 programme!? using Intrinsic Phasing and refined with the ShelXL refinement
package'? using Least Squares minimisation. Elemental analyses were recorded on a Carlo Erba
EA1110 simultaneous CHN elemental analyser. Magnetic measurements were carried out on an
SQUID MPMS3 magnetometer. Magnetic data were corrected for the diamagnetism of the sample

holder and for the diamagnetism of the sample using Pascal’s constants.

6.4.2 Photophysical measurements

UV-vis absorption spectra were recorded on Agilent Cary 60 UV-Vis spectrophotometer. Emission
and excitation data were recorded on the Edinburgh Instrument FLSP920 steady state with F900
software and corrected by Xenon lamp and visible/NIR photomultiplier tube (PMT). Time-resolved
lifetime measurements were carried out by using flash lamp as excitation source and collected on the
Edinburgh Instrument. The quantum yields were measured by integrating sphere. The data was
analysed and fitted by global fitting on FAST software.
6.4.3 Synthesis

Synthesis of [Lnz(bistpOp);] (Ln = Sm, Eu, Gd, Tb, Dy, Yb) complexes. H>bistpOp and
KobistpOp were prepared according to previously reported methods.!® To a stirring solution of
KobistpOp (0.075 mmol) in ethanol (10 mL), LnCl3-6H>0O (0.05 mmol) in ethanol (1 mL) and H>O
(1 mL) were added dropwise. The mixture was stirred for one hour at room temperature. Water was
added to form white precipitate, which was collected by filtration, washed with hexane (3 x 5 mL)

and water then dried under vacuum.
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[Sma(bistpOp)s] (1). Yield 23.5 mg, 43% (based on ligand). MALDI-MS m/z: 2204 [M + H]*, 1422
[M — Sm(bistpOp)+ 2H]*. Elemental analysis Calc. (%) for CooH75N¢O24P9Sm2(H20)s: C, 46.75; H,
3.79; N, 3.63; found C, 46.47; H, 3.54; N, 3.81; UV-vis (CH3CN): A in nm (log €) 263 (3.8).

[Euz(bistpOp)3] (2). Yield: 25.8 mg, 47% (based on ligand). MALDI-MS m/z: 2209 [M + H]*, 1423
[M - Eu(bistpOp) + 2H]*. Elemental analysis Calc. (%) for CooH75NsO24P9Eu2(H20): C, 48.58; H,
3.49; N, 3.78; found C, 48.79; H, 3.40; N, 3.85; UV- vis (CH3CN): A in nm (log €) 263 (3.7).

[Gda(bistpOp)3] (3). Yield: 20.4 mg, 36% (based on ligand). MALDI-MS m/z: 2219 [M + H]",
1428 [M - Gd(bistpOp)+2H]". Elemental analysis Calc. (%) for CooH75N6O24PoGd2(H20)4: C, 47.21;
H, 3.65; N, 3.67; found C, 46.89; H, 3.21; N, 3.71; UV-vis (CH3CN): A in nm (log €) 263 (3.8).

[Tba(bistpOp)3] (4). Yield: 27.3 mg, 50% (based on ligand). MALDI-MS m/z: 2222 [M + H]", 1429
[M -Tb(bistpOp) + 2H]". Elemental analysis Calc. (%) for CooH75NsO024P9Tb2(H20)s: C, 46.77; H,
3.71; N, 3.64; found C, 46.74; H, 3.53; N, 3.78; UV-vis (CH3CN): A in nm (log €) 263 (3.8).

[Dy2(bistpOp)3] (5). Yield: 26.2 mg, 47% (based on ligand). MALDI-MS m/z: 2228 [M + H]",
1434 [M - Dy(bistpOp)+ 2H]". Elemental analysis Calc. (%) for CooH75N6024P9Dy2(H20)4: C, 46.99;
H, 3.64; N, 3.65; found C, 46.92; H, 3.56; N, 3.85; UV-vis (CH3CN): A in nm (log €) 263 (3.7).

[Yba(bistpOp)3] (6). Yield: 30.2 mg, 55% (based on ligand). MALDI-MS m/z: 2251 [M + H]",
1444 [M - Yb(bistpOp) + 2H]". Elemental analysis Calc. (%) for CooH75NO024PoYb2(H20)4: C, 46.56;

H, 3.60; N, 3.62; found C, 46.21; H, 3.36; N, 3.76; UV-vis (CH3CN): A in nm (log €) 263 (3.6).

6.5 Results and discussion

6.5.1 Crystal structures of ligands

HobistpOp ligand was synthesised by reaction of diphenyl phosphoramidate, NaH, and triphenyl

phosphate in a 2:2:1 ratio and the NMR characterisation agreed with previously reported results.'”
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Single crystals of HabistpOp were obtained by slow evaporation from a chloroform solution at room
temperature. The asymmetric unit contains two HobistpOp molecules (Figure 6.2) where two oxygen
atoms (O3 and O5) are in cis arrangement with respect to each other in a distance of 3.00 A, whereas
O5 and O8 have anti- conformation. The O-Pe*+P-O torsion angles in the two chelate rings of the
ligand are within the range of 166.4° and 175.5°. The average P=O bond length of 1.46 A indicates
the double bonding between P and O with localised n-electrons. The P-N bond lengths ranges from
1.67 to 1.63 A. Intermolecular hydrogen bonding interaction was observed between the two units
from the two hydrogen atoms on two nitrogen atoms and two cis oxygen atoms within the distance

range of 1.98 to 2.08 A, which results in an one dimensional chain packing structure (Figure 6.3).

08

Q
P3j

Figure 6.2. Crystal structure of HabistpOp with numbering scheme. Hydrogen atoms are omitted for

clarity.
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Figure 6.3. Hydrogen bonding interactions (green dashed line) in the stacking structure of H2bistpOp

along a axis.

Figure 6.4. Asymmetric unit structure of K,bistpOp. Hydrogen atoms are omitted for clarity.

Single crystals of KobistpOp were grown by slow evaporation of a 1:1 mixed solvents of ethanol
and methanol at 4°C. The asymmetric unit contains two K* ions and one bistpOp*" ligand (Figure
6.4). The three oxygen atoms are arranged in a near cis position upon coordination with K* ion. The
O-Pe++P-0O torsion angles are 57.4° and 36.2°, which are significantly smaller than HzbistpOp. One

potassium ion (K2) is coordinated by two O from bistpOp ligand and one H>O, while the other (K1)
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is coordinated by one O from bistpOp and an addition water molecule. The average P-N bond distance
of 1.57 A is shorter than H,bistpOp and the average P=0 distance of 1.48 A are also slightly longer
than the free ligand. This indicates the delocalisation of n-electrons around the binding unit, which is
consistent with those observed for HtpOp and KtpOp. The packing of KsbistpOp results in a
polymeric structure (Figure 6.5 top). Interestingly, the view along b axis (Figure 6.5 bottom) shows
the potassium ions are in a square arrangement bridging by the middle oxygen atom from bistpOp

and four water molecules. No significant intermolecular interactions are observed.

o. a..o. .‘.

R

OO 03$U@UO

Figure 6.5. Packing of KobistpOp along a (top) and b (bottom) axis.
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Table 6.1. Crystallographic data of HobistpOp and KobistpOp.

HabistpOp KabistpOp
Empirical formula C30H27N205P3 C30H20K2N2010P3
Formula weight 636.45 748.66
Temperature/K 120 298
Crystal system Triclinic Monoclinic
Space group P-1 P2i/n
a/A 10.3971(3) 15.3086(7)
b/A 13.8413(4) 6.2807(3)
c/A 22.5648(6) 35.0594(17)
o/° 75.526(2) 90
pB/e 79.698(2) 98.868(3)
v/° 72.849(2) 90
Volume/A? 2984.94(15) 3330.6(3)
Z 4 4
PeaiCg/cm? 1.416 1.493
wmm'! 0.253 4.389
F(000) 1320 1544.0

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A~

0.08 x 0.03 x 0.01
MoKa (A = 0.71073)

3.08 to 25.03°
_12<=h<=12, -16<=k<=16,
26<=1<=26

43335
10509 [Rine = 0.0991]

10509/0/775

1.129

Ri1=0.0965, wR> = 0.1932
R1=0.1587, wRo> = 0.2295
1.134/-0.485

0.12 x 0.02 x 0.02
CuKa (A = 1.54178)
8.89 to 130.712

-16<h<18,-7<k<7,-40<1

<41
24772

5673 [Rint = 01005, Rsigma =
0.0752]

5673/0/440

0.985

R =0.0548, wR> = 0.1426
R;1=0.0829, wR>=0.1610
0.27/-0.27
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6.5.2 Characterisation of Ln complexes

Reaction of LnCl3-6H20 and K;bistpOp in a 2:3 ratio results in the formation of [Lna(bistpOp)3]
(M = Sm, Eu, Gd, Tb, Dy, Yb). The formation of the complexes are supported by MALDI mass
spectra with the correct [M + H]" peak assignments. All spectra provide the signal occurring at the
predicted mass-to-charge ratio value for the dinuclear species, confirming the formulation of the
complexes in 2:3 ratio of metal to ligand. These peaks are in good agreement with the theoretical
isotope pattern.
6.5.3 Magnetic studies

Static magnetic properties of 3-6 were measured at 300 — 2 K under 1000 Oe field (Figure 6.6).
The ymT values for [Gd2(bistpOp)s] (3), [Tba(bistpOp)s] (4), [Dy2(bistpOp)s] (5) and [ Y ba(bistpOp)3]
(6) at 300 K are 16.21, 24.30, 28.77 and 5.02 cm® mol™! K, respectively, which are consistent with
the theoretical sum of two non-interacting Ln*" ions (for each Ln*", Gd*" 7.88 cm® mol! K , Tb**
11.85 cm® mol! K, Dy** 14.19 cm® mol™!' K and Yb** 2.57 ¢cm® mol™! K). Upon cooling, the ym7 value
of 3 remains nearly constant before an abrupt drop from 50 K to 2 K to the lowest of 12.87 cm? mol-
'K, while the ymT values for 4, 5 and 6 decrease gradually, reaching 21.53 cm® mol™! K, 15.16 cm?
mol!' K and 2.31 cm?® mol! K at 2 K, respectively. This can be due to the antiferromagnetic interaction
between the lanthanide ions and/or Stark sublevels spin-orbital coupling. Fitting the data of 4, § and
6 above 50 K with Curie-Weiss law gave negative Weiss constants of -19.16, -9.26 and -58.53 K,
respectively. Considering the absence of orbital angular momentum in Gd** ions, the magnetic
susceptibility data of [Gda(bistpOp)3] were fitted by PHI programme'* based on the Hamiltonian
H=-JS1S> + gBH(S) + $») (eq. 6.1)
where S1 = S> = Sca = 7/2 and J represents magnetic interaction between two Gd** ions. The best fit
gives J=-0.03 cm™ and g = 2.03. The negative and small J value indicates weak antiferromagnetic

interaction between the two Gd** ions, which behaves similarly to those reported oxygen-bridged
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dinuclear lanthanide complexes.!® It should be mentioned that no significant slow relaxation of
magnetisation of 4, 5 and 6 was observed under zero or applied fields. These results also support the
stoichiometry of two lanthanides with three bistpOp ligands in the bulk products and weak magnetic

communications between the two lanthanide ions.
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Figure 6.6. Magnetic susceptibility measurement for 3-6. The red line represents the fitting from PHI

programme based on eq. 6.1.

6.5.4 Photophysical studies

The lanthanide complexes absorb lights in the UV region attributed to the HobistpOp ligand. The
absorption spectrum of 4 shows an intense absorption band at 264 nm along with a weaker one at 270
nm (Figure 6.7), which are assigned to the m—n™* transitions of phenoxide aromatic groups. The
excitation spectrum monitoring the Do — ’Fs transition at 620 nm overlapped with absorption

spectrum, indicating an efficient energy transfer from ligand to the lanthanide centre.
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Figure 6.7. Absorption (dashed line) and excitation spectra (solid line) of 4 in dry acetonitrile (Aem =

545 nm, excitation spectra was corrected by PMT response).

Upon excitation at 270 nm, characteristic emission signals in visible region were observed for
[Lna(bistpOp)s] (Ln = Eu, Tb, Dy and Sm) complexes in dry MeCN solution at room temperature
(Figure 6.8). [Eux(bistpOp)3] (2) shows emission bands at 577, 591, 612, 653 and 701 nm which are
attributed to the transitions of Do — "F,; (J= 0, 1, 2, 3, 4). The highest intensity is dominated by the
hypersensitive Dy — 'F, transition at 612 and 621nm. This stronger band than that of the Do — F
indicates the asymmetric environment of Eu®" ions in solution.'® Only one peak in Dy — ’Fo
transition at 577 nm suggests a single chemical environment around Eu®* ions. For [Tb(bistpOp)s]
(4), emission at 487, 544, 585, 619, 650, 668 and 681 nm are attributed to the Ds— "F, (J=6, 5, 4,
3, 2, 1, 0) transitions. The most intense emission at 544 nm corresponds to the hypersensitive
transition D4 — ’Fs. The emission of [Dy2(bistpOp)s] (5) shows sharp emission bands at 484, 576,

663 and 753 nm assigned to “Fo, — *H, (J = 15/2, 13/2, 11/2, 9/2) transitions, while [Sma(bistpOp)3]
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(1) exhibits luminescence at 560, 600, 644 and 705 that are assigned to the *Gs;, — SHy (J = 5/2, 7/2,

9/2) transitions.

5 7
5 ->
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Figure 6.8. Emission spectra of 2 (red), 4 (green), 5 (yellow) and 1 (pink) in dry acetonitrile at room

temperature (Aexc = 270 nm, corrected by PMT response).

Only [Yba(bistpOp)3] (6) shows near-infrared emission in solution with a broad band at 984 nm
which is assigned to the ?Fs, — 2F7), transition (Figure 6.9). Sensitisation of the NIR luminescence
is further supported by the excitation spectrum of 6, which clearly demonstrates the antenna effect of

the ligand with component matching the absorption bands of the electronic spectrum.
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Figure 6.9. (left) Absorption (solid line) and excitation spectra (dotted line) of 6 in dry acetonitrile

(right) Emission spectra of 6 in dry acetonitrile at room temperature (Aexc = 270 nm, corrected by

PMT response).

The triplet excited state energy of the ligand was measured by the room temperature and 77 K
emission of [Gdx(bistpOp)3] (3) complex in MeOH/EtOH (1:4) in the previous report (Figure 6.10).'°
The lowest T excited state energy was evaluated to be 28736 cm™! and the singlet state energy level

of the HybistpOp is estimated at 37038 cm™!, which is significantly higher than HtpOp (27397 cm™)

and may be responsible for the less sensitisation efficiency of bistpOp ligand.
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Figure 6.10. (left) Room temperature emission spectra (blue) and 77 K spectra (red) of 3 in
EtOH:MeOH = 4:1 (Aexe = 270 nm, * = scattered light). (right) Energy level diagram to show the

energy transfer process. Reproduced Figure 3.24 and Scheme 3.5 from ref 10.

In addition, a luminescence titration of TbCl3-6H,0O into KjbistpOp in MeOH solution was
performed in order to investigate the stoichiometry of lanthanide complexes as well as the in situ
formation of the complexes in solution (Figure 6.11). Upon the addition of Tb**, the emission
intensity increased until reaching a plateau after two equiv of Tb**. After this point no more Tb>" is
accommodated due to the saturated binding sites of the ligand. The result demonstrates the 3:2

stoichiometry of ligand to metal in the lanthanide complexes and the in situ formation in solution.
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Figure 6.11. Luminescence titration of TbClz-6H>O (2 mM) into KobistpOp (0.15 mM) in MeOH

(Aexc = 270 nm). Inset: Relative integrated emission area vs. concentrations of Tb** upon titration.

The luminescence lifetimes of [Ln(bistpOp)s3] (Ln = Eu, Tb and Dy) complexes were measured in
solution under excitation at ligand-centred band. The results are summarised in Table 6.2. The time-
resolved emission profiles for both [Eux(bistpOp)3] and [Tba(bistpOp)s3] reveal single-exponential
decay. No significant improvements in fit were obtained when applying a secondary exponential
component, which indicates the two Ln** ions are in the same coordination environment in solution.
[Dy2(bistpOp)s] display a biexponential lifetime with a major long component of 0.15 ms (84%) and
a short component of 0.056 ms (16%). The lifetimes of [ Smz(bistpOp)3] and [Yba(bistpOp)3] are too

small to adjust the value in the experimental condition. The lifetimes of [Eux(bistpOp);] and
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[Dy»(bistpOp)s3] in solution are better compared to the previously reported data,!® which can be due
to a drier solvent and less water present in the sample.

The variation of lifetimes can be explained by the energy gap AE between the emissive state of the
Ln ion and the highest ground state. The AE of Tb3" (14,800 cm™') and Eu** (12,300 cm™) are larger
than Dy** (7850 cm™) and Sm*" (7400 cm™), therefore, only the high energy O-H oscillators
contribute to the quenching of the luminescent states, while the smaller gaps result in lower frequency

vibrations causing significant deactivation and the shorter lifetimes.!”

Table 6.2. Luminescent lifetimes and quantum yields of [Lnz(bistpOp)3] (Ln = Eu, Tb, Dy) in dry

MeCN monitoring 545, 612 and 574 nm, respectively (Aexc = 270 nm).

Complex 7./ ms QY /%
[Eua(bistpOp)s] 2.1 0.8"
[Tba(bistpOp)s] 2.5 23.6"
[Dy2(bistpOp)s3] 0.056 (16%), --

0.15 (84%)

*: errors are estimated to be 5% relative to the quoted values.

The overall sensitisation efficiency was also examined by the quantum yields. In dry MeCN by
monitoring the hypersensitive transition of the [Eux(bistpOp)3] and [Tba(bistpOp)3], the quantum
yields were measured to be 0.8% and 23.6%, respectively. The improved quantum yield of
[Tba(bistpOp)3] compared to the previously reported value'® may be due to an improved synthesis

and less water present of the sample. The values of other lanthanide complexes were hardly obtained,
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which clearly demonstrates that the more efficient emitters of bistpOp complexes are Tb*" and Eu**
ions.

The results show that HobistpOp is a less efficient sensitiser than the than the HtpOp ligand but
similar to Htpip. One possible reason can be due to the large energy gap between the triplet state of
H»bistpOp and the excited state of lanthanides. The values are also smaller than our previously
reported dinuclear Eu and Sm complexes based on bis-diketonate ligands which are considered as
good antenna due to the well-matched position of the ligand-centred triplet state.

Another possibility causing the quantum yield reduction could be due to the short Ln** - Ln**
distance, when the distance is less than 8.4 A concentration quenching will be involved.'® A model
of [Y2(bistpOp)3] was achieved by molecular mechanic calculations using the MM?2 force field from
ChemBio3D software, excluding any coordinated solvent molecules.!” As shown in Figure 6.12,
bistpOp?* ligands provide good shielding around the lanthanide ions with a close distance of about

3.7 A, which further confirms the possible concentration quenching.

Figure 6.12. Space filled model of [ Y2(bistpOp)s].
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6.5.5 Heterometallic assembly

The two binding positions of bistpOp ligand allow us to investigate the possible heterometallic
assembly of lanthanide ions. In this case, luminescence titration experiments were performed to track
the formation of [DyEu(bistpOp)s] and [EuYb(bistpOp)s] complexes.

To a methanol solution of KsbistpOp, DyCls-6H>O dissolved in methanol was added until a 1:3
ratio of Ln:bistpOp for the in situ formation of [DybistpOps]*, by monitoring Dy*" emission under
270 nm excitation. After that EuCl;-6H,O in methanol was added to reach a final 2:3 ratio of
Ln:bistpOp by monitoring Eu*" emissions at 616 nm. With the addition of Eu®*, increasing Eu**
emission was detected during the titration while Dy*" emission intensity decreased to 60% compared
to [DybistpOps]*- by integration, indicating the occurrence of energy transfer from Dy*" to Eu®*

(Figure 6.13).

Emission Intensity

T T T
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Figure 6.13. Luminescence titration of Dy** and Eu** into a K,bistpOp in MeOH solution monitoring

the emission of Dy*" and Eu** (Aexc = 270 nm). *: emission of Dy**, 1: emission of Eu**.
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Using a similar titration procedure, the in situ formation of [EuYb(bistpOp)3] was performed by
the addition of Eu*" into K;bistpOp in methanol and followed by Yb*" to a final 2:3 ratio of
Ln:bistpOp, monitoring Eu®* and Yb** emission under 270 nm excitation. During the titration, Yb**
emission at 975 nm in NIR region was observed with the decreasing intensities of Eu*" emission
signal by 32% of [EubistpOps]* species, which suggests an energy transfer from Eu®* to Yb** (Figure

6.14). No more Yb*" was accommodated, indicating the 2:3 ratio of Ln:bistpOp in solution.
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Figure 6.14. Luminescence titration of Eu** and Yb** into a K;bistpOp in MeOH solution monitoring

the emission of Eu** and Yb** (Aexe = 270 nm).
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The formation of the heterodinuclear complexes were further confirmed by the mass spectrometry

after titration. As shown in Figure 6.15 and Figure 6.16, the observed peaks at 2219.6 and 2230.12

agreed with the theoretical isotopes of {DyEu(bistpOp); + H'} and {EuYb(bistpOp); + H'},

respectively, which indicate the formation of heterdinuclear species in solution.
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Figure 6.15. MALDI mass spectrometry diagram for {DyEu(bistpOp); + H"} after titration showing

the formation of heterodinuclear complex.
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Figure 6.16. ESI" mass spectrometry diagram for {EuYb(bistpOp)s + H"} after titration (top) with

simulated pattern (bottom) showing the formation of heterodinuclear complex.

A combination of equimolar amounts of DyCl;-6H,O and EuCl3:6H2O or EuCl;6H>O and
YbCls-6H>0 with KobistpOp led to a quasi-statistical mixture of homo- and hetero- dimers based on
the mass spectroscopy results. The isolations of [DyEu(bistpOp)3] and [EuYb(bistpOp)3] complexes
are performed by an immediate evaporation of the solution after titration and their photophysical
properties are studied in dry MeCN solution.

Under 270 nm excitation at room temperature, [DyEu(bistpOp)3] display both characteristic Dy**
and Eu** emissions (Figure 6.17). Upon direct excitation of Dy** at 349 nm, not only the Dy**
emission is observed, but also the Eu*" emission particularly in 680-700 nm region that correspond

to °Do — "F4 transition can be detected, indicating the significant energy transfer process from Dy**

163



Chapter 6

to Eu*". In the case of [EuYb(bistpOp)s], strong Eu*" emission and less-intense Yb*" emission was

detected due to the possible inefficient energy transfer from bistpOp ligand to Yb**. However, strong

NIR emission of Yb*" at 975 nm can be observed (Figure 6.18) upon direct excitation at Eu** (394

nm). This is also an evidence of energy transfer from Eu** to Yb*" in solution.
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Figure 6.17. Emission spectrum of [DyEu(bistpOp)s] complex in dry MeCN under 270 nm (left) and

349 nm (right) excitations. *: emission of Dy*", 1: emission of Eu .
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Figure 6.18. NIR emission of Yb*" in [EuYb(bistpOp)s] under 394 nm excitation in dry MeCN

solution.

Luminescence lifetimes of the heterodinulcear complexes were determined in solution to study the

energy transfer efficiency and the results are summarised in $5i=! BZFHS|I L. . To avoid the

possible overlap of the visible emissions, we monitored the Dy *Fo» — ®Hjs); transition at 484 nm for
[Dy2(bistpOp)s] and [DyEu(bistpOp)3]. Under 270 nm excitation, the lifetime of [DyEu(bistpOp)s]
solution was found to be 32.7 us with a shorter component of 4.2 us (6.14%). Both components are
two-third reduced compared to [Dyx(bistpOp)s:]. In addition, no emission was detected for
[Eua(bistpOp)s] at this wavelength, indicating the shortened lifetime in [DyEu(bistpOp)3] at 484 nm
has no contribution from Eu** luminescence and must be caused only by a reduction of Dy**
luminescent lifetime. Similarly for [EuYb(bistpOp)3] monitoring 3Dy —> ’F» transition of Eu** upon

excitation to the ligand, the lifetime was fitted to two components where the longer one (1.6 ms) was
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slightly smaller than [Eua(bistpOp)s]. The direct excitation to Eu** gave much more efficient energy
transfer, evidenced by the significant reduction of lifetime from 2.0 ms to 0.86 ms.

Table 6.3. Luminescence lifetimes for homo- and hetero- dinuclear complexes in dry MeCN.

Aexe =270 nm Aexe = 394 nm
L1 712 L1 L2
[Dy2(bistpOp)s3] 26.5 us 97.2 us
(21.75 %) (78.25 %)
[DyEu(bistpOp)s] 4.2 us 32.7 ps
(6.14 %) (93.86 %)
[Eua(bistpOp)3] 2.1 ms - 2.0 ms -
[EuYb(bistpOp)3]  0.22 ms 1.60 ms 0.18 ms 0.86 ms
(6.56 %) (93.44 %) (18.80 %) (81.20 %)

Considering the mechanism of energy transfer as a dipole-dipole process, the energy transfer

efficiency (7) follows the equation*® 2°

1
n=1- (/1) = [1+ (R/Ry)®]

(eq. 6.2)
where 71 and 710 refer to the luminescent lifetime of Eu®* centre in hetero- and homodimers, R is the
distance of the two metal centres and Ry is the critical distance for 50 % energy transfer. The energy
transfer efficiency of Dy*" to Eu** and Eu®" to Yb*" was calculated to be 66.4% and 59.0%,
respectively. Considering the energy transfer is a Froster mechanism and the distance of two

lanthanide ions are similar, the Ro values of 4.2 A and 4.5 A are determined. These distances are close
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to other reported values for heterometallic systems. A simplified energy diagram in Figure 6.19 and
Figure 6.20 is used to demonstrate the energy transfer pathways in [DyEu(bistpOp);] and
[EuYb(bistpOp)s].
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Figure 6.19. Simplified energy diagram of relevant energy levels showing the energy transfer from

Dy** to Eu**.
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Figure 6.20. Simplified energy diagram of relevant energy levels showing the energy transfer from

Eu’" to Yb*".

In addition, we also attempted to investigated the solid state luminescence of [Euz(bistpOp)s] and
[EuYb(bistpOp)s]. Under ligand excitation, the powder emission spectrum of [Euz(bistpOp)s]
displays characteristic emissions at 577, 591, 612, 651 and 698 nm are attributed to the transitions of
Do — "F; (J =0, 1, 2, 3, 4) where the hypersensitive *Do — ’F; transition at 612 nm as the most
prominent one. The emission of Yb** could not be observed under this condition either. Moving on
to 394 nm excitation at 77 K, strong and intense Eu®* and NIR-Yb*" emission was detected at 976 nm
along with a shoulder at 984 nm (Figure 6.21). More surprisingly, the lifetime of Yb*" is obtained
and fitted to be 14.4 ps, while the longest component of Eu®* lifetimes for [Eua(bistpOp)s] and

[EuYb(bistpOp)s3] are estimated to be 1.40 and 0.73 ms, respectively. The reduction of Eu?" lifetimes
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and the observation of Yb*" lifetime also support the energy transfer from Eu** to Yb*" in solid state
and the efficiency is 48%. The luminescence intensity decreased significantly for both Eu** and Yb**

emission upon increasing temperature of [EuYb(bistpOp)s], which can be mainly due to the thermal

quenching effect.
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Figure 6.21. Emission spectra of [EuYb(bistpOp)3] monitoring Eu** (left) and Yb** (right) emission
under 394 nm excitation at 77, 200 and 295 K. Inset shows the luminescence output of the sample at

77 K and 295 K.

6.6 Conclusion

In summary, a series of neutral homodinuclear and two heterodinuclear lanthanide complexes
based on a versatile HabistpOp were reported. The 3:2 stoichiometry of ligand to metal is proved by
mass spectrometry, magnetic analysis and luminescence titration. Photophysical studies of the
homodinuclear complexes demonstrate that HobistpOp ligand is able to sensitise visible emitting
lanthanide ions with long lifetimes for [Tba(bistpOp)3] and [Eux(bistpOp)3] complexes, while NIR

emission of [Yba(bistpOp)s] can be observed. In addition, the heterodinuclear assembly of
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[DyEu(bistpOp)s] and [EuYb(bistpOp)3] complex in solution was investigated by luminescence
titration. Significant energy transfer from Dy** to Eu*" and Eu*" to Yb*" was observed with above 50%

efficiency in solution.
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7.1 Abstract

A novel DTPA-bisamide type ligand bearing terpyridine arms (K3L) and the related lanthanide
complexes LnL (Ln = Eu, Tb and Nd, 1-3) were synthesised and characterised. Photophysical
measurements exhibited strong visible emissions and long lifetimes for 1 and 2 as well as near-
infrared emission of 3 based on sensitisation from terpyridyl unit. The outward terpyridine arms allow
the binding of secondary transition metal ion, hence the heterometallic 3d-4f self-assembly of a

macrocyclic EuzFe; compound was studied in solution condition.

7.2 Introduction

The exceptional photophysical properties of lanthanide complexes have attracted more attention
and have been applied as luminescent probes for sensing, detection and imaging due to the wide-
range emission spectra, long lifetimes and high quantum yields.' The proper organic chromophore to
produce effective non-radiation energy transfer to lanthanide ions is key to the design. Particularly
carboxylate-rich ligands such as diethylenetriaminepetaacetic acid (DTPA) bisamide derivatives are
able to form stable lanthanide complexes with good aqueous solubility and dominant luminescent
outputs. Meanwhile, incorporating different functional groups into the bisamide pendant arms allows
the attachment to surfaces or nanoparticles for more exciting applications.?

A growing amount of interest is being focused on the supramolecular heterometallic assemblies
based on lanthanide ions combining 4f or d-block metals. General synthetic strategies include either
metal complex precursors for lanthanide ion complexation or free ligands for selective coordination
with metal ions (Figure 7.1). These complexes usually accompany with intricate architectures and
have shown interesting magnetic and optical properties. Particularly in the 3d-4f systems, by

introducing additional spin for stronger magnetic interactions, the slow magnetic relaxation
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phenomena have been observed across many combinations.> The most commonly used precursors
are metallocyanide and Schiff-base complexes. A recent example of a Dy-Cu complex using a [15-
MCcy-5] metallacrown ring holds the largest effective energy barrier of 625 ¢cm™! among any d-f
SMMs.* Moreover, the d-block metal ions may act as effective sensitisers for enhanced lanthanide
luminescence® or energy transfer. In the well-studied Ln-Cr helicate complexes, a series of segmental
bidentate-tridentate ligands have been introduced for their capacities to simultaneously match the
stereochemical satisfaction for lanthanide ions.® There are also examples of Gd-Fe and Gd-Ru

complexes that show potential in increasing the relaxivity of magnetic resonance imaging.’

Selective complexation
>

(@- > (@ W

(0 @) (@)

Figure 7.1. Different types of heterometallic assemblies for lanthanide-based complexes.

However, it is a challenge to achieve heteronuclear assembling with DTPA-bisamide type ligands
due to the coordination preference of lanthanide ions. Our research group has reported a series of
stable heterometallic complexes based on DTPA bisamide derivatives, including hairpin-shaped Ln-
Pto compounds for DNA photosensing and intercalative recognition in visible and near-infrared
region® as well as heterodinuclear Eu-Tb and Eu-Nd macrocycles displaying dual-colour emission

and energy transfer between lanthanide ions (Figure 7.2).°
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Figure 7.2. Examples of heterometallic assembly based on DTPA-bisamide derivatives.®®

Terpyridine and its derivatives have been utilised in supramolecular assemblies due to their
versatile coordination chemistry and high binding affinity towards metal ions.'® The ligands and
related metal complexes have shown great capability not only in optical or optical-electronic
devices,'! but also in catalysts for enhanced asymmetric organic synthesis'? as well as molecular
magnetism including spin crossover complexes with high transition temperatures and single-
molecule magnets.'3 Herein we introduce a novel ligand combining DTPA bisamide and terpyridine
arm (K3L) for complexation and sensitisation of lanthanide ions and potential heterometallic
assemblies (Figure 7.3). The combination of a secondary transition metal ion into a macrocyclic
structure is also investigated in solution via titration method. During the course of our work, a
derivative of DTPA with phenol-terpyridine has been reported and studied for its interactions with

DNA for bioimaging and phototherapeutic applications.'*
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Figure 7.3. Desired macrocyclic complex using K3L ligand for heterometallic assembly.

7.3 Experimental Section

7.3.1 General methods

All chemicals are commercially available from Acros and Sigma-Aldrich and used as received.
Diethylenetriamine-N,N’,N"-triacetic-N,N"-dianhydride (DTPA bisanhydride) and 2-(2,2’:6’,2*’-
terpyridine-4’-yloxy)ethylamine (tpyEt) were synthesised according to literature methods and fully
characterised.” !> Anhydrous pyridine was prepared by drying for 24 hours over 4 A molecular sieves.
HPLC grade solvents are used for photophysical measurements. 'H and '3*C PENDANT NMR spectra
were obtained using Bruker AV 300 and AVIII400 spectrometers. Electrospray mass spectra were
recorded on a Micromass LC-TOF machine. Suitable crystals were selected for single crystal X-ray
diffraction carried out on a Rigaku SuperNova, Dual, Cu at zero, Atlas diffractometer. The structure
was solved with the ShelXT solution program using Intrinsic Phasing and refined with the ShelXL
refinement package using Least Squares minimisation. Hydrogen atoms were added at the theoretical

calculated positions. Disordered solvent molecules were squeezed in OLEX2 by solvent mask.
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7.3.2 Photophysical measurements

UV-vis absorption spectra were recorded on Agilent Cary 60 spectrometer. Photophysical
luminescence spectra were recorded on Edinburgh Instruments FLS 920/1000 steady-state and time-
resolved spectrometer with FO900 software and on a Photon Technology International spectrometer.
The excitation and emission spectra are corrected for lamp/photomultiplier tube/instrument response.
Time-resolved lifetime measurements were carried out by using a nanosecond flash lamp.
Luminescent quantum yields were measured with an integrating sphere apparatus from Edinburgh

Instruments with standard operations.

7.3.3 Synthesis

Synthesis of K;L. To a suspension of DTPA bisanhydride (447.50 mg, 1.25 mmol) in 5 mL
anhydrous pyridine under N2, tpyEt (1299.29 mg, 4.4 mmol) was added. The mixture was stirred at
room temperature for 24 h, then pyridine was removed under vacuum to form a white solid (or oil),
which was then dissolved in 5 mL water and the pH was adjusted to 4 by dropwise addition of
concentrated HCI. 50 mL MeCN were added and decanted three times to produce a white precipitate,
then 50 mL MeCN and 30 mL chloroform was added to the mixture which was stirred at room
temperature overnight. The crude product (H3L) was collected by filtration and washed with MeCN,
chloroform and diethyl ether. HsL (275.34 mg) was dissolved in 4 mL water, the pH of which was
adjusted to 7 by dropwise addition of an aqueous solution of KOH. After that 50 mL MeCN was
added and decanted three times to precipitate the product, then 50 mL MeCN was added to the
mixture and stirred at room temperature overnight. The solid was collected by filtration (130.20 mg).
The final product was purified by alumina column chromatography using methanol as eluent to yield
K;L as a pale pink solid (58.25 mg, 45%).
"H NMR (300 MHz, D>0) 6 ppm: 2.80 (s, 4H, CH>), 2.90 (s, 4H, CH>), 3.20 (s, 4H, CH>), 3.23 (s,

2H, CH,), 3.34 (s, 4H, CH,), 3.62 (t, 4H, CHy), 4.12 (t, 4H, CHa,), 7.25 (s, 4H, ArH), 7.39 (dd, J =
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7.3,4.9 Hz, 4H, ArH), 7.77 (td, J= 7.7, 1.7 Hz, 4H, ArH), 7.94 (d, J= 7.9 Hz, 4H, ArH), 8.44 (d, J
= 5.2 Hz, 4H, ArH). 3C NMR (75 MHz, D>0O) & ppm: 38.26 (CH>), 51.18 (CH>), 52.42 (CH>), 58.29
(CH»), 58.67 (CH>), 66.28 (CHy), 108.34 (CH), 122.25 (CH), 124.49 (CH), 138.45 (CH), 148.18
(CH), 153.73 (C=0). HRMS (ESI") cal. for K3C4gH49N11O10: 1056.2575. Found 1056.2574. UV-vis
(in methanol) A in nm (log €) 239 (4.0), 278 (3.9)

Synthesis of LnL. LnCIl3-6H>O (Ln = Eu, Tb and Nd, 0.033 mmol) was added to an aqueous
solution of K3L (35.27 mg, 0.033 mmol) and stirred at room temperature for 1 h. 30 mL acetone was
then added to the solution to precipitate the compound, which was filtered, washed with diethyl ether
and dried under vacuum.

EuL (1): Yield 24.7 mg (68% based on ligand). MS (TOF ES") m/z: 1092.28 {M + H}". HRMS
(ESI) calc. for EuCssH49N11010: 1092.2871. Found: 1092.2879. UV-vis (in methanol) Amax in nm
(log €): 244 (4.2), 278 (4.1), 320 (3.2).

TbL (2): Yield 23.2 mg (60% based on ligand). MS (TOF ES*) m/z: 1098.29 {M + H}". HRMS
(ESI) calc. for TbCssH49N11010: 1098.2912. Found: 1098.2925. UV-vis (in methanol) Amax in nm
(log €): 245 (4.1), 278 (4.0), 320 (3.4)

NdL (3): Yield 25.2 mg (69% based on ligand). MS (TOF ES*) m/z: 1083.28 {M + H}*. HRMS
(ESI") calc. for NdCasH49N11010: 1083.2759. Found: 1083.2770. UV-vis (in methanol) Amax in nm
(log €): 245 (4.1), 278 (4.0), 320 (3.4)

Synthesis of [Fe(tpyEt):](ClO4)2 (4). To a 5 mL methanol solution of tpyEt (30.45 mg, 0.10
mmol), Fe(ClO4)2-6H20 (14.97 mg, 0.05 mmol) in 5 mL acetonitrile was added. The mixture was
stirred at room temperature for two hours, then filtered. Suitable crystals for single crystal X-ray

diffraction were obtained within one week by slow evaporation of the solvent. Yield: 14.2 mg (33%

based on ligand). HRMS (ESIY) calc. for C34H32NsO2Fe?*: 320.0993 {M}2*. Found: 320.0992.
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7.4 Results and discussion

7.4.1 Synthesis of ligand and lanthanide complexes

The ligand was synthesised from the acylation of tpyEt with DTPA-bisanhydride in pyridine at
room temperature similar to the previously reported derivatives (Figure 7.4). The acidic work-up
did not give good purity of the product so the potassium salt of the ligand was obtained by addition
of KOH and purified by column chromatography. The ligand was characterised by NMR and mass
spectrometry methods. The '"H NMR spectrum (Figure 7.5) of the ligand in D,O displays the features
of the appended terpyridine in the aromatic region as well as the usual features of the DTPA-bisamide
molecule, with an observed 2H singlet/4H singlet/4H singlet/4H triplet/4H triplet motif, as seen for
reported DTPA-bisamide derivatives.’® ' The molecular weight of the ligand was confirmed by
electrospray mass spectrometry where the monoprotonated ligand is observed at m/z 1056.2, doublet
and triplet charged at 528.6 and 352.8. Further mass determination using the same ionisation

technique came within 1 ppm of the theoretical value.
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Figure 7.4. Synthetic route of KzL with numbering scheme of H atoms.
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Figure 7.5. '"H NMR spectrum of K3L in D,O with numbering scheme of the H atoms.

Reaction of LnCl3-6H,O with KiL in water in a 1:1 ratio gave the according LnL complexes
(Figure 7.6). Considering the coordination preference in aqueous solution, the lanthanide ions should
be strongly bound to the aminocarboxylate site.!” The complexation was supported by mass spectra
of all complexes where the correct m/z isotopes were observed, corresponding to the 1:1
stoichiometry of lanthanide to ligand. It should be mentioned that luminescence titration could not be

performed in methanol or water to further confirm the stoichiometry due to the possible coordination

of terpyridine to lanthanide ion in solution.
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Figure 7.6. Synthetic scheme of LnL.

7.4.2 Photophysical studies

The UV-vis spectrum of K3L in methanol shows two intense absorption bands at 240 nm and 278
nm which can be attributed to m-n* transition of aromatic rings of terpyridine (Figure 7.7). An
additional small shoulder around 320 nm was observed which may be attributed to n-n* transition.

Upon 320 nm excitation, K3L displayed typical terpyridine emission centred at 355 nm (Figure

7.8).18

Epsilon (L/mol*cm)

250 300 350 400 450 500
Al nm

Figure 7.7. UV-vis spectrum of K3L in methanol.
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Figure 7.8. Emission spectra of KzL in methanol (0.1 mM) under 320 nm excitation (corrected by

PMT response).

The absorption spectra of 1 display bands centred at 243 and 278 nm which are similar to KsL and
tpyEt ligands (Figure 7.9). The broad peak at 320 nm can be attributed to n-n* transition.
Considering the forbidden f-f transition of lanthanide ions and charge-transfer bands involving
lanthanide orbits are not generally observable, these bands are attributed to the ligand-centred
transitions. In addition, the absorption band at 278 nm attributed to m-m* transition did not show
significant shift compared to terpy-coordinated lanthanide complexes,'® indicating the lanthanide ion

in LnL is not coordinated to the terpy.
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Figure 7.9. UV-vis spectrum of 1 in methanol.

The excitation spectrum for 1 and 2 monitored at the hypersensitive emission shows broad bands
in the range of 270 to 340 nm (Figure 7.10), indicating the effective energy transfer from the ligand

to lanthanide centre.

Emission Intensity {(a.u.)

e PN,

250 300 350 400
Al nm

Figure 7.10. Excitation spectrum of 1 (red, Aem = 616 nm) and 2 (green, Aem = 545 nm) in MeOH.

185



Chapter 7

Excitation of the complexes at ligand-centre bands results in characteristic lanthanide emission in
methanol solution (Figure 7.11). Red emission of Eu*" at 580, 594, 615, 650 and 694 nm was
observed for 1 which are assigned to the Dy — F; transitions (/= 0, 1, 2, 3, 4). For 2, the observed
bands at 488, 545, 585, 622, 651 and 684 nm are attributed to the °Ds — 'F; (J=6, 5,4, 3,2, 1, and
0) transitions of Tb**. For the near-infrared emitted complexes, only 3 displays weak emission in
degassed d*-methanol solution (Figure 7.12), three bands at 890, 1062 and 1340 nm are attributed
to transitions of *Fszn — 41, (J = 9/2, 11/2, and 13/2), respectively. However, the signals of the

excitation spectrum for 3 are too weak to collect.

Eu®D,-> 'F,

Emission Intensity (a.u.)
Emission Intensity (a.u.)

1 1] L] I
500 550 600 650 700 750 450 500 550 600 650 700
A /nm ’/nm

Figure 7.11. Emission spectra of 1 (0.02 mM, left) and 2 (0.02 mM, right) in methanol (Aexc = 320

nm, corrected by PMT response).

186



Chapter 7

Nd 4F3/2 e 4'J

J= 112

9/2

13/2

Emission Intensity (a.u.)

] 1 1 1 L] 1
900 1000 1100 1200 1300 1400
Al nm

Figure 7.12. Emission spectrum of 3 in degassed d*-methanol (Aexc = 320 nm, 0.02 mM, corrected

by NIR-PMT response).

The photophysical processes were further evaluated by luminescence lifetime and quantum yield
measurements monitored at the hypersensitive emission of 1 and 2 in methanol. The lifetime data
were fitted to be monoexponential decay curves, indicating the presence of only one discrete Ln*" ion
in solution. The results are summarised in Table 7.1. The two visible-emitted complexes show long
luminescence lifetimes that are close to those observed in DTPA-bis(amidothiophenyl) based
complexes'® and are comparable to those using DTPA-cs124 and DTPA-bisamide with bipyridine
tail ligands in aqueous media.?’ The quantum yields are measured to be 1.5% and 18.5% for 1 and 2,
respectively. The long lifetimes for the visible-emitted complexes are also comparable to the
complexes with DTPA-phenol-terpy ligand, however, the quantum yields are relatively smaller,

which may be due to a relatively larger separation between lanthanide and terpy chromophore.
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Table 7.1. Luminescence lifetimes of 1 and 2 in methanol monitoring the hypersensitive transitions

under 320 nm excitation.

7L/ ms D/ %
1 0.9 1.5
2 1.9 18.5

The photophysical measurements have indicated that the terpy unit of the KzL ligand is an effective
remote sensitiser for visible lanthanide luminescence. A simplified energy diagram adapting the
triplet state energy of terpy ligand from previously reported literature?! is shown in Figure 7.13. The
energy gap between the T state (~ 23000 cm™') and the emissive state of Tb3" (D4, ~ 20400 cm™!)
and Eu** (°Do, ~ 17500 cm™) are 2600 cm™ and 5500 cm™!, respectively, demonstrating the efficient
energy transfer from the ligand to lanthanide ions. Yet it will be more accurate to determine the triplet
state energy of KiL by measuring GdL emission at 77 K.

Unfortunately, the weak emission of 3 prevented us from measuring the lifetime or the quantum
yield. This is not unexpected because the triplet state energy level of terpy may be too high to provide
an efficient energy transfer to Nd for NIR luminescence. Meanwhile, Nd** ion is sensitive to C-H, N-

H or O-H vibrational oscillator, which is able to significantly quench the lanthanide luminescence.
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Figure 7.13. Simplified energy diagram of terpy ligand and lanthanide ions.

7.4.3. Mononuclear Fe(Il) complex

Prior to investigating the heterometallic assembly, we first manage to synthesise the mononuclear
compound [Fe(tpyEt)2](Cl04), (4) as a reference. The structure was determined by SCXRD method
(Table 7.2 and Table 7.3). The Fe*" ion is located in a distorted octahedral geometry (Figure 7.14).
Similar to other Fe**-terpy complexes, the average Fe-N bond length is in a range of 1.88-1.98 A at
100 K, indicating the presence of low-spin Fe?*. The UV-vis spectrum in solution is similar in form

13a

to Fe(terpyOH),?" derivatives'3? showing a broad absorption centred at 555 nm which is assigned as

characteristic MLCT transition (Figure 7.15).
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Figure 7.14. Crystal structure of 4. Hydrogen atoms, counter ions and solvent molecules are omitted

for clarity.

Absorbance (a.u.)

) ] ) ) 1 1 1
240 320 400 480 560 640 720 800
Al nm

Figure 7.15. UV-vis spectrum of 4 in methanol.
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Table 7.2. Crystallographic data for 4.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

p/e

V/°

Volume/A3

Z

Pealcg/cm?
wmm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

C36H35CI3FeNoO14

979.93

100

triclinic

P-1

8.8485(4)

13.5295(5)

18.4763(5)

98.829(2)

91.571(3)

102.121(3)

2132.89(14)

2

1.526

5.232

1006.0

0.1 x0.08 x0.05

CuKo (A= 1.54184)

7.662 to 150.12
-10<h<7,-16<k<16,-22<1<
22

15069

8455 [Rint = 0.0362, Reigma =
0.0523]

8455/0/625

1.062

R:1=0.0713, wR>=0.1875
R;1=0.0812, wR, =0.1988
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Table 7.3. Selected bond lengths [A] and angles [deg] of 4.

Fel-NI 1.978(3) Fel-N5 1.978(3)
Fel-N2 1.880(3) Fel-N6 1.880(3)
Fel-N3 1.962(3) Fel-N7 1.976(3)
N6-Fel-N5 80.68(13) N2-Fel-N1 81.03(13)
N6-Fel-N2 178.52(13) N2-Fel-N3 80.87(14)
N6-Fel-N7 81.20(13) N7-Fel-N5 161.85(13)
N6-Fel-N1 97.58(13) N7-Fel-N1 91.51(12)
N6-Fel-N3 100.51(14) N3-Fel-N5 92.46(13)
N2-Fel-N5 99.84(13) N3-Fel-N7 89.85(13)
N2-Fel-N7 98.30(13) N3-Fel-N1 161.86(14)
N5-Fel-N1 91.86(13)

7.4.4 Heterometallic 3d-4f solution self-assembly

The terpyridine arm of K3L creates great ability to bind a secondary metal ion in the so-called
molecular robot systems. A recent research on an Eu-cyclen complex demonstrates the multiplex
recognition of Fe** with UV-vis, Zn?>* using photoluminescence and Mn?* using MRI methods.?? In
our case we explored the assembly and photophysical property of heterometallic 3d-4f assembly in
solution. The in situ formation of a heteronuclear Eu-Fe complex was performed by titrating
Fe(ClO4)2-6H20 into 1 in methanol solution, monitoring by UV-vis spectra. With the addition of Fe**
ion, a clear colour change from colourless to purple can be directly observed. Meanwhile a broad
absorption centred at 556 nm was detected, which is assigned to the characteristic MLCT transition

of Fe**-terpy complexes, indicating the binding of Fe?* to terpyridine arm of 1 (Figure 7.16). The
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320 nm peak in the UV region also gradually increase with the addition of Fe?*, which can be
attributed to the change of electronic structure or the enhancement of the rigidity of terpy upon
coordination.?? After reaching 1:1 ratio of Fe** to Eu®", no significant increase of the MLCT
absorbance was observed. A plot of integration of MLCT absorption vs. equivalents of Fe?" ion shows
a plateau at one equivalent of Fe?* per Eu®* in solution and no more increase after this point, indicating

the Fe?" ions are completely coordinated with the terpy arms.

Integration

0 0.5 1 1.5
molar ratio of Fe : Eu

Absorbance {a.u.)

1 1
480 560
Al nm

T T T T -
240 320 400 640 720 800

Figure 7.16. UV-vis titration of Fe** (2 mM) into 1 (0.044 mM) in methanol showing the formation

of macrocyclic EuxFe> compound. Inset shows the integration of MLCT area versus molar ratio of

Fe2' : Eu®"
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Further analysis of the heterometallic assembly was by electrospray mass spectrometry. The mass
spectrum of the resulting solution shows a most intense peak at 573.14 m/z value which is
characteristic of a 4+ cation due to the pattern. This corresponded to the formula of
CocHosN22020EuzFex*", which further supports the macrocyclic EuzFe; cationic compound formation
in solution (Figure 7.17). The theoretical isotope pattern agrees with the experimental results. The
additional peak at 797.83 is assigned to CosHosN22O20EuzFex(Cl04)** conformation which is the

related species of EuzFex*".
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Figure 7.17. ESI(+) mass spectra of (a) full-range and (b) enlargement of the middle m/z isotope
showing the formation of EuzFe;** after titration in solution. Simulated and experimental patterns are

shown in the top and bottom of (a) and (b), respectively.
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Luminescent investigation of the resulting EuzFex*" solution was carried out after titration in
comparison to a isoabsorptive solution of 1 at 320 nm. Under 320 nm excitation, EuzFe2*" shows
characteristic Eu’" emission peaks at 594, 615 and 694 nm (Figure 7.18), with a significant decrease
of the intensity by 40% than the mononuclear complex 1. The excitation spectrum of EuFe*"

showed broad peaks at 260 nm and 321 nm.

Emission Intensity {a.u.)
Emission Intensity {a.u.)

1 1
500 550 600 650 700 750 250 300 350 400
Al nm Al nm

Figure 7.18. Emission (left) and excitation (right) spectra EuzFex** (purple) after titration (Aexc = 320

nm, corrected by PMT response) overlaid with 1 (red) emission. The emission spectra were recorded

of 1soabsorptive solution at 320 nm.

The luminescence lifetime of EuzFe;** (monitoring Eu*" at 616 nm) is also significantly smaller
than the mononuclear species, giving the longest component of 0.5 ms (94.8%) along with a short
component of 0.03 ms (5.2%). The lifetime of the major component shows a 44% decrease compared
to 1. Such a significant luminescence quenching is probably due to a possible energy transfer from
Eu’* to Fe?* that has been found in similar Eu-Fe complexes.?* Generally the low-spin Fe(IT) will

quench the luminescence by an efficient Eu" — 1sFe?" energy transfer from the intense MLCT
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absorption (Figure 7.19), while the higher MLCT energy in high-spin Fe(Il) may lead to Eu®*
luminescence.?* In our case, the observation of Eu®" emission can be possibly due to the large
separation between Eu and Fe, although the Fe(II) ions are in the low-spin state at room temperature

for most of the Fe(Il)-terpy systems.

A

— 1ng
5 — SDO 3
) — ng
c
Ll 3T1g
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—
— 7F0 — 1A19
EU3+ L3F62+

Figure 7.19. Simplified energy diagram showing 3d state of Fe?* and 4f state of Eu’".

The isolation of the target macrocyclic complexes was not that successful because of the large
cationic system which will generally require proper counter anions. However, this observation
indicates the additional binding ability arising from terpyridine arms provides potential applications
in paramagnetic transition metal ion detection, which can be also extended to other lanthanide
complexes. A recently successful combination of slow magnetic relaxation and spin crossover in a
heterometallic grid complex Dy2Fe; compound® provides novel duel functions in such series of

complexes.

196



Chapter 7

7.5 Conclusion

A novel DTPA-bisamide derivative bearing terpyridine arm (KsL) was successfully synthesised
and assemble with lanthanide ions (Ln = Eu, Tb and Nd, 1-3). The visible-emitted complexes 1 and
2 displayed characteristic emissions lanthanide with long lifetimes, while near-infrared emission was
observed for 3. The 3d-4f heterometallic assembly in solution resulted in a tetranuclear macrocyclic
complex EuzFe;*", which is supported by mass spectrometry. The photophysical studies of EuzFex**
showed a significant quenching on Eu®" luminescence. The successful heterometallic assembly
provides potential application for ion detection or coating with different surfaces. Future work will
be focused on evaluating the triplet state energy of the ligand and the energy transfer pathways, as

well as the assembly with other transition metal ions or lanthanide ions and isolation of the

heterometallic complexes to study their solid state luminescent and magnetic properties.
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Chapter 8 Conclusions and outlooks

The primary aim of this thesis is to design and synthesise multinuclear transition metal and
lanthanide based coordination complexes via supramolecular self-assembly processes to investigate
their magnetic and luminescent properties. A series of compounds has been successfully synthesised
and characterised by single crystal X-ray diffraction, powder X-ray diffraction, NMR, UV-vis, IR
and mass spectrometry. A variety of techniques are used to analyse the properties including cyclic
voltammetry, PPMS and SQUID magnetometry, Mdssbauer spectroscopy and time-resolved

luminescent spectroscopy.

8.1 Conclusions

In Chapter 2, two tetranuclear Co'! complexes based on 3,6-substituded pyridazine ligands (pzdz
and pydz) and azido-bridge are prepared. Typical ferromagnetic couplings are found and both
complexes exhibits typical field-induced single-molecule magnetic behaviours with an effective
energy barrier of 36 K and 56 K, respectively. Two isostructural Fe'-grids are also synthesised in
Chapter 3 where the one with pzdz ligand exhibits overall antiferromagnetic interactions and the
other one shows a remarkable spin crossover behaviour with 71, = 230 K as well as LIESST effect,
which is first discovered among the azido bridged complexes. In addition, the synergy between spin
crossover and luminescence is investigated via variable-temperature emission spectra. These results
have clearly demonstrated the substitution effect in making spin-crossover complexes.

In order to enhance the magnetic interactions, tetrazine radical bpztz is introduced in Co'-grid
complexes in Chapter 4. Strong antiferromagnetic interaction with a constant of -64.7 cm™! between

Co'" and radical is observed as expected. Meanwhile, metamagnetism is observed due to the strong

201



Chapter 8

intermolecular interaction. The SMM performance is also better than the neutral pyridazine bridged
analogue.

Interestingly, another redox-active tetrazine ligand bptz is employed in Chapter 5. In addition to a
Co'" grid complex showing antiferromagnetic coupling and SMM at zero field, two mixed-valence
Co grids are also obtained: [Co??4] with positive charge delocalisation bearing tetrazine radicals and
[Co">Co',] with hydrogenated tetrazine bridge. Typical SMM under zero field is observed for the
former complex, however the slow magnetic relaxation is switched off for the latter. This result
indicates the magnetic properties can be easily tuned by the redox-active tetrazine ligand and the
oxidation state of metal ions.

On the other hand, dinuclear lanthanide complexes bearing a diimidophosphonate ligand bistpOp
are successfully obtained in Chapter 6. Photophysical measurements demonstrate efficient sensitising
of visible-emitted lanthanide complexes with long lifetimes for Tb** and Eu’*. Static magnetic
measurement shows the lanthanide ions are antiferromagnetically coupled. The heterodinuclear
assembly are performed by luminescence titration where significant energy transfer from Dy>* to
Eu*" and Eu*" to Yb?" are observed with the efficiency above 50%.

Moreover, in Chapter 7 a novel DTPA bisamide derivative with terpyridine pendant arms has been
synthesised and characterised. Photophysical studies of the related Tb*" and Eu** complexes show
characteristic emission with relatively long lifetimes. The hetero 3d-4f assembly of macrocyclic
EuyFex* complex can be obtained via UV-vis titration and the formation of the target complex is also
evidenced by mass spec.

To sum up, with the established theories and developed methods in coordination-driven self-
assembly of luminescent complexes and molecular magnets, this thesis has provided programmable
strategies for making heterometallic lanthanide-based complexes via in situ formation, and [2 x 2]

grid complexes using radical or non-radical ligands with azido bridges. These could benefit not only
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tuning magnetic interactions with better SMM performance, but also opening synergy between

magnetic properties with luminescent centres.

8.2 Outlooks

While the limited Ph.D. length and the separation between two institutions only allow the
completion of the above projects, some more have been inspired and proved feasible.

[M4(bpztz)4(N3)4] complexes involving bpztz radical and other transition metal ions (M = Fe, Mn
and Ni) have been synthesised and characterised to be isostructural to the Co analogue (Figure 8.1).
Preliminary magnetic measurement of Nis shows strong ferromagnetic interactions between Ni and
tetrazine radicals with /= 103 cm™!. However the data of Fes and Mny require further stimulation and

theoretical investigation due to the large spin ground state and complicated magnetic interactions.

Figure 8.1. Crystal structures of Ma(bpztz)4(N3)s complexes. Hydrogen atoms are omitted for clarity.

With the successful assembly of 3d-4f macrocyclic complex using DTPA-terpy ligand, it can be
also extended to other combinations. For instance, DyFe, DyCo or TbFe, TbCo combining different
magnetic properties, GdFe or GdMn for magnetic resonance imaging and possible heterodinuclear

lanthanides for dual emission. However, the isolation and crystallisation of the target complex are
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still great challenges. In addition, the triplet state energy of the ligand should be evaluated by Gd**

complex to better understand the sensitisation process and the possible energy transfer mechanism.
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Appendices

Accession codes for published crystal structures

The following CCDC codes contain the supplementary crystallographic data for this thesis. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Chapter 2: 1945133 and 1945134.

Chapter 3: 2015661, 2015655, 2078512, 2015657 and 2015660.

Chapter 4: 1958192 and 1958193

Fitting models and equations for ac susceptibility data

Cole-Cole plot and Debye model

Cole-Cole plot is an effective way to investigate the relaxation dynamics of a SMM, which can be
used to quantify the relaxation time and the width of its contribution. The plot is obtained by plotting
in-phase ac magnetic susceptibility as x axis and out-of-phase ac magnetic susceptibility as y axis. In
general, a semicircle of the plot indicates a single relaxation process.

The Cole-Cole-plot is then fitted by a generalised Debye model (eq. A1)

Xr —Xs
1+ (iw7)™

x(@)=yg+
(eq. Al)
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where yr, ys and o is the isothermal susceptibility, adiabatic susceptibility and the angular ac
frequency, respectively. The fitting gives o as Cole-Cole parameter (0 < a < 1) and 7 as Cole-Cole
relaxation time.

All fittings of Cole-Cole plot in this thesis were performed via CC-FIT programme by Dr Nicholas

F. Chilton.

Extraction of energy barrier

The effective energy barrier Uesr was calculated by the Arrhenius law 7= 79 exp(Ues/ksT). It can be
determined in two ways by linear fitting of:

(1) A plot of Inzvs. 1/T (7 is the relaxation time from Cole-Cole fitting and 7 is the temperature)
from frequency-dependent ac magnetic susceptibility measurement;

(2) A plot of 1/T}, vs. In(2nv) from temperature-dependent ac magnetic susceptibility measurement
(T 1s the peak temperature at each frequency and v is the frequency).

The slope of the plot represents the Uer and 7o gives the information about the rate of the spin

transition, which must be in a range of 107 to 10°!? to be considered as an SMM.
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Additional figures and tables for each chapter

Chapter 2

Experimental
Simulated
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Figure Al. Powder X-ray diffraction pattern and the simulation from the single crystal data of 2.
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Figure A2. Temperature dependent y! plots for 1 measured at 1000 Oe dc field. The red line

represents the Curie-Weiss fit to the data.
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Figure A3. Temperature dependent y! plots for 2 measured at 1000 Oe dc field. The red line

represents the Curie-Weiss fit to the data.
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Figure A4. Frequency dependence of the out-of-phase (") ac susceptibility for 1 as a function of

applied field at 3 K. The lines are guides to the eye.
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Figure AS. Frequency dependence of the out-of-phase (") ac susceptibility for 2 as a function of

applied field at 3 K. The lines are guides to the eye.
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Figure A6. Cole-Cole plots of 1 under1500 Oe dc field. The lines represent the fit to the data.
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Figure A7. Cole-Cole plots of 2 under 1000 Oe dc field. The lines represent the fit to the data.
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Figure A8. Temperature dependence of the relaxation time for 1 under 1500 Oe dc field. The line
represents the fit by Arrhenius Law. The estimated energy barrier is 36 K (25 cm™) with a

preexponential factor (z0) of 3.2 x 107 s.
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Figure A9. Temperature dependence of the relaxation time for 2 under 1500 Oe dc field. The line

represents the fit by Arrhenius Law. The estimated energy barrier is 56 K (39 cm™) with a

preexponential factor (z0) of 6.4 x 10710 s,
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Table A1l. Parameters fitted by a generalised Debye model for 1 at 1500 Oe dc field.

T/K 7/s o

2.0 1.02 x 10! 0.39
2.1 6.29 x 102 0.39
2.2 3.52 x 10 0.39
2.3 1.85 x 1072 0.38
2.4 1.04 x 1072 0.37
2.5 5.65 x 1073 0.36
2.6 3.23 x 1073 0.35
2.7 1.88 x 10°® 0.35
2.8 1.17 x 1073 0.34
2.9 7.43 x 10 0.33
3.0 4.96 x 10 0.31
3.1 3.29 x 10 0.31
3.2 2.27 x 10 0.30
33 1.59 x 10 0.28
3.4 1.25 x 10 0.26
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Table A2. Parameters fitted by a generalised Debye model for 2 at 2000 Oe dc field.

T/K 7/s o

3.0 7.73 x 1072 0.32
3.1 3.99 x 102 0.26
3.2 2.29 x 102 0.21
33 1.40 x 1072 0.16
3.4 8.70 x 1073 0.14
3.5 5.62 x 1073 0.12
3.6 3.64 x 1073 0.10
3.7 2.42 x 107 0.09
3.8 1.63 x 1073 0.08
3.9 1.11 x 1073 0.06
4.0 7.74 x 10 0.05
4.1 5.50 x 10 0.04
4.2 3.96 x 10 0.03
4.3 2.78 x 107 0.05
4.4 1.97 x 10 0.06
4.5 1.33 x 10 0.07
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Chapter 3

Experimental

— Simulated
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20/ deg

Figure A10. Powder X-ray diffraction pattern and the simulation from crystallographic data of 2 at

300 K.
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Figure A11. M vs H data for 1 at 2-5 K. The solid lines represent the simulations using the spin

Hamiltonian parameters from the y7 fit.
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Figure A12. AC magnetic susceptibility measurement of 1 under zero (a) and 1000 Oe (b) applied

dc field.
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Figure A13. Time evolution of the 7 products of 2 at 10 kOe under light irradiation (808 nm, 10

mW) at 10 K.
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Figure A14. (left) Variable-temperature emission spectra of pydz ligand in solid state under 300 nm
excitation, which cannot be directly compared to the emission of Fes complex due to possible
different packing or other solid state effect. (right) Integration of emission intensity of the emission

spectra showing a linear decreasing luminescence signal under increasing temperatures.
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Chapter 4
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Figure A1S5. Powder X-ray diffraction pattern and the simulation from the single crystal data of 1

(left) and 2 (right).
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Figure A16. Variable-temperature magnetic susceptibility data for 2 under 100 Oe and 1 kOe dc

fields.
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Figure A17. Arrhenius plots of 2 at zero dc field. The solid line represents the fit to the data. The

estimated energy barrier is 96 K (67 cm™!) with a preexponential factor (z0) of 5.2 x 10710 s,
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Figure A18. Arrhenius plots of 2 at 30 kOe applied dc field. The solid line represents the fit to the

data. The estimated energy barrier is 83 K (58 cm™!) with a preexponential factor (z0) of 1.7 x 1010 s,
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Table A3. Temperature dependence of the relaxation time for 2 obtained from y" vs T plots under

zero and 30 kOe dc fields.
Zero Field 30 kOe Field

T/K /s T/K /s
52 5.49 x 1073 4.8 5.49 x 1073
5.6 1.61 x 10 52 1.61 x 1073
6 5.32 x 10* 5.4 8.00 x 10+
6.2 2.66 x 10 5.6 5.32 x 10*
6.4 1.77 x 10 5.8 2.66 x 10

6 1.77 x 107
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Chapter 5
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Figure A19. UV-vis spectra of bptz (red) and Habptz (orange) in acetonitrile solution at room

temperature.
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Figure A20. Curie-Weiss fitting of magnetic susceptibility data of 2. The fitted Weiss constant is

+2.5 K.
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Figure A21. Cole-Cole plots for 1 under zero field from 1-1000 Hz frequency range. The solid line

represents the fitting of the data.
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Figure A22. Arrhenius plots of 1 at zero applied dc field. The solid line represents the fit to the data.

The estimated energy barrier is 65 K (45 cm™) with a preexponential factor (7o) of 1.43 x 10! s.
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Figure A23. Arrhenius plots of 2 at zero applied dc field. The solid line represents the fit to the data.

The estimated energy barrier is 49 K (34 cm™") with a preexponential factor (z0) of 1.5 x 107 s.
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Chapter 6
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Figure A24. Excitation spectra of [DyEubistpOps] in dry MeCN solution by monitoring Dy>* at 574

nm (black) and Eu*" at 616 nm (red).
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Figure A25. Excitation spectra of [EuYbbistpOps3] in dry MeCN solution by monitoring Eu*" at 616

nm (red) and Yb** at 975 nm (black).
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Figure A26. HSQC spectra of KsL in D>O.
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Figure A27. Absorption spectra of tpyEt in methanol solution.
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