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CHAPTER 1

General Introduction

1.1 Aim of This Thesis

Chemistry allows us to make new materials and its developments can have huge impacts on our
everyday lives. In the 21st century, nano-technologies are required for development of computer
science, tackling energy problems, enhancing human health and protecting our natural environment.
Transition metal complexes are inorganic (metal ion) and organic (ligand) hybrid systems, and
therefore show many interesting physical phenomena; magnetism, redox behaviour, conductivity,
dielectric and optical properties originating from the inorganic metal ions and high designability
due to the organic ligands. In particular, multi-nuclear metal complexes show peculiar physical
properties and functions that cannot be realized by mono-nuclear complexes, and thus have
attracted a great deal of attention, not only from within the chemistry community, but from other
associated fields interested in the search for new physical phenomena and biologically-inspired
synthetic systems. The coordination bond is the origin of unique phenomena such as catalytic
behavior, but it can be difficult for the chemist to predict the final structure of a coordination
complex. In order to maximize the functionality of a metal complex, the coordination chemist
needs employ a molecular design approach. For example, the controlled inclusion of a reaction
centre in the coordination sphere of a metal centre can be critical in the synthesis of homogeneous
catalysts. Further, the positions and connectivity of transition metal ions in a multinuclear cluster
is a vital synthetic goal, as the control of electronic interactions between metal ions leads to the
expression of tunable physical properties. The paramagnetic nature of most transition metal ions
means that it is difficult to analyze the structure of metal complexes using a nuclear magnetic
resonance (NMR). Moreover, metal complexes usually exist in equilibrium in the solution-state,
and it can be difficult to accurately determine their composition by mass spectrometry. The
dissociation of metal complex in solution can also make it difficult to prepare single crystals.
Thus, the rational syntheses and multi-functionalization of metal complexes are challenging topics
in coordination chemistry. Of particular interest to the author are the specific physical properties
of multinuclear complexes derived from their molecular structures, i.e. the structure-property
relationship. The topologies of metal ion arrays dictate their electronic properties, and the rational
molecular design of coordination compounds can provide various coordination architectures with
uncommon shapes not found in inorganic compounds, such as an isolated chains (wires), rings,
wheels, two-dimensional grids, cubes, cages, and nanoparticles. Ring-shaped multinuclear
complexes have a simple, regular and highly symmetrical array of metal ions, in which the metal
ions are usually in the same electronic state. Considering the physical properties derived from the
electronic states of constituent metal ions, ring-shaped molecules can exhibit electronic fluctuations
and low-energy excitations due to cooperative effects upon the application of external stimuli,
resulting in multi-stable switchable properties. To investigate the potentially accessible physical
properties the author studied the rational syntheses of ring-shaped multi-nuclear metal complexes
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and studied their multi-bistability and spin dynamics. The results are shown in the following
chapters.

In this thesis, the structures and magnetic properties of ring-shaped multi-nuclear metal
complexes were studied. Frist, a brief overview of the important topics relating to the titled work
is introduced in CHAPTER 1. With particular relevance to CHAPTER 2, spin-crossover
phenomena, mixed-valence complexes, grid-like metal complexes, and coordination compounds
with multi-stability are introduced in the following sections. In CHAPTER 2, a new multi-bistable
system based on tetranuclear Fe grids is proposed and demonstrated. The grids showed thermal or
light induced multi-step spin-crossover behaviour and multi-bistability. In CHAPTER 3,
solid-state NMR measurements of antiferromagnetic six, seven, and eight membered rings are
discussed in order to elucidate the magnetic ground state of the oxo-vanadium rings. In
CHAPTER 4, the synthetic strategy for triangular trinuclear complexes with planar structures is
investigated. The ligand design, syntheses and magnetic properties of triangular tri-nuclear
complexes with copper and nickel ions are described.

1.2 Spin-crossover Complexes

Non-coordinated transition metal ions have quintet-degenerate d-orbitals. According to crystal
field theory, the splitting of d-orbitals (A,, 10 Dq) is based on the electronic repulsions between the
d-electrons and the ligands. In the case of the six-coordinated octahedral coordination mode, the
two d-orbitals that are directly towards the ligands (e,) are destabilized, causing them to split from
the remaining three d-orbitals (t,), which are stabilized. The electronic arrangements of
six-coordinated octahedral complexes with d" (n = 4 - 7) electrons depend on the relative strengths
of A, and the spin pairing energy P. In case of A, << P, the electrons are arranged to make
maximize their sum of spin angular momentum following Hund’s rule (high spin (HS) state, Figure
1.1 (left)). In the reverse situation, Hund’s rule is broken and the electrons make pairs and occupy
the t,, orbitals, preferentially (low spin (LS) state, Figure 1.1 (right)). When the A, and P are close,
some first transition metal ions with d* to d’ electronic configurations may show reversible
spin-crossover (SCO) behaviour between their HS and LS states by stimuli like temperature, light,
and pressure.
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Figure 1.1: High spin (left) and low spin (right) state of six-coordinated octahedral metal ions with
d° electrons.



An iron(IT) SCO complexes, [Fe(phen),(NCE),] (phen = 1,10-phenanthroline, E = S, Se), was
discovered in 1964,' and its SCO behaviour were recognized three years later by magnetic
measurements (Figure 1.2).> Iron(II) complexes are the most commonly reported thermal SCO
materials and show dramatic magnetic changes between their paramagnetic HS state (t,,'e,’, °T,, S =
2) and diamagnetic LS state (t,,°, 'A,,) upon the application of external stimuli. In the HS state,
their d-electrons occupy the anti-bonding e, orbitals, thus the coordination bond distances between
the iron ion and donor atoms of HS state are usually longer than in the LS state. SCO phenomena
also induce color changes. HS-Fe(Il) in a N, coordination environment SCO complex shows the
spin allowed d-d transition °T,, — °E,, which translates to give a value of 10 Dq as ca. 12,000 cm™ .’
In the LS state, the iron(I) complex showed d-d transition 1Alg — 1T2g and strong absorption band
corresponding to the metal to ligand charge transfer (MLCT) band for extended m-system around
20,000 cm™.
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Figure 1.2: (a) The structural formula of [Fe"(phen),(NCE),]. (b) Thermal SCO behaviour of
[Fe"(phen),(SCN),] (@) and [Fe"(phen),(NCSe),] (®).

Some iron complexes show photo-induced SCO behaviour termed light-induced excited spin state
trapping (LIESST). For LS-Fe(II) SCO-active complexes at very low temperature, light induces
the transition of an electron of the 'A, state to the 'T, state (ca. 550 nm). This excited electron
shows relaxation to the ground state ('A;) or lowest energy level of HS state (°T,,) via *T, and °T,
states (Figure 1.3). Due to the difference of spin multiplet and the high potential barrier, the
relaxation time from HS (°T,,) to LS (‘A)) state is very slow at low temperature. Thus, the
electron excited to the HS state is trapped by light irradiation. Additional excitations of 'A,
electrons generate the 5T2g state, and lead to full transition to the HS state.
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Figure 1.3: Potential wells of the d° spin-crossover system at low temperature. Arrows indicate
the mechanism of LIESST.

LIESST phenomena can be detected from changes in the magnetic moment. In the SQUID
(superconducting quantum interference device) chamber, when a LIESST active SCO complex in
the LS state was irradiated by light at low temperature, increase of the x,,T value can be observed,
corresponding to the LS to HS state transition (Figure 1.4). Although the light-excited state is
stable even in the dark at low temperature region, heating of the sample induces thermal relaxation
of the excited state, returning the complex to its original LS state.* While LIESST active species
have potential applications as photo-responsive switching materials, they are likely to be operative
only at low temperature, i.e. below approximately 50 K.
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Figure 1.4: Thermal (M) and light (O) induced SCO behavior of a typical SCO active Fe (II)
complex. The light induced excited state shows thermal relaxation upon heating ().



J.-F. Létard and his coworkers researched the relationship between the thermal spin transition
temperature (7,,) and thermal relaxation temperature of light excited HS state to LS state
T(LIESST) (Figure 1.5).” The results showed that complexes with high T, show low T(LIESST)
in the same coordination mode, generally, and comparing the 7(LIESST) of tris-bidentate and
bis-tridentate complexes with same T, the T(LIESST) of the bis-tridentate complexes are higher
than those of the tris-bidentate species. Bis-tridentate complexes show large structural changes
upon spin transition, therefore energetically stabilizing the light-induced HS state. When
considering light-switchable SCO memory devices, the use of ligands with tridentate coordination
site might be more effective.

T(LIESST) /K

50 100 150 200 250 300 350
Thermal Spin Transition T, K

Figure 1.5: Variation of T(LIESST) versus T, for several SCO compounds.

The syntheses of multi-nuclear SCO complexes is a challenging topic in coordination chemistry.
To the best author’s knowledge, a discrete nano-ball,
[{Cu'(Tp"™)(CH;CN)}{{Fe"(NCS),} 53 {Fe"(NCS)(CH;CN)};51(ClO,);; - nCH,CN ((Tp*™) =
[tris{3-(4’-pyridyl)-pyrazol-1-yl}hydroborate]), is the largest SCO-active complex, and its synthesis
and SCO behaviour were reported by Batten et al. in 2009.° The nano-ball has a rigid
[Fe" {Cu'(Tp*™)},] cage structure with an approximate diameter of 3 nm, while there is a huge
space that is filled by solvent molecules between the cages (Figure 1.6). Thus, this nano-ball
showed not only thermal and light-induced SCO behaviour but also solvent absorption/desorption
induced SCO behaviour (Figures 1.6 (b) and (c)).



3.5 3.5 ) amo
R > --...!W" L
QJ-' - fll““ d’a"
5 a3t o g 3¢ ,
£ 2 v [oHen| ¢
o o . o
E 25 §2s i
: -_{‘Q “; Q&u
"; 2r ey = 2t 547
et 7
n{) £
18 L L 16 1 L L "
0 50 100 150 200 250 0 50 100 150 200 250
TIK TIK

Figure 1.6: (a) The core structure of [Fe',(NCS),. (CH,CN) {Cu'(Tp*™)}] cage. (b) The
magnetic data of thermal (O) and light (#) induced SCO behaviour. (c) The magnetic data of
guest-sorbed (O) and desorbed (H) species.

1.3 Mixed-valence Complexes

Mixed-valence complexes are multi-nuclear metal complexes containing metal ions with
different oxidation numbers (valence). Some mixed-valence complexes exhibit electron transfer
between the metal ions with different valence, and then valence/electron fluctuation, spatially and
temporally can be observed. Valence fluctuations exhibit characteristic absorption spectra, due to
their inter-valence charge transfer (IVCT) band. The analysis of an IVCT band gives yields
information on the nature of the inter-metal electronic interaction, and some parameters, H,, and o,
have been introduced as estimations of the degree of electron delocalization:’

Hab = 2.06 x 10_2(EmaxvmaxAvl/Z)l/z/(br) (1-1)
a? = 4.2 X 107* &0, AV1 12/ (DVyxT?) (1.2)

where €,,., Av,,, b, v,,,, and r denote the maximum molar absorption coefficient, the full width at
half maximum of the IVCT band, the degeneracy of the transition, the maximum energy of the
IVCT band and the distance between the metal centres respectively. Robin and Day grouped
IVCT bands into three classes depending on the degree of electron delocalization (Figure 1.7);®

Class1 (?=0)
The interaction between metal ions is very weak, and valence electrons are localized on their metal
ions.

ClassII (0<c?<0.5)
The interactions of metal ions are stronger than Class I, and electrons are slightly delocalized
between the metal ions.



Class III (o =0.5)
The interactions of metal ions are very strong, and electrons are completely delocalized between the
metal ions. The metal ions cannot be distinguished by any optical measurements.

Class | Class |l Class Il
H, =0 0<H,, <hvl2 hv/2 < H,,
hv hv hv
12H,, 2H

Figure 1.7: The symmetric potential surface of di-nuclear mixed-valence complex.

In mixed-valence systems, the dynamics of valence electrons are an interesting topic.
Carboxylate-bridged tri-nuclear iron systems, for example, [Fe,O(O,CCH,CN),(H,0);] consist of

111

two Fe" and one Fe" ions, and the mixed-valence state is stable in air.” At room temperature, the

space group of the single crystal is Ré, which has a crystalographic C; axis at the centre of the iron

triangular core, and the different iron valence states cannot be differentiated by X-ray structural
analysis (Figure 1.8(a)). The ’Fe Mossbauer spectrum of the triangle at room temperature shows
one doublet peak, suggesting that the valence electrons of the iron ions are delocalized between the
metal centres (Figure 1.8(b)). Both these analyses indicate that [Fe,O(O,CCH,CN),(H,0),] is a
class III delocalized system at room temperature. When the complex is cooled down to 100 K, the

space group changes to P1, indicating the occurrence of a structural phase transition. As the

symmetry was broken, Mdssbauer spectra changed and showed two doublet peaks, corresponding
to HS-Fe" and HS-Fe". The phase transition was detected by not only structural analyses but also
heat capacity measurements (Figure 1.8 (c)). The results showed that the dynamics of valence
strongly depend on temperature and the symmetry of the cluster core, and that the complex showed
class II electron delocalization at low temperature.



(a) (b)

R
~~
c
i)
7))
0
e
%)
c
©
—
|_

100, _ 100

\ 95

95} WA |

\ \/{ 90

%0 125 K\J : 85

: i 1 1 L L 1 L 1 1 80

Velocity / mm s

700 T T . 200

600

500

2
o
ow |y 1/ %07y

400

C,/J K- mol-!

300

200 &

100
50 70 90 10 130 150 170 190

Figure 1.8: (a) The structural analyses of [Fe;O(O,CCH,CN),(H,0),] at 296 K (top) and 100 K
(bottom). (b) Temperature dependent Mdssbauer spectra. The solid lines represent theoretical
fits. (c) Molar heat capacity (O) and excess heat capacity due to the phase transition ([]).



The manganese Keggin-type cluster, [Mn""Mn"",0,(OH),(OMe),(bemp)¢]* ([Mn,;]**, H;bemp =
2,6-bis[ N-(2-hydroxyethyl)iminomethyl]-4-methylphenol), is a mixed-valence complex, and the
electrochemical and magnetic properties were reported by Oshio et al. in 2011 (Figure 1.9 (a))."
[Mn,;]** shows four quasi-reversible redox waves, corresponding to four one-electron redox
processes of [Mn;]**/[Mn;;]*,  [Mn;J"*/[Mn;;]*, [Mn;]*/[Mn;]**, and [Mn;]"/[Mn,,]",
respectively (Figure 1.9 (b)). The comproportionation constants of the one electron reduced
[Mn,;]**, the native species [Mn,;]*", and the one electron oxidized [Mn,;]’* are estimated to be 560,
2.6X10°, and 5.5 X 10°, respectively, suggesting that [Mn,,]’* is relatively stable in solution. The
one electron and fully oxidized complexes, [Mn,;]>" and [Mn,;]*", were synthesized by chemical
oxidation, and the magnetic properties were measured. All [Mn;]" (n = 4~6) clusters showed
slow magnetic relaxation, below their blocking temperatures, and single molecule magnet (SMM)
behaviour. The magnetization curves at 0.04 K showed that the hysteresis loops depended on their
oxidation states (Figure 1.9 (c)). These experiments indicate that the physical properties of metal
complexes clearly depend on their valence states.

(a) (b)
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Figure 1.9: (a) The crystal structure of [Mnj]*". (b) The cyclic voltammogram of [Mn,;]** in
N,N-dimethylformamide. (c) The hysteresis measurements displaying the scan-rate dependence

for [Mn,,]* (left), [Mn,,]>* (centre), and [Mn,;]*" (right) at 0.04 K.



1.4 Grid-like Metal Complexes

Grid-like metal complexes are multi-nuclear metal clusters in which multi-dentate ligands bridge
between metal ions, to generate molecular structures that look like grids. The smallest grid-like
complex is a [2 x 2] grid that consists of four metal ions and four bridging ligands. First, a
copper(I) tetranuclear grid-like architecture, [Cu',(L1),](CF;S0,), (L1 =
3,6-bis(2’-pyridyl)pyridazine), was reported by Youinou et al. in 1992."" Next, a cobalt grid-like
complex, [Co",(L2),]** (L2 = 2-methyl-4,6-bis(2’,2’’-bipyrid-6’-yl)-2-phenyl-pyrimidine), was well
studied from the viewpoint of self-assembly by J.-M. Lehn et al..'”> They prepared a poly-pyridyl
type bis-tridentate ligand for the construction of a [2 x 2] grid, and the ligand bridged between the
metal ions via a pyrimidine moiety. The metal ions assembled with the ligands to produce a stable
grid-like structure, with N, coordination environments. In 2000, an iron tetra-nuclear grid-like
complex, [Fe",(L3),](ClO,); (L3 = 4,6-bis(2’,2’-bipyrid-6’-yI)-2-phenyl-pyrimidine), was reported
and the structure and magnetic properties were studied.” This iron grid showed gradual thermal
SCO behaviour over a wide temperature region and pressure induced SCO behaviour. Moreover,
the grid also showed LIESST upon irradiation with an Ar-ion laser (514 nm) irradiation at low
temperature. A few years later, O. Sato et al. and F. Meyer et al. reported further SCO active iron
grids. O. Sato and his co-workers prepared an oxygen donating bridging ligand and its iron(II) [2
x 2] grid complex, [Fe",(HL4),](BF,), - 2H,0 * CH,OH, which showed one-step thermal SCO
behaviour (4HS 2 2HS-2LS)."* The crystal structure of its 2HS-LS state suggests that the grid
had a cis-2HS-2LS configuration. F. Meyer and his co-workers reported a pyrazolate bridged-type
iron(Il) [2 X 2] grid, [Fe",(L5),](BF,), . 4ADMF (HL5 =
3,5-bis[6-(pyrid-2-yl)pyrid-2-yl]-1H-pyrazole), which showed two-step thermal SCO behavior
(Figure 1.10)."” This pyrazolate bridged grid showed four step redox behaviour corresponding to
the one-electron oxidation of the four iron centres, and a two electron oxidized complex was
isolated ([Fe",Fe",(L5),](BF,); * 3CH,CN). The spin state of the mixed-valence grid was
[(LS-Fe™),(HS-Fe"),], and the magnetic susceptibility data suggested that ferromagnetic
interactions were operative between the neighboring iron centres. The author reported a
mixed-valence manganese [2 x 2] grid, [Mn",Mn",(L6),(H,0),](PF,), - CHCI, - CH,OH - 1.5H,0
(H,L6 = 2-[3-(2-hydroxyphenyl)-1H-pyrazol-5-yl]-6-pyridinecarboxylic acid ethyl ester), which
also shows ferromagnetic interactions between the manganese(IlI) and manganese(II) ions."
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Figure 1.10: (a) The structures, (b) SCO behaviour, and (c) cyclic voltammogram of
[Fe",(L5),](BF,), * 4DMF.

L. K. Thompson and his co-workers synthesized a manganese [3 x 3] grid-like cluster,
[Mn"o(L7),](CIO,), * 3.75CH,CN - 11H,0, that shows multi-step redox behaviour. H. Oshio et al.
and M.-L. Tong et al. also reported some similar poly-pyridyl-type [3 x 3] grid-like clusters based
on copper. Oshio’s copper(Il) [3 x 3] grid, [Cu"y(L8),(BF,) *+ 1-PrOH * 5H,0 (H,L8 =
2,6-bis[5-(pyrid-2-yl)-1H-pyrazol-3-yl]pyridine), showed four-step redox behaviour and its two
electron reduced grid was isolated (Figure 1.11)."" X-ray structure analyses indicated that the
divalent and mixed-valence complexes had similar [3 x 3] grid-like structures, but the Jahn-Teller
distortions of the central copper(Il) ions of the grids differed as a result of contrasting grid
distortions. The related cobalt [3 x 3] grid, [Co™Cu"(L8)](BF,), * 8H,0, was also isolated and
shown to be a mixed-valence and mixed-spin state cluster (corner; HS-cobalt(Il), edge;
LS-cobalt(Il), and centre; LS-cobalt(IIl)), and it showed SMM behaviour.”® L. K. Thompson and
J.-M. Lehn group have intensively studied giant size grid compounds, such as [4 x 4], and [5 x 5]
metal arrays.
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Figure 1.11: (a) The structure and (b) the cyclic voltammogram of [Cu"y(L8)¢](BF,), * 1-PrOH -
5H,0.

1.5 Coordination Compounds with Multi-stability

Bistability is when a physical property can be reversibly converted between two states with
hysteresis under the application of external stimuli. Bistable molecules have, therefore, attracted
intense research interest due to their potential applications in molecular switches and memory
devices. Chromic meterials, spin-crossover phenomena, mixed-valence compounds, valence
tautomerism, and ETCST (Electron-Transfer-Coupled Spin Transition) are major examples for

bistable system. '*?%!%2%

Systems incorporating multiple bistable building units may display
more than two stable phases when stimulated by heat or light, and have the potential to act as
multi-responsive, multifaceted® or selective switches in nano-scale devices.”> Approaches to the
generation of multi-bistable systems include the crystallization of mononuclear SCO complexes in
asymmetric packing environments,” the co-crystallization of different bistable molecules, and the
combination of two or more bistable building blocks in one molecule in which the stabilization of
an intermediate state depends upon the degree to which neighbouring chromophores are
electronically coupled. [Fe"(dpp),][Ni(mnt),], * CH;NO, is a co-crystallized compound containing
two kinds of bistable molecules (Figure 1.12 (a)). 7 [Fe"(dpp),]”* (dpp =
2,6-di(1H-pyrazol-1-yl)pyridine) is a typical SCO-active complex cation and shows not only
thermal but also light-induced bistability. [Ni"'(mnt),]” (mnt = maleonitriledithiolate) is a planar
anion with § = 1/2 and can switch between a diamagnetic dimer state and a paramagnetic monomer
state (S = 1/2 x 2) when thermally stimulated, and also shows bistability. Both [Fe"(dpp),]** and
[Ni(mnt),]” ions showed spin state conversion and five thermodynamically stable states were
observed in the magnetic susceptibility measurements. [{Fe"(bt)(NCS),},bpym] is a molecule
with two iron(Il) SCO active sites, and showed two step thermal SCO behaviour, the steps
corresponding to transitions on the different centres (Figure 1.12 (b)).*® Interestingly, while 1342
nm laser irradiation of [{Fe"(bt)(NCS),},bpym] at low temperature induced 2LS to HS-LS
conversion, 767.4 nm laser irradiation induced 2LS to 2HS state spin conversion, respectively.

12
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Figure 1.12: The examples of multi-stable complexes (left) and their magnetic data (right). (a)
Co-crystallization of different bistable molecules ([Fe'(dpp),][Ni(mnt),], *+ CH,NO,). (b)
Combination of two bistable sites in one molecule ([{Fe"(bt)(NCS),},bpym]).
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CHAPTER 2

Multi-bistability of Iron Grids

2.1 Introduction

Bistable materials have switchable electronic states that can be manipulated through the
application of external stimuli and may have major applications in future technologies as molecular
switches or components in memory storage devices."?  Spin-crossover (SCO) is a phenomenon by
which a transition metal centre can exhibit magnetic bistability, and it has been reported in a wide
range of systems, from mononuclear complexes to infinite coordination polymers.™* Transition
metal ions with d* to d’ electronic configurations may show reversible spin state transitions between
their high spin (HS) and low spin (LS) states when stimulated by temperature, light, pressure or
guest absorption/desorption;™® simplicity and functionality that have made such materials excellent
candidates as molecular switches or sensors.” Iron(II) complexes are the most commonly reported
thermal SCO materials,® but there are examples of other SCO-active species based on
chromium(Il),” manganese(IIl),'’ cobalt(I)!' and iron(III) ions,'* amongst others."?

Iron complexes can also exhibit light-induced LS—HS state transition (LIESST: light-induced
exited spin state trapping),'* usually at low temperatures. In LIESST-active iron(I) complexes,
the light-induced excited state is generated by excitation of the d-d or metal-to-ligand charge
transfer (MLCT) absorption band, changing the spin state of the iron(Il) ion from S;s = 0 to Sys = 2.
The LS to HS transition is accompanied by a concomitant elongation (~0.2 A) of the coordination
bond lengths from ~1.9 A to ~2.1 A,"”'® thus the reverse HS to LS thermal relaxation is
energetically disfavoured at low temperature and the light-induced excited state can be trapped. A
light-induced excited state can also be accessed in iron(Ill) SCO complexes, usually through
excitation of the ligand-to-metal charge transfer (LMCT) band, but can be more difficult to trap; the
shorter associated average (LS to HS) bond elongation of ~0.1 A lowering the energy barrier to
thermal relaxation.'’

A molecule consisting of multiple bistable building units may display more than two stable states
upon the application of external stimuli such as heat or light, exhibiting multi-bistability.
Although challenging, the combination of serendipitous self-assembly and carefully planned
molecular design can allow the generation of multi-bistable molecular systems, with potential to act
as multi-state, multi-responsive or selective switches in nano-scale devices.'"® Approaches to the
generation of multi-bistable systems range from the crystallization of mononuclear SCO complexes
in asymmetric packing environments,"” to the co-crystallization of different bistable molecules,*
' In the latter, the
stabilization of an intermediate state is likely to depend upon the nature of the intramolecular

to the combination of two or more bistable building blocks in one molecule.’

electronic cooperativity, and thus ligand design is critical.
Multidentate or bridging ligands can mediate intramolecular cooperativity through their

stereoscopic and electronic interactions; a phenomenon observed in dinuclear complexes®' as well

22,23 24,25,26

as tetranuclear squares and grid-like complexes. Grid-type clusters have been shown to
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*7% and single-molecule magnetism,” so are

display properties such as multi-step redox behaviour
strong candidates for the generation of functional molecular materials. Multi-nuclear SCO
complexes with substantial direct and indirect electronic interactions between metal centres, such as
intervalence charge transfer (IVCT) and MLCT/LMCT respectively, can show multi-step thermal
SCO as the geometric and electronic changes associated with their spin transitions have knock-on
effects on the electronic states of the neighbouring metal ions. Step-wise thermal conversion does
not, however, guarantee that multiple discrete phases can be accessed photochemically.

To address this, the author’s strategy was to develop a molecule containing different SCO-active
chromophores, which would allow the cluster to exist in three discrete light-accessible states at one
temperature. The schematic detailing is shown in Figure 2.1, where HT, IM and LT are the high
temperature, intermediate and low temperature (thermally-accessible) phases, and PP1 and PP2 are
the first and second photo-induced phases respectively. The thermal multi-bistability is
represented by the blue trace, which undergoes two hysteretic transitions, from HT to LT via an IM
phase. The corresponding photochemical phases, PP1 and PP2, accessed by irradiation at
wavelengths hv, and hv, are represented by green and red traces respectively. The schematic on
the right shows how the different chromophores are excited by the different wavelengths of light.

Physical value

0 Temperature
Figure 2.1: Representative plots and scheme of the adopted approach to the synthesis of
selectively photo-excitable molecules, in which different SCO-active chromophores are
incorporated into the same structure.

The author hypothesised that the ideal system for maximised intramolecular cooperativity and
the best chance of site-selective excitation should consist of heterovalent metal centres bridged by
aromatic ligands. To test this strategy, the author combined Fe" and Fe" SCO chromophores in an
imidazolate-bridged grid architecture and found that, as hoped, the individual SCO centres could be
selectively excited by different laser stimuli, thus creating the first example of site-selective spin
state switching.
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2.2 Experiments

Experimental Procedures

X-ray Crystallography: A single crystal was removed from the mother liquor, mounted on a
glass rod and intensity data were collected using a Bruker SMART APEX II CCD system with
Mo-Ka radiation (A =0.71073 A). The structure was solved by direct methods and refined by
full-matrix least-square techniques on F* using SHELXTL. The SQUEEZE program from the
PLATON suite was employed to remove highly disordered solvent molecules from the
crystallographic calculations on all data sets. The formulae were adjusted according to the
assignment of the residual electron density calculated by SQUEEZE.

Magnetic Measurements: Magnetic susceptibility data with an applied magnetic field of 500 Oe
were collected using a Quantum Design MPMS-5S SQUID magnetometer. The temperature
dependence was measured at 3.0 K increments in settle mode. The scan rate of the temperature
was fixed to 10.0 K/min, and each measurement was performed 30 s after the temperature had
stabilized. Magnetic data were corrected for the diamagnetism of the sample holder and for the
diamagnetism of the sample using Pascal’s constants. In the light irradiation experiments, a small
amount of sample was used to maximise the light conversion ratio. The sample was irradiated at 5
K by a DPSS laser (532 nm with 10 mW/cm?®, Opto Tech 532.200.KE.01 and 808 nm with 10
mW/cm’, Intelite I808-120G-CAP) through an optical fiber (Newport F-MBD; 3 m length, 1.0 mm
core size, 1.4 mm diameter). During irradiation, the magnetic moment was recorded at regular
time intervals until saturation, after which point the light irradiation was stopped. The temperature
dependence of magnetic susceptibility after light irradiation was measured using an applied
magnetic field of 500 Oe and a scan rate of 0.1 K/min in scaning mode.

“’Fe Mossbauer spectra: Maossbauer experiments were carried out using a °’Co/Rh source in a
constant-acceleration transmission spectrometer (Topologic Systems) equipped with an Iwatani
HEO05/CW404 cryostat. The spectrometer was calibrated using standard a-Fe foil. All samples
for Mossbauer experiments were obtained using *’Fe enriched starting materials (95.5 %). In the
light irradiation experiments, the sample was irradiated at 5 K by the DPSS lasers.

Single-crystal absorption spectroscopy: Single crystal absorption spectroscopy experiments
were carried out using a specially designed spectrometer with a 25 cm grating monochromator
(JASCO M25-GT) and an optical microscope. Light sources are a 150 W tungsten-halogen lamp
and a 250 W xenon lamp, and detectors are photodiodes (Si and Ge) and a photomultiplier. These
light sources and detectors were selected depending on the measured energy range. Samples were
cooled in a conduction-type cryostat.

ESI-MS spectroscopy: ESI-MS spectra were recorded on a Waters UPLC/Synapt G2 HDMS.
Cyclic voltammetry: Cyclic voltammetry measurements were carried out in a standard
one-compartment cell under a nitrogen atmosphere at 20 °C equipped with a platinum-wire counter
electrode, an SCE reference electrode, and a glassy carbon (GC) working electrode using a BAS
620A electrochemical analyzer. The measurements were performed in acetonitrile with 0.1 M
tetra-n-butylammonium hexafluorophosphate (n-Bu,NPF) as the supporting electrolyte.
UV-Vis-NIR spectroscopy: UV-Vis-NIR absorption spectra were recorded on Shimadzu
UV-3150 spectrometer. The variable temperature dependence of UV-Vis-NIR spectra was
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measured on KBr pellet samples using the Shimadzu UV-3150 spectrometer equipped with a
Unisoku USP-203-A cryostat.

Controlled potential spectroscopy: Controlled potential spectroscopy experiments were done in
a 0.5 mm path length quartz cell under a nitrogen atmosphere. The BAS 620A electrochemical
analyzer was used as a potentiostat. Electrochemical experiments were performed in a
three-electrode cell containing a platinum-mesh working electrode, a platinum-wire counter
electrode and the SCE reference electrode. Controlled potential spectra were recorded with the
Shimadzu UV-3150 spectrometer. The measurements were performed in acetonitrile with 0.1 M
tetra-n-butylammonium hexafluorophosphate as the supporting electrolyte.

NMR measurements: 'H-NMR spectra were measured on a Bruker AVANCE400 spectrometer
at room temperature. Chemical shifts in NMR were reported in ppm (0), relative to the internal
standard of tetramethylsilane (TMS). The signals observed were described as s (singlet), d
(doublet), t (triplet), m (multiplets). The number of protons (n) for a given resonance is indicated
as nH. Coupling constants are reported as J in Hz.

Elemental analysis: Elemental analyses were performed using a Perkin Elmer 2400 element
analyzer.
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Synthetic Procedures

All chemicals were used without further purification except when noted. Solvents and reagents
were used as received from commercial suppliers or additionally distilled over calcium hydride
(diglyme (bis(2-methoxyethyl)ether)) or over sodium/benzophenone (diethyl ether). The *'Fe
enriched samples for *’Fe Mossbauer spectra measurements were prepared using metallic *'Fe foils
(95.5%).

3 4
\ —
Ny / N B
\N/ N= N \N/
[ —
N NH

HL

Scheme 2.1: Synthetic scheme of HL. a; Sodium, diglyme, 61%. b; n-BuLi, DMF, Et,0, 61%. c; KCN
(20 %mol), EtOH, H,0, 92%. d; HNO,, 59%. ¢; benzaldehyde, NH,0Ac, AcOH, 51%.

Preparation of 2-bromo-6-(3,5-dimethyl-1H-pyrazol-1-yl)pyridine (1)

A solution of 3,5-dimethyl-1H-pyrazol (8.00 g, 83.2 mmol) in anhydrous diglyme (200 cm®) was
stirred at 70 °C with sodium (1.80 g, 79.0 mmol) until the metal dissolved. To this solution was
added 2,6-dibromopyridine (20.0 g, 84.4 mmol) in one portion. The resulting mixture was stirred
at 60 °C for 42 hours. The solvent was removed, and water (200 cm®) was added. A crude white
precipitate was collected by filtration and dried. The solid was purified by column
chromatography on silica gel (eluting with dichloromethane) to give 1 (12.2 g, 48.3 mmol, 61 %
yield) as a crystalline white solid: 'H-NMR (CDCl,) 67.84 (d, 1H,J = 8.0 Hz), 7.60 (dd, 1H, J =
7.8 Hz),7.29 (d, 1H,J=7.2 Hz),5.99 (s, 1H), 2.65 (s, 3H), 2.28 (s, 3H). Anal. (calc.) for
C,H,(N;Br (1): C,47.81 (47.64); H,4.07 (4.00); N, 16.69 (16.67)%.

Preparation of 6-(3,5-dimethyl-1H-pyrazol-1-yl)-2-pyridinecarboxaldehyde (2)
1 (10.1 g, 40.0 mmol) was dissolved in anhydrous diethyl ether (150 cm’) under a nitrogen
atmosphere. The solvent was cooled down to -78 °C and n-buthyl lithium (2.6 M in hexane) (15.4
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cm’, 40.0 mmol) was added slowly, keeping under -60 °C.  After stirring for one hour at -78 °C,
anhydrous N ,N-dimethylformamide (3.37 cm’, 44.0 mmol) was added, ensuring that the reaction
temperature did not exceed -70 °C. The mixture was stirred for one further hour at -78 °C, before
the reaction was quenched by the addition of 6 M hydrochloric acid. (15 cm’). The organic phase
was collected and dried over anhydrous magnesium sulfate. After evaporating the solvent, the
residue was purified by column chromatography on a silica gel (eluting with dichloromethane/ethyl
acetate = 20: 1) to give 2 (4.94 g, 24.5 mmol, 61 % yield) as a crystalline white solid: '"H-NMR
(CDCl,) 610.02 (s, 1H), 8.16 (d, 1H,J =8.4 Hz),7.95 (dd, 1H,J=7.6 Hz),7.80 (d, IH,J=7.2
Hz), 6.05 (s, 1H), 2.75 (s, 3H), 2.31 (s, 3H). Anal. (calc.) for C,;H,,N;0 (2): C, 65.43 (65.66); H,
5.61 (5.51); N, 20.56 (20.88)%.

Preparation of 1,2-bis[6-(3,5-dimethyl-1H-pyrazol-1-yl)pyrid-2-yl]-2-hydroxyetanone (3)

2 (4.94 g,24.5 mmol) was dissolved in ethanol (100 cm®) and an aqueous solution (10 cm®) of
potassium cyanide (325 mg, 5.00 mmol) was added while the mixture was stirred. A yellow
precipitate was collected by filtration and washed with a small amount of water and ethanol. After
drying, the crystalline yellow solid of 3 (4.42 g, 11.3 mmol, 92 % yield) was obtained: 'H-NMR
(CDCl,) 61201 (s, 2H), 7.95 (dd, 2H,J = 8.0 Hz), 7.81 (d, 2H, J = 7.8 Hz), 7.66 (d, 2H, J = 8.0
Hz), 6.07 (s, 2H), 2.59 (s, 6H), 2.32 (s, 6H). Anal. (calc.) for C,,H,,N.O, (3): C, 65.53 (65.66); H,
5.60 (5.51); N, 20.73 (20.88)%.

Preparation of bis-[6-(3,5-dimethyl-1H-pyrazol-1-yl)pyrid-2-yl]glyoxal (4)

3 (4.42 g, 11.3 mmol) was dissolved in concentrated nitric acid (10 cm’).  After the evolution of
nitrogen dioxide gas had subsided, the solution was neutralized with a saturated aqueous solution of
potassium hydroxide. A precipitate was collected by filtration and purified by column
chromatography on silica gel (eluting with dichloromethane/ethyl acetate = 20:1) to give 4 (2.68 g,
6.69 mmol, 59 % yield) as a pale yellow green solid: 'H-NMR (CDCl;) & 8.20-8.18 (m, 2H),
8.00-7.99 (m, 4H), 5.86 (s, 2H),2.22 (s, 6H), 2.11 (s, 6H). Anal. (calc.) for C,,H,NO, (4): C,
66.04 (65.99); H,5.12 (5.03); N, 20.98 (20.99)%.

Preparation of 2-phenyl-4,5-bis[6-(3,5-dimethyl-1H-pyrazol-1-yl)pyrid-2-yl]- 1H-imidazole
(HL)

4 (2.68 g, 6.69 mmol), benzaldehyde (743 mg, 7.00 mmol) and ammonium acetate (1.85 g, 24.0
mmol) were dissolved in acetic acid (80 cm’) and refluxed for sixteen hours before cold water was
added and the mixture was neutralized by addition of saturated sodium hydroxide solution. The
resulting precipitate was extracted into dichloromethane, and the organic phase was dried over
anhydrous magnesium sulfate. The solvent was removed in vacuo, and the residue was purified by
alumina column chromatography (activity stage I, eluting with dichloromethane then methanol) to
give HL (1.65 g, 3.38 mmol, 51 % yield) as a white solid: 'H-NMR (CDCl,) 6 11.16 (s, 1H), 8.20
(d,1H,J=7.6Hz),8.03(d,2H,/=72Hz),7.00 (d, 1H,J=7.6 Hz),7.91 (dd, 1H,J=8.0 Hz),
7.78 (d, 1H,J=8.0 Hz),7.61 (dd, 1H,/=7.6 Hz),7.50 (d, 1H,J=7.6 Hz),7.49 (dd,2H,/=74
Hz),7.42 (dd, 1H,J=7.4 Hz), 6.06 (s, 1H), 5.93 (s, 1H), 2.66 (s, 3H), 2.32 (s, 6H), 2.28 (s, 3H).
Anal. (calc.) for C,,H,(N; (HL): C,71.31 (71.59); H, 5.60 (5.39); N, 22.59 (23.03)%.

22



Preparation of [Fe" ,(L),](BF,),2CH,CN ([Fe",]-2CH,CN)

HL (97.3 mg, 0.20 mmol) in acetonitrile (5.0 cm®) was added to Fe(BF,),-6H,0 (67.5 mg, 0.20
mmol) in acetonitrile (5.0 cm®). Diethyl ether was allowed to diffuse into the solution, resulting in
the formation of orange blocks and yellow needle crystals. The crystals were then washed with
methanol, and the yellow crystals removed. The orange crystals of [Fe",]-2CH,CN were collected
by filtration (31.5 mg, 0.013 mmol, 25 % yield). Anal. (calc.) for C,,;H,,,N;,B,F,Fe, ([Fe",]): C,
55.32 (55.45); H,4.31 (4.01); N, 17.70 (17.84)%.

Preparation of [Fe" ,Fe",(L),](BF,),;6CH,NO,:(C,H;),0-4H,0
([Fe",Fe",]-6CH;NO,(C,H5),0-4H,0)

Excess amount of AgBF, (12.0 mg, 0.062 mmol) was added to a nitromethane (5.0 cm’) solution
of [Fe",] (31.5 mg,0.013 mmol). The mixture was stirred for fifteen minutes at 50 °C, cooled to
room temperature, and the precipitate (silver) removed by filtration. Diethyl ether was allowed to
diffuse into the filtrate, resulting in the formation of dark red rhombic crystals of
[Fe™,Fe",]-6CH,NO, (C,H;),0-4H,0, which were collected by filtration (28.1 mg, 0.009 mmol,

74 % yield). Anal. (calc.) for C,,;H,,,N;5B(F,,Fe,0,, ([Fe",Fe",]-3CH,;NO,(C,H;),0-4H,0): C,
49.25 (48.99); H,4.18 (4.24); N, 15.97 (16.26)%.
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Table 2.1: Table of crystallographic parameters for complex [Fe",] and [Fe™,Fe",].

[Fe',] (HT) [Fe',] (IM) [Fe',] (LT) [Fe",] (LT)
T/K 293 190 100 18
Instrument APEX2 APEX2 APEX2 APEX2
Formu]a C0H06BsF sFesNsy C20H 06B4F 6Fe,N3y C50H06BsF sFesNsy C20H 06BsF sFesNs,
F.W. 2595.03 2595.03 2595.03 2595.03
Space Group P1 (No.2) P1 (No.2) P1 (No.2) P1 (No.2)
alA 14.8611(7) 14.800(4) 14.604(3) 14.586(2)
b/ A 15.5694(7) 15.418(5) 15.272(4) 15.288(2)
cl/A 25.3433(11) 50.701(15) 25.118(6) 25.069(4)
al® 88.9160(10) 89.662(4) 89.533(3) 88.663(2)
Bl° 89.2600(10) 88.980(4) 88.974(3) 88.935(2)
y/° 84.3780(10) 80.578(4) 84.143(3) 84.150(2)
VA 5834.3(5) 11411(6) 5572(2) 5558.4(15)
V4 2 4 2 2
u/mm’ 0.580 0.593 0.607 0.609
AlA 0.71073 0.71073 0.71073 0.71073
R1 (>20) 0.0446 0.0879 0.0644 0.0873
wR2 (> 20) 0.1002 0.2144 0.1658 0.2584
[Fe',] (HT*) [Fe',] (HT*) [Fe',Fe',] [Fe',Fe",]
532 nm 808 nm (250 K) (100 K)
T/K 18 18 250 100
Instrument APEX2 APEX2 APEX2 APEX2
Formula C20H 06B4F sFe N3, C20H 06B4F sFe,Ns, C26H 36BsF24Fe,N350,4 C56H 36BsF24Fe,N350,4
F.W. 2595.03 2595.03 3198.99 3198.99
Space Group P1 (No.2) P1 (No.2) C2/c (No.15) C2/c (No.15)
alA 14.780(3) 14.817(3) 30.44(3) 29.931(3)
blA 15.351(4) 15.320(3) 20.141(18) 19.6750(18)
clA 24.994(6) 24.960(3) 28.47(2) 28.022(3)
al® 87.078(4) 86.955(3) 90 90
Bl° 89.444(4) 89.287(3) 121.602(11) 121.5550(10)
y/° 81.872(4) 81.204(3) 90 90
V/IA 5607(2) 5591(2) 14868(22) 14062(2)
Z 2 2 4 4
u/ mm’ 0.604 0.602 0.486 0.514
AlA 0.71073 0.71073 0.71073 0.71073
R1* 0.1329 0.0557 0.0561 0.0635
wR2" 0.3140 0.1438 0.1466 0.1787

"R1=Y||Fo| = |Fe| |/ X |Fol. "WR2 = { ¥ [W(Fs" = F)'1/ Y [w(FS )1}
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Table 2.2: Table of bond distances (A) in complex [Fe",] and [Fe",Fe',].

[Fe",] (HT, 293 K)

[Fe',] (IM, 190 K)

Occupancy: 100 %

Occupancy: 35.5(8) %

Occupancy: 64.5(8) %

Fel-N30
Fel-N3
Fel-N4
Fel-N29
Fel-N1
Fel-N32

Fe2-N5
Fe2-N6
Fe2-N11
Fe2-N12
Fe2-N8
Fe2-N9

Fe3-N20
Fe3-N19
Fe3-N13
Fe3-N14
Fe3-N17
Fe3-N16

Fe4-N21
Fe4-N22
Fe4-N27
Fe4-N28
Fe4-N24
Fe4-N25

2.141(2)
2.149(2)
2.153(2)
2.161(2)
2.202(2)
2.215(2)

2.119(2)
2.150(2)
2.151(2)
2.159(2)
2.204(2)
2.210(2)

2.141(2)
2.144(2)
2.146(2)
2.150(2)
2.196(2)
2.207(3)

2.111(2)
2.146(2)
2.148(2)
2.167(2)
2.200(2)
2.215(2)

FelA-N4A
FelA-N30A
FelA-N3A
FelA-N29A
FelA-N1A
FelA-N32A

Fe2A-N5A
Fe2A-N6A
Fe2A-N11A
Fe2A-N12A
Fe2A-NGA
Fe2A-N9A

Fe3A-N14A
Fe3A-N13A
Fe3A-N17A
Fe3A-N19A
Fe3A-N20A
Fe3A-N16A

Fe4A-N24A
Fe4A-N21A
Fe4A-N22A
Fe4A-N25A
Fe4A-N28A
Fe4A-N27A

2.04(4)
2.05(5)
2.13(3)
2.25(3)
2.26(3)
2.28(2)

2.08(3)
2.08(3)
2.10(2)
2.175(19)
2.23(3)
2.29(2)

1.95(3)
1.973(19)
1.99(3)
2.01(3)
2.03(3)
2.04(2)

2.07(4)
2.10(4)
2.10(4)
2.22(3)
2.26(4)
2.29(4)

FelB-N29B
FelB-N3B
FelB-NI1B
FelB-N4B
FelB-N30B
FelB-N32B

Fe2B-N5B
Fe2B-N6B
Fe2B-N11B
Fe2B-N12B
Fe2B-N8B
Fe2B-N9B

Fe3B-N14B
Fe3B-N19B
Fe3B-N13B
Fe3B-N20B
Fe3B-N17B
Fe3B-N16B

Fe4B-N27B
Fe4B-N28B
Fe4B-N21B
Fe4B-N22B
Fe4B-N25B
Fe4B-N24B

2.121(19)
2.139(19)
2.152(17)
2.21(2)
2.21(3)
2.220(13)

2.119(15)
2.156(16)
2.164(11)
2.170(10)
2.176(15)
2.202(10)

1.884(13)
1.902(15)
1.965(9)

2.002(15)
2.004(15)
2.030(12)

2.05(2)
2.10(2)
2.14(2)
2.15(2)
2.160(17)
2.32(2)
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[Fe",] (IM, 190 K)

[Fe',] (LT, 100 K)

Occupancy: 46.9(3) %

Occupancy: 53.1(3) %

Occupancy: 55.4(4) %

FelC-N1C
FelC-N29C
FelC-N4C
FelC-N30C
FelC-N3C
FelC-N32C

Fe2C-N6C
Fe2C-N5C
Fe2C-N11C
Fe2C-N12C
Fe2C-N8C
Fe2C-NOC

Fe3C-N19C
Fe3C-N14C
Fe3C-N20C
Fe3C-N13C
Fe3C-N17C
Fe3C-N16C

Fe4C-N27C
Fe4C-N25C
Fe4C-N22C
Fe4C-N21C
Fe4C-N28C
Fe4C-N24C

2.136(19)
2.136(14)
2.16(2)
2.164(16)
2.17(2)
2.277(17)

1.968(15)
2.03(2)
2.03(2)
2.074(15)
2.084(15)
2.130(15)

2.11(2)
2.13(2)
2.16(3)
2.175(14)
2.22(2)
2.240(18)

1.858(15)
1.886(14)
1.94(3)
2.02(3)
2.065(13)
2.24(2)

FelD-N30D
FelD-N3D
FelD-N29D
FelD-N4D
FelD-N32D
FelD-N1D

Fe2D-N5D
Fe2D-N11D
Fe2D-N12D
Fe2D-N6D
Fe2D-N9D
Fe2D-N8D

Fe3D-N20D
Fe3D-N13D
Fe3D-N19D
Fe3D-N17D
Fe3D-N14D
Fe3D-N16D

Fe4D-N24D
Fe4D-N21D
Fe4D-N22D
Fe4D-N27D
Fe4D-N28D
Fe4D-N25D

2.102(13)
2.112(18)
2.141(12)
2.14(2)

2.221(17)
2.231(15)

2.118(17)
2.134(19)
2.148(12)
2.178(13)
2.188(13)
2.273(13)

2.14(2)
2.165(13)
2.17(2)
2.19(2)
2.189(18)
2.212(14)

1.974(18)
2.07(3)
2.12(3)
2.138(16)
2.150(12)
2.315(14)

FelA-N4A
FelA-N1A
FelA-N29A
FelA-N3A
FelA-N30A
FelA-N32A

Fe2A-NGA
Fe2A-N5A
Fe2A-N6A
Fe2A-N12A
Fe2A-N11A
Fe2A-N9A

Fe3A-N19A
Fe3A-N14A
Fe3A-N13A
Fe3A-N17A
Fe3A-N20A
Fe3A-N16A

Fe4A-N22A
Fe4A-N21A
Fe4AN24A

Fe4A-N27A
Fe4A-N28A
Fe4A-N25A

2.12(3)
2.15(2)
2.150(12)
2.173(16)
2.176(16)
2.198(12)

2.022(14)
2.07(3)
2.115(16)
2.12009)
2.155(11)
2.245(11)

1.798(19)
1.946(9)
1.980(9)
1.985(18)
2.10(2)
2.118(11)

1.861(13)
1.96(2)

1.968(14)
1.975(14)
2.024(13)
2.027(16)
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[Fe",] (LT, 100 K)

[Fe",] (LT, 18 K dark)

Occupancy: 44.6(4) %

Occupancy: 67.9(4) %

Occupancy: 32.1(4) %

FelB-N30B
FelB-N3B
FelB-N29B
FelB-N4B
FelB-NI1B
FelB-N32B

Fe2B-N11B
Fe2B-N9B
Fe2B-N6B
Fe2B-N12B
Fe2B-N5B
Fe2B-N8B

Fe3B-N14B
Fe3B-N16B
Fe3B-N20B
Fe3B-N17B
Fe3B-N13B
Fe3B-N19B

Fe4B-N27B
Fe4B-N25B
Fe4B-N28B
Fe4B-N21B
Fe4B-N22B
Fe4B-N24B

2.08(2)
2.09(2)
2.145(16)
2.15(3)
2.22(3)
2.257(17)

1.928(11)
1.946(13)
1.98(2)
2.004(11)
2.03(4)
2.226(17)

1.924(13)
1.961(11)
1.99(3)
2.05(2)
2.085(12)
2.11(3)

1.97(2)
2.08(2)
2.118(18)
2.14(3)
2.14(2)
2.175(17)

FelA-N3A
FelA-N4A
FelA-N30A
FelA-N29A
FelA-N1A
FelA-N32A

Fe2A-N8A
Fe2A-N12A
Fe2A-N5A
Fe2A-N6A
Fe2A-N11A
Fe2A-N9A

Fe3A-N19A
Fe3A-N14A
Fe3A-N17A
Fe3A-N13A
Fe3A-N16A
Fe3A-N20A

Fe4A-N22A
Fe4A-N27A
Fe4A-N21A
Fe4A-N25A
Fe4A-N24A
Fe4A-N28A

2.101(14)
2.13(3)
2.14(2)
2.152(14)
2.219(17)
2.374(13)

2.119(12)
2.128(8)
2.130(14)
2.133(11)
2.161(8)
2.253(9)

1.880(16)
1.914(10)
1.972(14)
2.012(8)

2.040(11)
2.067(12)

1.907(9)

1.929(17)
1.989(14)
1.996(13)
2.016(12)
2.052(15)

FelB-N32B
FelB-N30B
FelB-NI1B
FelB-N4B
FelB-N29B
FelB-N3B

Fe2B-N11B
Fe2B-N9B
Fe2B-N5B
Fe2B-N6B
Fe2B-N12B
Fe2B-N8B

Fe3B-N16B
Fe3B-N20B
Fe3B-N19B
Fe3B-N17B
Fe3B-N13B
Fe3B-N14B

Fe4B-N21B
Fe4B-N28B
Fe4B-N27B
Fe4B-N22B
Fe4B-N25B
Fe4B-N24B

1.86(3)
2.06(5)
2.14(4)
2.20(6)
2.20(3)
2.22(3)

1.933(16)
1.936(18)
1.97(3)
2.01(3)
2.038(19)
2.25(3)

1.945(19)
1.96(2)
2.00(3)
2.09(3)
2.10(2)
2.14(3)

2.08(3)
2.12(4)
2.13(4)
2.13(2)
2.19(3)
2.24(3)
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[Fe",] (HT*, 18 K, 532 nm) [Fe",] (HT*, 18 K, 808 nm)

Occupancy: 100 % Occupancy: 100 %

Fel-N30  2.117(7) Fel-N30  2.124(2)
Fel-N3 2.147(7) Fel-N4 2.143(3)
Fel-N4 2.149(8) Fel-N3 2.145(2)
Fel-N29  2.162(6) Fel-N29  2.174(2)
Fel-N1 2.201(7) Fel-N1 2.207(3)
Fel-N32  2.226(6) Fel-N32  2.212(2)

Fe2-N5 2.107(8) Fe2-N5 2.115(3)
Fe2-N6 2.153(7) Fe2-N11 ~ 2.159(3)
Fe2-N11 ~ 2.154(8) Fe2-N6 2.159(3)
Fe2-N12  2.159(7) Fe2-N12  2.163(3)
Fe2-N8 2.201(9) Fe2-N8 2.199(3)
Fe2-N9 2.206(7) Fe2-N9 2.212(2)

Fe3-N20  2.119(8) Fe3-N20  2.121(3)
Fe3-N14  2.140(8) Fe3-N14  2.135(3)
Fe3-N19  2.146(8) Fe3-N13  2.146(3)
Fe3-N13  2.148(7) Fe3N19  2.147(2)

Fe3-N17  2.208(9) Fe3-N17  2.200(3)
Fe3-N16  2.214(8) Fe3-N16  2.210(3)

Fe4-N21  2.118(8) Fe4-N21  2.102(3)
Fe4-N27  2.138(7) Fe4-N27  2.136(2)
Fe4-N22  2.149(7) Fe4-N22  2.145(2)
Fe4-N28  2.159(6) Fe4-N28  2.162(2)
Fe4-N24  2.193(7) Fe4-N24  2.199(3)
Fe4-N25  2.201(7) Fe4-N25  2.207(3)
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[Fe™ Fe",] (250 K)

[Fe,Fe",] (100 K)

Fel-N3
Fel-N3
Fel-N4
Fel-N4
Fel-N1
Fel-N1

Fe2-N11
Fe2-N6
Fe2-N12
Fe2-N5
Fe2-N8
Fe2-N9

Fe3-N14A
Fe3-N14A
Fe3-N16A
Fe3-N16A
Fe3-N13

Fe3-N13

Fe3-N14B
Fe3-N14B
Fe3-N16B
Fe3-N16B

1.927(2)
1.927(2)
1.976(2)
1.976(2)
1.993(3)
1.993(3)

1.927(2)
1.928(2)
1.999(2)
2.000(2)
2.001(3)
2.003(3)

1.807(13)
1.807(13)
1.88(2)
1.88(2)
1.970(2)
1.970(2)
2.028(11)
2.028(11)
2.074(17)
2.074(17)

Fel-N3
Fel-N3
Fel-N4
Fel-N4
Fel-N1
Fel-N1

Fe2-N11
Fe2-N6
Fe2-N12
Fe2-N8
Fe2-N5
Fe2-N9

Fe3-N14
Fe3-N14
Fe3-N13
Fe3-N13
Fe3-N16
Fe3-N16

1.916(2)
1.916(2)
1.960(2)
1.960(2)
1.969(2)
1.969(2)

1.909(2)
1.913(2)
1.976(2)
1.977(2)
1.979(2)
1.989(2)

1.904(3)
1.904(3)
1.950(2)
1.950(2)
1.961(3)
1.961(3)
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Table 2.3: The 3 (°)* of [Fe",] and [Fe",Fe",].

[FeH4]
Temperature Fel Fe2 Fe3 Fe4 Occupancy
293 K 146.13(29) 151.90(29) 144.42(31) 152.65(29) 100 %
190 K (A) 141(5) 150.3(37) 99.7(38) 132.0(56) 35.5(8) %
190 K (B) 146.4(28) 148.5(18) 86.1(19) 163.6(31) 64.5(8) %
190 K (C) 148.7(26) 112.0(26) 143.1(30) 88.1(34) 46.9(3) %
190 K (D) 141.0(22) 164.5(21) 146.4(25) 151.5(29) 53.113) %
100 K (A) 143.6(30) 153.6(25) 66.3(23) 92.8(30) 55.4(4) %
100 K (B) 144 .4(39) 100.2(32) 107.9(30) 121.8(40) 44.6(4) %
18 K (dark, A) 139.7(24) 151.2(14) 75.8(18) 92.4(24) 67.9(4) %
18 K (dark, B) 150(6) 99.0(34) 115.4(38) 138(5) 32.14) %
18 K (532 nm) 142.9(9) 155.0(10) 143.4(10) 151.909) 100 %
18 K (808 nm) 143.48(33) 156.61(35)  145.22(36) 153.37(34) 100 %
[FellleeHz]
Temperature Fe5 Fe6 Fe7 Fe7 Occupancy
250 K 78.77(39) 82.75(37) 64.07(27) 48(2) %
89.27(21) 52(2) %
100 K 78.56(37) 81.87(34) 79.42(40) 100 %

“Y'is the sum of the deviation of each of the 12 cis N-Fe-N angles from 90°.

12
= Z|90° — o,
i=1
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2.3 Results and Discussion

Structures. The crystallographically determined structures of [Fe",] and [Fe™,Fe",] are shown in

Figure 2.2. [Fe",] crystallized in the Pl space group and temperature dependence of structural

data were collected at 18 K (in a dark), 100 K, 190 K (in heating mode) and 293 K. The crystal
data are summarized in Table 2.1. [Fe",] has a tetranuclear grid-like core, consisting of four
crystallographically independent iron ions, ligands, and tetrafluorobrate anions. Thus, charge
balance suggests that all iron ions are divalent. The ligands adopt bis-tridentate coordination
modes, bridging the iron ions through their central imidazolate moieties, ensuring that all four iron
ions are coordinated by two tridentate binding sites, resulting in Ny coordination environments.
Structural data collected at both 18 K (Figure 2.3 and Table 2.4) and 100 K (Figure 2.4 and Table
2.5) allowed the characterisation of the cluster in two partially occupied, overlaid configurations (A
and B). Bond distances and angles indicated that FelA and Fe2A were HS and Fe3A and Fe4A
were LS ions, while FelB and Fe4B were HS and Fe2B and Fe3B were in the LS state; a ratio
confirmed by low temperature magnetic susceptibility and *’Fe Mossbauer data (Figures 2.13 and
2.16, and Table 2.10). In both configurations the grid had a cis-2HS-2LS configuration,
abbreviated as [(HS-Fe"),(LS-Fe"),], similar to that described in the first crystallographically

determined 2HS-2LS iron grid and the subsequent theoretical studies thereupon,”®”!

although more
recently a trans-2HS-2LS grid has also been reported.”® Increasing the measurement temperature
from 100 K to 190 K, caused the c-axis to double in length, and the unit cell to contain two
crystallographically independent sites, both of which were occupied by two overlaid cluster
configurations (Figure 2.5 and Table 2.6).”***> At site 1, in both configurations A and B, the bond
lengths and angles indicated that ion Fe3A/B was in the LS state, while all other ions were in the
HS state. At the second site, in contrast, molecule C contained two LS ions at positions Fe2C and
Fe4C, while all ions in molecule D were in the HS state. Overall, the IM phase can be represented
by the average formula [(HS-Fe'),(LS-Fe")], a ratio confirmed by magnetic susceptibility and
Mossbauer data (Figures 2.13 and 2.16, and Table 2.10). As the sample temperature was further
increased to 293 K, the length of the c-axis changed to 25.389(2) A, and the resultant unit cell
contained only one complex unit. The average coordination bond lengths around the iron ions
(HS-Fe'-N,, = 2.166(2) A) suggested that all iron irons were in the HS state. The temperature
dependent crystallographic analysis showed [Fe",] to display two-step intramolecular SCO
behaviour whilst retaining single crystallinity.

[Fe",Fe",] crystallized in the monoclinic space group C2/c at 100 K (Figure 2.2). The
oxidation and spin states of the iron ions in [Fe",Fe",] were confirmed by charge balance
considerations, magnetic susceptibility measurements and Maossbauer spectra. The grid was
diagonally bisected by a C, axis, resulting in three crystallographically independent iron ions, and
suggesting that the homovalent ions were likely to be found on opposite corners. The Mdssbauer
spectrum of [Fe",Fe',] collected at 100 K confirmed that LS-Fe™ and LS-Fe" ions existed in a 1: 1
ratio in the grid and the observation of two LS-Fe" doublets and one LS-Fe" doublet suggested that
the Fe" ions were located on the crystallographically inequivalent Fe5 and Fe7 positions, that is,
Fe5 and Fe7 = LS-Fe", and Fe6 = LS-Fe" (Figure 2.17 and Table 2.11). The average coordination
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bond lengths around the iron ions at 100 K were Fe5 = 1.948(3) A, Fe6 = 1.957(3) A and Fe7 =
1.940(3) A, respectively, suggesting that all iron ions were in the low-spin state at 100 K.
Increasing the data collection temperature to 250 K caused structural disorder around the Fe7 centre,

indicative of incomplete single-site Fe""

spin transition, an observation in line with the Mossbauer
spectra, in which a low-intensity HS-Fe" doublet progressively appeared as temperature was

increased (Figure. 2.6 and Table 2.7).
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(a)

(b)

Figure 2.2: Ball and stick representations of the crystal structures of the homo- and heterovalent
tetranuclear [2 x 2] grid-like complexes [Fe",] (Position A, a) and [Fe",Fe",] (b) at 100 K.
HS-Fe" centres are shown in green; LS-Fe", sky-blue; LS-Fe", orange; C, grey and N, blue. For
clarity, counteranions, hydrogen atoms and solvent molecules have been omitted.
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Molecule A

Figure 2.3: Crystal structure of [Fe",] at 18 K (before irradiation).
positions and shown as molecule A (cyan) and B (magenta).

Molecule B

The structure could be split two

Table 2.4: The average coordination bond lengths around the iron centres, distortion of their

coordination geometries (X), and assignment of spin state for [Fe",] at 18 K.

Molecule A (occupancy: 67.9(4) %)

Average Fe-N bond lengths [A] Y [deg.] Spin state
FelA 2.19(2) 139.7(24) HS
Fe2A 2.154(11) 151.2(14) HS
Fe3A 1.981(12) 75.8(18) LS
Fed4A 1.982(14) 92.4(24) LS

Molecule B (occupancy: 32.1(4) %)

Average Fe-N bond lengths [A] X [deg.] Spin state
FelB 2.11(4) 150(6) HS
Fe2B 2.02(2) 99.0(34) LS
Fe3B 2.04(3) 115.4(38) LS
Fe4B 2.15(3) 138(5) HS
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shown as molecule A (cyan) and B (magenta).

Molecule A
Figure 2.4: Crystal structure of [Fe",] at 100 K. The structure could be split two positions and

Molecule B

Table 2.5: The average coordination bond lengths around the iron centres, distortion of their

coordination geometries (), and assignment of spin state for [Fe",] at 100 K.

Molecule A (occupancy: 55.4(4) %)

Average Fe-N bond lengths [A] Y [deg.] Spin state
FelA 2.16(2) 143.6(30) HS
Fe2A 2.16(2) 153.6(25) HS
Fe3A 1.99(2) 66.3(23) LS
Fed4A 1.97(2) 92.8(30) LS

Molecule B (occupancy: 44.6(4) %)

Average Fe-N bond lengths [A] X [deg.] Spin state
FelB 2.16(2) 144.4(39) HS
Fe2B 2.02(2) 100.2(32) LS
Fe3B 2.02(3) 107.9(30) LS
Fe4B 2.10(2) 121.8(40) HS
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Molecule A Molecule B Molecule C Molecule D

Figure 2.5: Crystal structure of [Fe",] at 190 K. The unit cell contains two crystallographically
independent cation site, each of which is occupied by two superimposed molecules A (cyan) and B
(magenta) at site 1, and C (orange), and D (green) at site 2.

36



Table 2.6: The average coordination bond lengths around the iron centres, distortion of their
coordination geometries (2), and assignment of spin state for [Fe",] at 190 K.

Molecule A (occupancy: 35.5(8) %)

Average Fe-N bond lengths [A] Y [deg.] Spin state
FelA 2.17(3) 141(5) HS
Fe2A 2.16(3) 150.3(37) HS
Fe3A 1.99.(3) 99.7(38) LS
Fed4A 2.17(4) 132.0(56) HS

Molecule B (occupancy: 64.5(8) %)

Average Fe-N bond lengths [A] X [deg.] Spin state
FelB 2.18(2) 146.4(28) HS
Fe2B 2.165(13) 148.5(18) HS
Fe3B 1.965(13) 86.1(19) LS
Fe4B 2.15(2) 163.6(31) HS

Molecule C (occupancy: 46.9(3) %)

Average Fe-N bond lengths [A] X [deg.] Spin state
FelC 2.17(2) 148.7(26) HS
Fe2C 2.05(2) 112.0(26) LS
Fe3C 2.17(2) 143.1(30) HS
Fe4C 2.00(2) 88.1(34) LS

Molecule D (occupancy: 53.1(3) %)

Average Fe-N bond lengths [A] Y [deg.] Spin state
FelD 2.16(2) 141.0(22) HS
Fe2D 2.173(15) 164.5(21) HS
Fe3D 2.18(2) 146.4(25) HS
Fe4D 2.13(2) 151.5(29) HS
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Figure 2.6: The crystallographically determined coordination environment around the Fe7 position
of [Fe",Fe",] at 250 K. The coordinating ligands are disordered into two positions, A (cyan) and
B (magenta). Atoms are displayed as thermal ellipsoids at 30% probability.

Table 2.7: The average coordination bond lengths, distortion of their coordination geometries (X),
assignment of spin state, and occupancy of the ligands around the Fe7 position of [Fe™,Fe",] at 250
K.

Average Fe-N bond lengths [A] Y[deg.] Spin state  Occupancy [%]

Position A 1.89(2) 64.07(27) LS 48(2)
Position B 2.02(2) 89.27(21) HS 52(2)

Light-irradiation experiments were carried out on single crystals of [Fe",] and [Fe",Fe",].
Before irradiation in the dark at 18 K, the bond distances are similar to 100 K one and the structure
was the cis-2HS-2LS configuration. Irradiation at 532 or 808 nm to a single crystal of [Fe",]
caused the bond distances to increase to lengths and X similar to those seen at 293 K, characteristic
of full [(HS-Fe"),(LS-Fe"),]—=[(HS-Fe"),] transition (Tables 2.2 and 2.3). The unit cell volumes
were also increased by LIESST effect. No structural change was, however, observed upon
radiation of [Fe",Fe",] crystals, perhaps due to their dark colour and impenetrability to light.
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ESI-MS spectroscopy. The ESI-MS spectrum of [Fe",] was measured in acetonitrile and shown

in (Figure 2.7 and Table 2.8). Main cluster peak was observed at 541.5 m/z, which was

corresponded to [Fe",(L),]*, and suggests that the grid-like core structure is stable in acetonitrile.

541.5

e | L

(R R L L N L R R R LR RN ARl
100 200 300 400 500 600 700 800 900 1000

m/z

Figure 2.7: ESI-MS spectra on dissolved crystals of [Fe",] (main
541.5 (541.5) m/z). Peak assignment is given in Table 2.8.

Table 2.8: Peak assignment for ESI-MS of [Fe",].

m/z Formula

5415 [Fe",(L),]*
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Observed [Fe”4(L)4]4+
Simulated
i T T T T T 1
540 541 542 543
m/z

cluster peak of [Fe",(L),]*" at



Electrochemical properties. Cyclic voltammetry measurements of [Fe",] were carried out in
acetonitrile at 293 K (Figure 2.8 and Table 2.9). The cyclic voltammogram showed four
quasi-reversible redox waves at E,, = +0.52 V, +0.61 V, +0.90 V and +1.00 V (versus SCE)
corresponding to the one-electron oxidation of the four iron centres.

mixed-valence species was relatively stable in acetonitrile.

10 pA

14 12 10 08 06 04 02 0.0

E/V vs. SCE

Figure 2.8: Cyclic voltammogram of [Fe",] in acetonitrile/0.1 M n-Bu,NPF, referenced against SCE

at a scan rate of 50 mVs™.

Table 2.9: CV data® for [Fe,]™".

The comproportionation
constant of the two-electron oxidized complex {Fe",Fe",}** was 9.8x10%,° suggesting that the

E, (V) E, (V) E,, (V)
{Fell4}4+ / {FeIIIFeIIS}5+ 0.56 048 0.52
{FeIIIFeII3}5+ / {FellleeHz}m 0.65 057 0.61
{FCIIIZFCIIZ}6+ / {FCHI3F6H}7+ 0.94 0.86 0.90
{(Fe' Fell}™ / {Felll 15+ 1.04 0.96 1.00

“vs.SCE at 293 K. °E,,=(E,, + E,)/2
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Controlled potential spectroscopy. Controlled potential UV-Vis-NIR measurements were
conducted on a solution of [Fe",] in acetonitrile to track the absorption bands associated with all
accessible redox states. Initial oxidation from {Fe",}*" to {Fe",Fe",}*" caused the LS-Fe" MLCT
band (4,,, = 501 nm) to weaken, while new absorption bands appeared at 864 nm and 2462 nm
(Figure 2.9 (a)). Full oxidation to a {Fe™,}* species caused the band at 2462 nm to disappear
while that at 864 nm remained, indicating the absorption at 2462 nm to be an IVCT band between
heterovalent iron ions, and the band at 864 nm to be the LS-Fe™ LMCT band (Figure 2.9 (b)).”
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Figure 2.9: Controlled potential absorption spectra of [Fe",] between (a) 0.4 V-0.8 V (vs. SCE) and
(b) 0.8 V-1.2 V in acetonitrile at 293 K.
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UV-Vis-NIR spectroscopy. Absorption spectra of [Fe",] and [Fe",Fe",] in acetonitrile at 293 K
were shown in Figure 2.10. The band {4062 cm™ (2462 nm), ¢,,.= 2800 M'cm™} of [Fe",Fe",] was
assigned as an IVCT band between heterovalent iron ions. The pertinent delocalization parameters
were obtained from Hush theory, based on ¢,,= 1400 M'cm™ (two chromophores), v, . = 4060
cm’ (2462 nm), and Av,, = 1600 cm™, which yielded H,, = 320 cm™ and o = 0.006 (or H,, = 450
cm’ and o = 0.012 by disregarding the double degeneracy of the transition), indicative of a
Robin-Day class II electron delocalized mixed-valence complex.™
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Figure 2.10: Absorption spectra of [Fe",] and [Fe",Fe",] in acetonitrile at 293 K.
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Temperature dependent absorption spectra of [Fe",] and [Fe",Fe",] in solid state were shown in
Figure 2.11. Spectra were collected on solid samples compressed into KBr pellets and measured
in transmission mode. For [Fe",], LS-Fe" MLCT band was observed (A, = 530 nm) at 100 K,
and the band change to weak by heating. The spectra showed change even up to 373 K,
suggesting that the LT state was stabilized in a pressed sample. For [Fe",Fe',], LS-Fe" MLCT
band (ca. 500nm), LS-Fe™ LMCT band (ca. 850 nm) and IVCT band (ca. 2400 nm) were observed
and did not show temperature dependency (Figure 2.11 (b)).
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Figure 2.11: Solid state absorption spectra of [Fe",] (a) and [Fe",Fe",] (b). Spectra were collected
on solid samples compressed into KBr pellets and measured in transmission mode.
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Single-crystal absorption spectroscopy. Single-crystals absorption spectra of [Fe",] were

collected at 100 K and 293 K. The spectrum at 100 K shows the low energy edge of the LS-Fe"

MLCT band at high resolution (Figure 2.12). The MLCT absorption was found to extend to

around 850 nm, overlapping with the HS-Fe" d-d transition band (°T,, — °E,). The LS-Fe" MLCT

band was disappeared when the sample was heated up to 293 K.
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Figure 2.12: Single crystal absorption spectra of [Fe",] at 293 K and 100 K.

DC magnetic susceptibility. DC magnetic susceptibilities of crystalline sample of [Fe",] and
[Fe",Fe",] were measured in the temperature range of 5 — 300 K with applying magnetic field of
500 Oe (Figure 2.13). The y,,T value of [Fe",] at 100 K (1) was 6.89 emu mol" K, close to the
spin only value of 6.63 emu mol™ K (g = 2.10), calculated from the sum of the uncorrelated spins of
two HS-Fe" (S = 2) and two LS-Fe" (S = 0) ions, as predicted. As the sample was heated, the x, T
value rapidly increased. At 190 K (1), the x,,T plot showed a small step with a value of 10.57

emu mol” K, closely corresponding to the spin only value of 9.95 emu mol" K expected for an

average of three HS-Fe" ions and one diamagnetic LS-Fe" centres per molecule. Upon further
heating to 300 K, the magnetic susceptibility reached a plateau with a y, T value of 13.26 emu mol

K, suggesting that all iron ions were in their HS states above 250 K. Madssbauer measurements
confirmed that the decrease in y,,7 values under 100 K were not due to SCO behaviour, indicating
that antiferromagnetic interactions between the HS iron ions were likely to be responsible (Figure

2.16).  Subsequent measurements in cooling mode echoed the two-step heating profile, but with a
relatively wide thermal hysteresis. The thermal hysteresis and multistep phase transition mean

that [Fe",] is a thermally multi-bistable molecule with the spin state conversions of
[(LS-Fe"),(HS-Fe"),] 2 [(LS-Fe")(HS-Fe"),] 2 [(HS-Fe"),].
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For [Fe™,Fe",], the x,.T value at 100 K was 0.942 emu mol" K, closely matching the predicted
value of 0.941 (g = 2.24) for two uncorrelated LS-Fe™ ions (S = 1/2) and two LS-Fe" ions (S = 0).
With heating, the y,.T value increased gradually, reaching 2.36 emu mol' K at 300 K. Further
heating led to some sample degradation so all measurements were carried out below 300 K. The
susceptibility data suggests that thermal SCO occurred gradually above 200 K in [Fe",Fe",], in
agreement with the Mossbauer spectra, in which a low-intensity HS-Fe™ doublet appeared
correspondingly (Figure 2.17).* The decrease in y, T values at low temperature indicates that

I jons. The LS-Fe" ions in

antiferromagnetic interactions were operative between the LS-Fe
[Fe",Fe",] show greater thermal stability than those in [Fe",], perhaps attributable to the increased
distortion of the Fe" coordination environments in [Fe',] (ave. 3 ¢n = 91.8(29)°, where X
represents the sum of the deviation from 90° of the twelve cis-N-Fe-N angles around a metal

centre)**! compared to [Fe",Fe,] at 100 K (3 s . = 81.87(24)°) (Table 2.3).
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Figure 2.13: The thermal magnetic susceptibility data collected for [Fe",] (O) and [Fe™,Fe',] (@).
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The combination of heterovalent iron chromophores within a cooperative SCO complex
suggested that site and charge-specific LIESST behaviour may be accessible for the first time. To
investigate the photoresponsivity of [Fe",] and [Fe",Fe',] to different wavelengths of laser light,
irradiation experiments were conducted inside the SQUID magnetometer. For the LIESST
phenomenon to be observed, specific electronic absorption bands should be excited; usually d-d or
MLCT for Fe" and LMCT for Fe". UV-Vis-NIR measurements in solid state showed [Fe",] to
have a broad MLCT band centred at A, = 530 nm and spreading to ca. 850 nm, while [Fe",Fe',]
had a separate LMCT band at 864 nm originating from its LS-Fe"' moieties (Figure 2.11 (a) and
Figure 2.12). The combination of different absorption bands encouraged us to attempt
site-selective LIESST excitation experiments. A microcrystalline sample of [Fe",] was irradiated
using a 532 nm laser (10 mW/cm?) at 5 K, leading to an initial decrease in the y, T value (Figure
2.14 (a)). The x,T value then increased rapidly to a maximum of 9.87 emu mol” K as the sample
was heated to 56 K, indicating the occurrence of the LIESST effect. The photo-induced state then
thermally relaxed to the initial phase upon further temperature increase. When 808 nm laser
irradiation (10 mW/cm?®) was used, very similar behaviour was observed, attributable to excitation
of the low energy tail of the broad LS-Fe" MLCT band, the x, T value of the photo excited state
reaching a maximum of 9.54 emu mol™ K at 56 K.

For [Fe",Fe',], a green light-induced excited state (gES) was accessed by irradiation with a 532
nm laser (10 mW/cm?) at 5 K, which led to an increase in the y, T values, reaching a saturation
value of 1.24 emu mol™ K at 5 K after 4 hours (Figure 2.15). When the sample was then irradiated
with red light (10 mW/cm?) the y,.T value increased to a second saturation level of 1.46 emu mol”
K at 5 K indicative of a second green+red light-induced excited state (grES). Subsequent
temperature increases were mirrored by rises in the y,, T values of both the gES and grES, indicative
of antiferromagnetic coupling, reaching maxima at 22 K of 1.40 and 1.99 emu mol™ K respectively,
before thermally relaxing to the LS phase (Figure 2.14 (b)). Both species had entirely reverted to
the ground state by 100 K. Interestingly, when [Fe",Fe",] was excited by only red light, the
susceptibility reached saturation at 1.45 emu mol™” K after 6 hours; very close to the value obtained
for the grES (Figure 2.15). Light excitation experiments of LS-Fe" LMCT band using a 1064 nm
DPSS laser selectively were operated, but light-excited state was not trapped. These results

111

suggest that the generation of HS-Fe" permit Fe" to show their light-induced spin transition.
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Figure 2.14: Thermal relaxation processes of LIESST phenomena for [Fe",] (a) and [Fe",Fe",] (b).
The magnetic susceptibility after light irradiation was measured using an applied magnetic field of
500 Oe and a scan rate of 0.1 K/min in scaning mode.
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Figure 2.15: Duration and wavelength dependency of [Fe",Fe',] photo-excitation at 5 K. After
532 nm laser light irradiation, the sample was irradiated with the 808 nm laser under the same
conditions as the 532 nm laser (10 mW/cm®), then an increase in x, T value was observed. When
the irradiation order was reversed, (808 nm then 532 nm) no substantial difference was observed
upon changing between the light sources. Red markers indicate 808 nm laser product; green
markers, 532 nm laser product. Filled markers indicate initial irradiation product; empty markers,
second irradiation product.

Maossbauer spectra. Temperature dependent Mossbauer spectra of [Fe',] between 293 — 5 K
(Figure 2.16) and Mossbauer parameters (relative to metallic iron) are listed in Table 2.10. The
Mossbauer spectrum at 293 K showed a quadruple doublet, and the Mossbauer parameters of
isomer sift (8) and quadruple splitting (AE,) are 6 = 0.96 mm s with AE, = 1.80 mm s suggesting
that all iron ions are HS-Fe" state. The sample was cooled down to 5 K, and the Mdssbauer
spectrum showed two quadruple doublets, of which parameter sets (6= 1.21 mm s and AE, = 2.28
mm s”) and (6 = 0.27 mm s™ and AE, = 1.01 mm s") and the peak-intensity ratio is 52/48, are
characteristic of HS-Fe" and LS-Fe" ions, respectively. The Mdssbauer spectra at 100 K also
showed two quadruple doublets, of which parameter sets (6 = 1.17 mm s and AE, =2.21 mm s™)
and (6=0.29 mm ™ and AE, =0.97 mm s") and the peak-intensity ratio is HS-Fe'/LS-Fe" = 54/46.
The Mossbauer spectra at 180 K (heating mode) showed two quadruple doublets, of which
parameter sets (6 = 1.05 mm s™ and AE, = 2.02 mm s") and (6 = 0.29 mm s” and AE, = 1.05 mm
s') and the peak-intensity ratio is HS-Fe'/LS-Fe" = 76/24. The results suggested that [Fe",]
showed two-step LS-Fe" to HS-Fe" thermal spin transition.
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Figure 2.16: Temperature dependent Mossbauer spectra of [Fe",] between 293 K and 5 K.
Parameters see Table 2.10.
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Table 2.10: Mossbauer parameters for [Fe",].

S (mms™)? AE, (mms™")’ Area fractions (%)
T (K) LS-Fe" HS-Fe" LS-Fe" HS-Fe" LS-Fe" HS-Fe"
293 — 0.96 — 1.80 — 100
180 (1)° 0.29 1.05 0.91 2.02 24 76
100 (1)° 0.29 1.17 0.97 2.21 46 54
5 0.27 1.21 1.01 2.28 48 52

* Isomer shift relative to metallic iron. " Quadrupole splitting. ¢ Measured in heating mode.

Temperature dependent Mossbauer spectra of [Fe™,Fe",] between 300 — 5 K (Figure 2.17) and
Mossbauer parameters are listed in Table 2.11. Mossbauer spectrum showed three quadruple
doublets at 5 K, of which parameter sets (6 =0.08 mm s” and AE, =3.27 mms™), (6=0.19 mm s
and AE,=3.06 mm "), and (6 =0.37mm s™ and AE, = 0.87 mm s™), and the peak-intensity ratio is
27/27/46, are characteristic of two kinds of LS-Fe" and LS-Fe" ions, respectively. The spectra at
100 K also showed three quadruple doublets and the peak-intensity ratio is LS-Fe"/ LS-Fe"/
LS-Fe" = 27/27/46 suggesting that [Fe",Fe",] dose not shows thermal SCO behaviour between 5 K
and 100 K. At 200 K, the peak-intensity of LS-Fe" decreased and new doublet peak with & = 0.35
mm s and AE, = 1.02 mm s which corresponding to the HS-Fe" ion was observed. The
peak-intensity ratio is LS-Fe"/ LS-Fe'/ HS-Fe"/ LS-Fe" = 25/25/5/45 suggests that Fe" ions
showed thermal SCO behaviour above 100 K. As heating the sample, the peak-intensity of HS-Fe'
increase and the ratio is LS-Fe"/ LS-Fe"/ HS-Fe"/ LS-Fe" = 21/21/13/45 at 300 K. The
temperature dependent Mossbauer measurements of [Fe™,Fe",] make clear that the increase of ¥, T
value at high temperature region is originated from the thermal spin transition of LS-Fe™ to HS-Fe"

ions.
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Figure 2.17: Temperature dependent Mossbauer spectra of [Fe™,Fe",] between 300 K and 5 K.
Parameters see Table 2.11.
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Table 2.11: Mossbauer parameters for [Fe",Fe'",].

O (mms™)

T (K) LS-Fe™ LS-Fe" HS-Fe" LS-Fe"
300 0.05 0.14 0.34 0.26
200 0.03 0.18 0.35 0.33
100 0.05 0.20 — 0.36

5 0.08 0.19 — 0.37
AE, (mm s™)

T (K) LS-Fe™ LS-Fe" HS-Fe" LS-Fe"
300 2.90 2.72 1.02 1.21
200 3.26 2.96 1.02 091
100 3.36 2.98 — 0.86

5 3.27 3.06 — 0.87
Area fractions (%)

T (K) LS-Fe™ LS-Fe™ HS-Fe" LS-Fe"
300 21 21 13 45
200 25 25 5 45
100 27 27 — 46

5 27 27 — 46
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Due to the low relaxation temperature and the existence of intramolecular antiferromagnetic
interactions at low temperature, the spin states of the excited species could not be elucidated by
susceptibility data alone. To investigate the electronic characteristics of the light induced excited
states, light irradiation experiments of Mossbauer spectra were operated. Before irradiation,
measurements conducted on [Fe",] at 5 K showed two doublet peaks corresponding to LS-Fe" and
HS-Fe" ions with a peak-intensity ratio of HS-Fe"/LS-Fe" = 0.52/0.48 (Figure 2.18 and Table 2.12).
When the sample was irradiated with 532 nm laser at 5 K, the LS-Fe" peak intensity decreased, and
the peak-intensity ratio of LS-Fe"/HS-Fe" changed to 0.18/0.82, suggesting LS-Fe" to HS-Fe" spin
conversion had occurred. 808 nm irradiation resulted in a similar final peak-intensity ratio of
LS-Fe"/HS-Fe" = 0.17/ 0.83, suggesting that irradiation at both 532 nm and 808 nm generated a
photo-induced HT* (4HS) state from the 2HS-2LS state.
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Figure 2.18: Light dependent Mossbauer spectra of [Fe",] at 5 K. For the fitting parameters see
Table 2.12.
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Table 2.12: Mossbauer parameters for [Fe",] at 5 K.

d(mms™) AE, (mm s™) Area fractions (%)
LS-Fe" HS-Fe" LS-Fe'  HS-Fe! LS-Fe'!  HS-Fe"
After 808 nm 0.15 1.15 0.87 232 17 83
irradiation
After 532 nm 023 1.17 1.00 2.29 18 82
irradiation
Before 033 121 091 226 48 52
irradiation

The Mossbauer spectrum of [Fe",Fe",] collected in the absence of light at 5 K showed two
doublet peaks, corresponding to LS-Fe" and LS-Fe", with a peak-intensity ratio of LS-Fe"/LS-Fe"
= 0.45/0.55 (Figure 2.19 and Table 2.13). After 532 nm laser irradiation at 5 K, however, the
LS-Fe" absorption decreased, and a new doublet appeared corresponding to HS-Fe". The
peak-intensity ratio of LS-Fe"/HS-Fe"/LS-Fe'/HS-Fe" = 0.42/0.00/0.31/0.27 confirmed that
Fe"-specific LIESST had occurred after exposure to green light. Following green light excitation,
the sample was then irradiated with an 808 nm laser at 5 K. The intensity of the LS-Fe" doublet
peak decreased, and a new doublet peak emerged with a small quadrupole splitting parameter
corresponding to HS-Fe". The peak-intensity ratio of LS-Fe"/HS-Fe"/LS-Fe"/HS-Fe" =
0.32/0.13/0.30/0.25, confirmed that the red light had led to the selective LIESST of the Fe" ions.
The results suggested that 532 nm light irradiation induced the LS-Fe" to HS-Fe" spin transition,
and that 808 nm light irradiation induced LS-Fe™ to HS-Fe" spin transition selectively, resulting in
the remarkable situation of generating a tetranuclear cluster in which iron ions are present in four
different electronic states.
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Figure 2.19: The light irradiation dependence *'Fe Mossbauer spectra of [Fe™,Fe",] at 5 K. The
Mossbauer spectra confirm that irradiation with 532 nm (green) laser results in Fe"-specific LIESST,
while subsequent irradiation with 808 nm (red) laser light caused spin transition to occur the Fe"

ions. For the fitting parameters see Table 2.13.
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Table 2.13: Mossbauer parameters for [Fe",Fe",] at 5 K.

d(mms™)
LS-Fe™ HS-Fe™ LS-Fe! HS-Fe"
After 532 nm + 808 0.11 043 047 0.93
nm irradiation
After 532 nm 0.17 _ 042 1.11
irradiation
Before irradiation 0.18 — 0.39 —
AE, (mms™)
LS-Fe™ HS-Fe™ LS-Fe! HS-Fe"
After 532 nm + 808 3.18 0.19 0.89 230
nm irradiation
After 532 nm 327 _ 0.80 254
irradiation
Before irradiation 3.25 — 0.82 —
Area fractions (%)
LS-Fe™ HS-Fe™ LS-Fe! HS-Fe"
Aftter 532 nm + 808 32 13 30 25
nm irradiation
After 532 nm 42 _ 3] 27
irradiation
Before irradiation 45 — 55 —
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2.4 Conclusion

Homo- ([Fe",]) and heterovalent ([Fe™,Fe",]) grids were synthesized and found to display
light-induced excited spin state trapping (LIESST) at low temperatures. While [Fe",] showed
hysteretic multi-step thermal spin-crossover (SCO) behaviour, [Fe",Fe",] showed little thermal
SCO up to 300 K. Irradiation of [Fe",Fe",] at low temperatures with green and red lasers,
however, led to Fe" and Fe'"'-specific LIESST phenomena respectively; the first observation of
site-selective spin state switching. In all, the {Fe,L,}"" molecule showed a total of seven stable
magnetic phases (spin states) and four oxidation states. Molecules displaying such extraordinary
multi-stability and capacity to function as molecular switches are in great demand due to their
potential applications in future technologies. In particular, the herein reported first observation of
selective multistep light-induced spin state transition, through the targeted excitation of different
metal centres, may have a profound effect on the design of multi-bistable systems and introduce a
new level of complexity to the range of responses accessible in magnetic molecules.
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CHAPTER 3

Solid-state NMR Study of
Antiferromagnetic Oxovanadium Rings

3.1 Introduction

Ring-shaped metal complex molecules with antiferromagnetic interactions between metal ions
may have unique magnetic ground states depending on their number of metal ions.
Even-membered rings were well investigated to exemplify quantum effects based on topologically
assembled spin systems in the field of molecular magnetism. An structure of an iron deca-nuclear
complex, [Fe1o(OMe)20(02CCH2C1)10] (Fel0) was first reported by Lippard et al. in 1990,' and
the magnetic properties was reported in 1994 (Figure 3.1 (a)).? At very low temperature, the spin
ground state of the Fel0 wheel was spin singlet up to an applied magnetic field of 3 T. As the
magnetic field was increased, magnetization (M) showed some steps corresponding to transitions
between quantum spin states (Figure 3.1 (b)). These magnetization steps are the characteristic
behaviour of discrete antiferromagnetic molecular systems.  Solid-state nuclear magnetic
resonance (NMR) measurements of the Fel0 wheel were reported by Borsa et al., in which they
studied its spin dynamics. Measurements of nuclear spin-lattice relaxation time, 71, and analyses
of its reciprocal 71" (nuclear spin-lattice relaxation rate) afford a powerful tool for the investigation
of spin dynamics since the relaxation of a nuclear spin is affected by fluctuations in the local field
induced by hyperfine interactions with the local magnetic moments i.e. unpaired spins. In
particular, ring-shaped magnetic molecules show an enhancement of 71! at temperatures low
enough to slow down of the magnetic spin fluctuations (Figure 3.1 (c)).”
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Figure 3.1: (a) ORTEP diagram of the ferric wheel Fel0. (b) Magnetization curves for FelO at 0.6
K. (c) 'H nuclear spin-lattice relaxation rate, 71!, versus T plots for FelO at two different
resonance frequencies (@) 14 MHz and ([J) 60 MHz.
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There are other examples of antiferromagnetic rings for which the magnetic properties and
solid-state NMR characteristics have been well studied, such as [CrsFs(piv)is] (Cr8, piv = pivalic
acid, Cr’*; S = 3/2) and [LiFes(OCH3)12(C15H1102)s]B(CeéHs)4 + CH2Clz (Fe6(Li), Fe**; S = 5/2)
(Figure 3.2 (a)).>* In both cases, antiferromagnetic interactions are operative between the metal
ions, and the exchange coupling constants between neighboring paramagnetic centres are J/kp =
-17.2 K for Cr8 and J/ks = -21 K for Fe6(L1), respectively. Solid-state NMR measurements were
performed for these rings and reveal the enhancement of 71" at low temperatures.” The 1/T14T
versus T plots showed the characteristic peaks, and suggest that slowing down of the magnetic spin
fluctuations occurred around the peak temperature (Figure 3.2 (b)). The spin fluctuation frequency
(/) showed temperature dependency and decreased as temperature was lowered with the relationship
"o 733, These studies show that solid-state NMR measurements are very powerful tools to
detect the dynamics of spin fluctuation.

62



(a)

(b)
—TT T T T T T T T T T -12
Fe6(Li) O 24.7MHz
- T T - 4r ) (0.58 T, 'H)
~4 . @ @ 2.47MHz
g g «—1H (A5T,7L) 49
\ Mgl A 63.9 MHz
=3 - = . (15T, 'H)
g & L A 63.9MHz
e = GB84T,Li) 46
g 2 . g2
2L N
=
X1 ] ES 3
S N
=, | =
0 0
1 100
T (K)
()
104 3 3
103 3 3
§102;- —
2 A C8047T ]
~ 10k O Cr81.23T
E YV Fe6(Li)l.5T
O Fe6(Na) 1 T
ut Y¢ Fel0 128 T ]
— Theory 3
0.1 L 1
0.1 1 10
kyT 1 A

Figure 3.2: (a) ORTEP diagrams and (b) 1/T1yT versus T plots for Cr8 (left) and Fe6(L1) (right).
(c) Temperature dependence of spin fluctuation frequency for Cr8 (A; 0.47 T, <; 1.23 T), Fe6(Li)
(V; 1.5T), Fe6(Na) (O; 1 T) and Fel0 (5%; 1.28 T).  The constant A is the energy gap to the
lowest S =1 state and it is approximately A =-4J/N, where J is magnetic coupling constant and N is
the number of paramagnetic metal ions in the ring.
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Cyclodextrins (CDs) are a family of compounds made up of D-glucose units linked together in a
ring. Typical CDs contain a number of glucose monomers ranging from six to eight units in the
ring (abbr. a-, -, »~CD respectively). The inside of the ring structure is hydrophobic and CDs can
encapsulate hydrophobic molecules, acting as molecular capsules and rendering them functional
building blocks in supramolecular chemistry. In 2005, Kiifers and co-workers reported a six
membered supermolecular ring complex, Nas[VOsNas(a-CDH-12)2] -59H20 (V6), where two
a-CDs sandwich six oxovanadium (VO) ions and six sodium ions, coordinating with the oxygen
atoms of their alkoxo moieties, leading to an alternating (Na/V) six-membered vanadium ring
structure (Figure 3.3 (a) (left)).® Oshio et al. expanded the sandwich-type VO ring system and
reported the structure and magnetic properties of the odd-membered ring,
Na7[VO7Na7(CDH.-14)2]-76H20 (V7), isolated using #CDs as stabilizing ligands in 2009.” VO
has § = 1/2 spin and antiferromagnetic interactions are operative between metal centres in the
magnetic CD rings. Moreover, Hoshino reported the structures, high-field electron paramagnetic
resonance (HF-EPR) measurements, and the magnetic properties of V6, V7, and
Nag[VOsNag(~CDH.16)2] -98H20 (V8) complexes in his Ph.D. thesis,® and showed that
antiferromagnetic interactions (€ = -0.6 K for V6, 8 = -0.5 K for V7, and § = -0.5 K for V8, &
i1s Weiss temperature) are operative in all VO rings (Figure 3.3 (b)). Micro-SQUID measurements
were performed at ultralow temperature and the results suggest that while the spin ground state of
V6 and V8 are spin singlet, V7 is spin doublet. In this work, solid-state NMR measurements were
performed to study the static and dynamic properties of the magnetic ground state of the VO
antiferromagnetic ring systems at ultralow temperature.
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Figure 3.3: (a) ORTEP diagrams of the core structure, (b) temperature dependency magnetic
susceptibility data, and (c¢) magnetization curves at 0.04 K for V6 (left), V7 (center), and V8 (right).
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3.2 Experiments

Experimental Procedures

Solid-state NMR measurements: Deuterium oxide substituted samples were prepared for the
measurements.  Solid-state 'H-NMR measurements utilized a homemade phase-coherent spin-echo
pulse spectrometer ('H, 7 = 1/2; yn/2n = 42.5774 MHz/T). The "H-NMR spectra at the resonance
frequency of 7.1 MHz or 11.6 MHz were obtained either by sweeping the magnetic field (for V6 and
V7) or by Fourier transformation of the NMR echo signal (for V8). The proton spin-lattice
relaxation time measurements were measured by the saturation method. The NMR measurements at
ultralow temperature were carried out using a *He-*He dilution refrigerator.

Synthetic Procedures

All chemicals were used without further purification except when noted. VOSO4-#D20 and
NaOD were prepared by the recrystallization of VOSO4-#H20 and NaOH from D20 (99.9 %). In
each case three recrystallizations were performed to ensure complete deuteration.

Preparation of Nan[(VO)nNan(D20)n(CD)2]-xD20O
(V6; {n, CD} = {6, a-CDH.12}, V7; {7, p-CDH.14}, V8; {8, »CDH_.16})

The suspension of VOSO4-nD20 (110 mg) and CD (140 mg) in D20 (1.0 mL) was added into
the solution of NaOD (192 mg) and CD (140 mg) in D20 (1.0 mL). The brown solution was
separated into four batches and acetone (0.2 mL) was allowed to diffuse into each, resulting in the
formation of blue rhombic crystals, which were collected by filtration.

X-ray structure analyses of V6, V7 and V8 reveal that the D2O substituted crystals are
isomorphous to the H20 crystals.

3.3 Results and Discussion

H-NMR spectra measurements. Temperature dependent 'H-NMR spectra were collected using
the *He-*He dilution refrigerator down to ca. 60 mK. The NMR spectra of V6 and V7 were obtained
by sweeping the external magnetic field at constant frequency, and the spectra of V8 were obtained by
Fourier transformation of the NMR echo signal (Figure 3.4-3.6). All vanadium rings showed single
peaks and the peak widths (FWHA; full width at half amplitude) showed temperature dependence
(Figure 3.7-3.9).
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Figure 3.4: Temperature dependency 'H-NMR spectra of V6 at the resonance frequency of 7.1 MHz.
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Figure 3.5: Temperature dependency 'H-NMR spectra of V7 at the resonance frequency of 11.6
MHz.
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Figure 3.6: Temperature dependency 'H-NMR spectra of V8 at 0.167 T. The spectra were obtained
by Fourier transformation of the NMR echo signal.
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Figure 3.7: Full widths at half amplitude of the "H-NMR spectra in V6 plotted as a function of
temperature.
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Figure 3.9: Full widths at half amplitude of the "H-NMR spectra in V8 plotted as a function of
temperature.
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The peak width of NMR spectra is proportionate to the magnetic susceptibility. Thus, the
magnetic susceptibility data for V6, V7, and V8 below 1.8 K could be determined from NMR spectral
data (Figure 3.10). As the samples were cooled, the magnetic susceptibility (y) increased,
conforming to the Curie-Weiss law in the paramagnetic region. V6 and V8 showed peaks, with the
magnetic susceptibility decreasing below the peak temperature (Curie temperature, 7c). This
behaviour suggests that V6 and V8 reach the antiferromagnetic ordered phase as complete molecules
below the Tt, and the spin multiplicities of the rings at ground state are close to spin singlet. On the
other hand, the magnetic susceptibility of V7 increased with cooling suggesting that the ground state
of V7 is not spin singlet, but spin doublet.
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Figure 3.10: Temperature dependence of y versus 7 plots. Low temperature region data (below
1.8 K) were estimated from 'H-NMR spectra and high temperature region data (above 1.8 K) were
recorded by SQUID magnetometer.
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Field dependent NMR spectra were collected for V6 and V7 at 600 mK. The peak widths of
both samples were proportional to the magnetic field (Figure 3.11(a) and (b)).
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Figure 3.11: Magnetic field dependence of peak widths (FWHA) of V6 (a) and V7 (b) at 600 mK.
Solid line is a straight-line approximation.
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For V6, the resonance frequency dependence of the temperature dependent 'H-NMR spectra was
collected and the estimated magnetic susceptibility data are shown in Figure 3.12. The data were
collected at 5.25 MHz (0.123 T), 7.10 MHz (0.166 T, Figure 3.7), and 28.31 MHz (0.665 T). As
the magnetic field was increased, the magnetic susceptibility at low temperature region also
increased. This behaviour suggests that the ground state of V6 was changed to a magnetic ground
state by increasing the applied magnetic field above 0.2 T, as confirmed to micro-SQUID data (0.32
T,5=0 — 1).
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Figure 3.12: Magnetic field dependence of y versus 7 plots of V6. Low temperature region data
(below 1.8 K) were estimated from "H-NMR spectra, and high temperature region data (above 1.8
K, filled circles) were recorded by SQUID magnetometer.
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IH spin-lattice relaxation time (T1) measurements. The 'H spin-lattice relaxation times 71 of
the oxovanadium rings were measured. The nuclear spin-lattice relaxation rate 71!, which is the
reciprocal of 71, showed temperature dependency. Both V6 and V7 showed enhancement of their
T1"! values at low temperature, but V8 did not show any significant peaks (Figure 3.13-3.15).
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Figure 3.13: 'H nuclear spin-lattice relaxation rate, T1™!, plotted as a function of temperature for the
V6 at three different resonance frequencies: (O) 5.25 MHz, (l) 7.10 MHz, and (<) 28.32 MHz.
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Figure 3.14: 'H nuclear spin-lattice relaxation rate, 71!, plotted as a function of temperature for the
V7 at three different resonance frequencies: (O) 11.60 MHz, (l) 7.10 MHz, and (<>) 28.32 MHz.
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Figure 3.15: 'H nuclear spin-lattice relaxation rate, 71!, plotted as a function of temperature for the
V8 at five different resonance frequencies: (O) 7.10 MHz, (l) 28.32 MHz, (<) 42.85 MHz, (@)
65.75 MHz, and (/) 83.25 MHz.

To analyse the 71! data, the Lorentzian-type expression, which is often called the BPP
(Bloembergen-Purcell-Pound) model, was applied for the vanadium rings>’

1 r (7
ToxT T2(T) + wy?

(3.1)

where A is a fitting constant independent of both magnetic field and temperature, @ is the proton
nuclear Larmor frequency, and 77(7)is the temperature dependent characteristic frequency of
electron spin fluctuations which at low temperature is given by I'(T) « T%. The scaling exponent
a will be determined by a best-fit procedure applied to the experimental data. When the /”is much
larger than wn (/7>> wn), such as in the high temperature region (paramagnetic state), we can write

1
TyxT

1
o( J—
r
(3.2)

Thus, in the paramagnetic region, / is constant and it means that magnetic susceptibility is
proportional to 717!,

Loy
— X
= XX
(3.3)
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T1"! versus T and yT versus T plots of V6, V7, and V8 are shown in Figure 3.16-18.  Although
V6 and V7 were well explained by BBP model, V8 did not show good agreement in the high
temperature region. The reason for this may be related to the low-symmetry of the molecular
structure of V8. The BPP model is useful for the simple approximation of spin-lattice relaxation
time. Symmetry breaking effects induce degeneracy of spin ground states, resulting in deviations

in relaxation time from simple theoretical estimations. The BPP model was applied for analyses
of V6 and V7.
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Figure 3.16: Temperature dependence of Ti™!' versus T plots (@; 7.10 MHz) and ymT versus T plots
(solid line) of V6.
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Figure 3.17: Temperature dependence of 717! versus T plots (@; 11.60 MHz) and ymT versus T plots
(solid line) of V7.
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Figure 3.18: Temperature dependence of 71! versus T plots (@; 7.10 MHz) and ymT versus T plots
(solid line) of V8.

1/TiyT versus T plots of V6 and V7 are shown in Figure 3.19 (a) and (b). Both plots show
enhancement of the 1/71yT values observed in the low temperature region. Although the data of
V6 at all frequencies and the data of V7 at 42.85 MHz (1.006 T) showed good agreement with the
theoretical curves, V7 showed a gap from the theoretical curves in the low magnetic field region
(especially 18.75 MHz, 0.4403T), which may originate from spin frustration or level crossing
effects.* According to the BPP model (Eq. (3.1)), the maximum position of the peak depends on
N, and a peak is observed when the /" value is the same frequency as w~n. The observed data at
18.75 MHz can be considered to have a peak at much lower temperature than that of the theoretical
estimation, which suggests that the spin fluctuation does not freeze under low applied magnetic
field. This observation is one of the magnetic features of odd-membered antiferromagnetic ring.

I versus T plots of V6 and V7 are shown in Figure 3.19 (c) and (d). Both complexes show
plateaus above approximately 0.7 K, indicating that the magnetic state is paramagnetic. The
fluctuation frequency of V6 in the paramagnetic region is larger than V7, showing that the magnetic
interactions in V6 are stronger than those in V7 (Jve > Jv7). When the sample was cooled, the 7~
values showed decreased, and the spin fluctuations slow down as the temperature is taken below 0.7
K. The inclines of the slopes are proportional to the function of 7' (dashed lines). This similarity
of temperature dependences of / value is likely to arise due to the similarity of the molecular
structures of the V6 and V7 rings.
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Figure 3.19: Comparison between the theory (solid lines) and experimental data (symbols) for
1/T1yT versus T plots of V6 (a) and V7 (b). [ versus T plots of V6 (¢) and V7 (d). Dashed lines
are power-law scaled.
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3.4 Conclusion

Solid-state "TH-NMR measurements of V6, V7, and V8 were conducted at very low temperature
using the dilution refrigerator technique. The 'H-NMR spectra showed single broad peaks for all
systems and the peak widths showed temperature dependency. Magnetic susceptibilities were
estimated from the FWHA of the peaks and suggesting that the ground states of V6 and V8 were spin
singlet, while that of V7 was spin doublet, as conformed to the micro-SQUID experiments.
Spin-lattice relaxation time, 71, measurements also showed temperature dependency. The analyses
of the fluctuation frequency of the electron spins on the vanadium ions showed to frequencies to
decrease with decreasing temperature, with the relationship 7~ o< 7', The 1/T1 4T versus T plots of
V6 and V7 indicate enhancements of 1/71 T values in the low-temperature region for both complexes.
While the 1/T1yT versus T data of V6 showed a good agreement with the theoretical curves derived
from BPP theory, V7 showed a gap from the theoretical curves under low magnetic fields. This
deviation is likely to arise from the additional contributions of spin frustration and/or level crossing
effects.
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CHAPTER 4

Syntheses and Magnetic Properties of Triangular Complexes

4.1 Introduction

Odd-membered antiferromagnetic rings have been attracting great interest due to their potential
to exhibit spin frustration, non-colinear spin states and the existence of spin chirality. In particular,
the magnetic properties of odd-membered antiferromagnetic rings with § = 1/2 spins have been
extensively studied for three membered rings. For triangular systems, half step magnetization and
hysteresis curves originating from spin chirality were observed in the antiferromagnetically coupled
Cu",, polyoxometalate sandwich complex Na,[Cu;Na,(H,0),(ci-AsW,0,,),) (Figure 4.1 (a)).! The
magnetization curve collected by the application of a rapidly pulsed field showed asymmetry
between the positive and negative field regions (Figure 4.1 (b)). Several [Cu3]-type molecules
have been synthesized by molecular design, and their magnetic behaviours have been investigated,

motivated by interests in quantum spin.>”*

(a) (b)

3 T=0.4
in-plane Ja—=

~

M (k)

P Ll
(2 5 4 s |

+
4 0 ]
timle {ms) i

i
L |
-10 5 5 10

0
H(T)

Figure 4.1: (a) The crystal structure of Nay[Cu,;Na;(H,0),(a-AsW,05;),]. (b) Magnetization curve

versus pulsed magnetic field at 0.4 K. The insert shows the pulsed magnetic field versus time.

Frustrated spin models in one dimension have attracted attention for both the uniqueness of their
characteristics and the diversity of their properties. In contrast to higher dimensional spin systems,
quantum spin chains have no long-range order. If there is no frustration like an antiferromagnetic
ladder with an even number of legs, antiferromagnetic spin ladders with § = 1/2 spins are expected
to have an excitation gap. When frustration is present, the Lieb-Schultz-Mattis theorem suggests
that the spin gap must be accompanied with at least doubly degenerate ground states.” Three-leg
spin tubes have a triangular column type structure, and antiferromagnetic interactions are operative
between the spins. Although the theory of spin tube is well studied and the expected physical
properties are interesting from a fundamental viewpoint, there are only few examples of compounds

6,78

with triangular column type structures. As a first example of three-leg spin tube with S = 3/2,
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the inorganic chromium inorganic (CsCrF,, Cr’*; S = 3/2) was reported in 2009.” The space group

of CsCrF, is Pé2m, and identical Cr3 equilateral triangles are stacked without rotation along the ¢

axis (Figure 4.2 (a)). The distance between Cr ions in the equilateral triangle is 3.741 A, while
that along the ¢ axis is 3.857 A. The magnetic susceptibility data shows that antiferromagnetic
interactions are operative between the chromium ions and the Weiss temperature is -143 K. The
specific heat capacity shows there is no magnetic phase transition below 4 K (Figure 4.2 (b)). The
C/T curve tends to a non-zero value at 0 K, and suggests that this compound has a gapless
spin-liquid state, the so-called Tomonaga—Luttinger liquid.
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Figure 4.2: (a) The crystal structure of CsCr;F,. (b) Temperature dependence of heat capacity

under zero magnetic field. The inset shows temperature dependence of specific heat capacity.
The dashed lines are extrapolated lines.

Spin tube with divalent copper ions, [CI(CuCltachH),]**, (tach = cis,
trans-1,3,5-triamino-cyclohexane) was reported in 2004 by Cronin et al. and the physical properties
have been well studied (Figure 4.3 (a)).'”'" This Cu3 spin tube shows weak antiferromagnetic
interactions between Cu(Il) ions in the intra-triangular units, and has moderate antiferromagnetic
interactions between Cu(Il) ions of neighbouring Cu3 triangle units. Therefore, the spin system
can be regarded as three weakly antiferromagnetic-coupled chains. Magnetization measurements
at low temperature suggest this system shows gapless Tomonaga-Luttinger liquid ground state,
although the theoretical prediction did indicate the existence of a spin gap. In order to access a
novel quantum phase, fine-tuning of the magnetic interactions and spin topology is important.

In another example, a dabco (= 1,4-diazabicyclo[2.2.2]octane) bridged-type copper spin tube
structure catena-[Cu,(L1),(dabco);] . 3Et,O (H,L1 =
1,1-(1 4-phenylene)-bis(4 4-dimethylpentane-1,3-dione)) was reported in 2006.'> The planar
triangular moiety consists of three copper(Il) ions and three bis-f3-diketone type bridging ligands,
and the trinuclear metallocycles are bridged by dabco moieties. Although this three-leg spin tube
is not a twisted structure, the space group is P2,/m, i.e. has no crystallographic C, axis. In this
system, the physical properties appear likely to be very interesting but only the structure was
reported. The structure may be a useful building unit for spin tube systems.
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(a) (b)

Figure 4.3: (a) The Crystal structure of [Cl(CuCl,tachH),]** (left) and a representation of the 1-D
chains formed between the {Cu",Cl} cluster units that run parallel to the ¢ axis (right). (b) Two

schematic  representation of a  fragment of the trigonal prismatic  species
catena-[Cu,(L1),(dabco),] « 3Et,0.

In this chapter, the rational synthesis and magnetic properties of triangular metal complexes with
highly planar structures were studied. A new guanidine-derived ligand, H;L,,Cl, was prepared and
its copper and nickel complexes were synthesized. This ligand has three planar tetra-dentate
coordination sites and can coordinate the equatorial positions of transition metal ions, suggesting
that it may be a useful building block for planar triangle complexes (Scheme 4.1)."

Scheme 4.1: The expected structure of the triangular complex with the novel guanidine derivative
ligand. M indicates transition metal ions.
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4.2 Experiments

Experimental Procedures

X-ray Crystallography: A single crystal was removed from the mother liquor, mounted on a
glass rod and intensity data was collected using a Bruker SMART or SMART APEX II CCD
systems with Mo-Ka radiation (A= 0.71073 A). The structure was solved by direct methods and
refined by full-matrix least-square techniques on F* using SHELXTL.

Magnetic Measurements: Magnetic susceptibility data with an applied magnetic field of 500
Oe were collected using a Quantum Design MPMS-5S SQUID magnetometer. Magnetic data
were corrected for the diamagnetism of the sample holder and for the diamagnetism of the sample
using Pascal’s constants.

NMR measurements: 'H-NMR spectra were measured on a Bruker AVANCE400
spectrometer at room temperature. Chemical shifts in NMR were reported in ppm (0), relative to
the internal standard of tetramethylsilane (TMS). The signals observed were described as s
(singlet), d (doublet), t (triplet), m (multiplets). The number of protons (n) for a given resonance is
indicated as nH. Coupling constants are reported as J in Hz.

Elemental analysis: Elemental analyses were performed using a Perkin Elmer 2400 element
analyzer.
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Synthetic Procedures: All chemicals were used without further purification except when

noted. Diethyl ether was distilled over calcium hydride then sodium/benzophenone.
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Scheme 4.2: Synthetic scheme of H3LguC1. a; N,H,'H,0, 1 ,4-dioxane. b; n-BuLi, DMF, Et,0, 68 %. c;
pyrazole, 1,10-phenanthroline monohydrate, Cul, K,CO;, toluene, 79 %. d; EtOH.

Preparation of 1,2,3-triaminoguanidinium chloride (5)"

To a suspension of guanidinium chloride (1.91 g, 20 mmol) in 1,4-dioxane (10 ml) was added

hydrazine monohydrate (3.41 g, 68 mmol) with stirring. The mixture was heated under reflux for

two hours. After the mixture cooled to ambient temperature, the product was collected by

filtration, washed with 1,4-dioxane, and dried to give § as a white crystalline solid.

Preparation of 6-bromo-2-pyridinecarboxaldehyde (6)"
2,6-dibromopyridine (19.0 g, 80.0 mmol) was dissolved in anhydrous diethyl ether (150 cm’)

under a nitrogen atmosphere.

The solvent was cooled down to -78 °C and n-buthyl lithium (2.6 M

in hexane) (30.7 cm’, 80.0 mmol) was added slowly, keeping under -60 °C. After addition was

complete, the reaction mixture was allowed to warm to -40 °C for fifteen minutes, and cooled down
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to -78 °C again. Anhydrous N,N-dimethylformamide (6.74 cm’, 88.0 mmol) was added, ensuring
that the reaction temperature did not exceed -70 °C. The mixture was stirred for two hours at

-78 °C, before the reaction was quenched by the addition of 6 M hydrochloric acid. (30 cm®). The
organic phase was collected and dried over anhydrous magnesium sulfate. After evaporating the
solvent, the residue was purified by column chromatography on a silica gel (eluting with
dichloromethane) to give 6 (10.1 g, 54.3 mmol, 68 % yield) as a crystalline white solid: 'H-NMR
(CDCl,) 61001 (s, 1H),7.93 (dd, 1H,J = 6.4 Hz, 1.8 Hz), 7.76 (dd, 1H, J = 8.0 Hz), 7.73 (dd, 1H,
J=7.8Hz, 1.8Hz).

Preparation of 6-(1H-pyrazol-1-yl)-2-pyridinecarboxaldehyde (7)"

A mixture of 6 (5.58 g, 30.0 mmol), pyrazole (2.66 g, 39.0 mmol), 1,10-phenanthroline
monohydrate (1.19 g, 6.00 mmol), Cul (1.25g, 3.00 mmol), and K,CO; (4.56 g, 30.0 mmol) was
suspended in toluene (120 cm’) and refluxed for one day. After cooling to room temperature, the
mixture was filtered through celite, and the solvent was removed in vacuo, and the residue was
purified by silica gel chromatography (eluting with dichloromethane/ethyl acetate = 40:1) to give 7
(4.08 g,23.6 mmol, 79 % yield) as a white solid: "H-NMR (CDCl,) 6 10.05 (s, 1H), 8.68 (d, 1H, J =
6.6 Hz),8.23 (d, 1H,J=8.4 Hz),7.99 (dd, 1H,J=8.0 Hz),7.84 (d, I1H,J=7.4 Hz),7.78 (s, 1H),
6.52 (dd, 1H,J=2.6 Hz,2.2 Hz). Anal. (calc.) for C;H,N;O (7): C, 62.68 (62.42); H, 4.15 (4.07);
N, 24.26 (24.26)%.

Preparation of 1,2 ,3-tris[(6-(1H-pyrazol-1-yl)pyrid-2-ylmethylene)amino]guanidinium
chloride (H,L,,Cl)

5 (469 mg, 0.33 mmol) was dissolved in water (5 cm’) and ethanol solution (50 cm’) 7 (1.90 g,
1.10 mmol) was added into the aqueous solution, resulting in the production of white precipitate.
The suspension was stirred for three hours at room temperature and the precipitate was collected by
filtration, washed with ethanol and diethyl ester, and dried to give H;L,,Cl (2.32 g) as a pale yellow
powder.

Preparation of [Cu;L,,Cl;]CI-8H,0 ([Cu,]-8H,0)

H;L,CI (80 mg, 0.13 mmol) in water (10 mL) was added into CuCl,-2H,0 (70 mg, 0.41 mmol)
in water (5 mL). After two weeks, brown needle crystals of [Cu,]-H,O were collected by filtration
(48 mg, 0.047 mmol, 37 % yield). Anal. (calc.) for C,4H;5N,sCl,Cu;0, ([Cu,]-7H,0): C, 32.78
(32.77); H,3.28 (3.44); N, 20.29 (20.48)%

Preparation of [Ni;L,,(CH,0OH);H,0](BF,),,CH;0OH ([Ni;]-CH;OH)

H;L,Cl (20 mg, 0.033 mmol) and Ni(BF,),6H,0 (34 mg, 0.10 mmol) were dissolved in
methanol (5 mL). The mixture was heated and stirred for ten minutes, then cooled to ambient
temperature. Diisopropyl ether was allowed to diffuse into the solution, resulting in the formation
of yellow block-like crystals of [Ni;], which were collected by filtration (28.5 mg, 0.0219 mmol,
66 % yield). Anal. (calc.) for C,yH;sN,sB,Cu;F,,O4 ([Ni;]-4CH,OH+5H,0): C, 28.55 (28.72); H,
3.12(291); N, 17.64 (17.32)%.
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Table 4.1: Table of crystallographic parameters for [Cu,] and [Ni;].

[Cu;]

[Ni;]

Formula
F.W.
Space Group
alA
blA
clA
al”’
Br°
y/°
V/A®
zZ
T/K
w/ mm’
AlA
R1 (>20)
WwR2 (> 20)
Gof

CosH3,CLCusN 504

1044.15
P2,/n (No.14)
11.665(3)
6.7814(15)
48.532(11)

94.167(4)
3828.8(15)
4
100
2.001
0.71073
0.0907
0.2249
1.022

C3HyyBF 6N sN10,

1301 .24
P1 (No.2)
10.0521(8)
11.4299(9)

22.6136(18)

77.6660(10)
83.379(2)
83.524(2)
2510.9(3)

2
100
1.235
0.71073
0.0862
0.2077
1.054

"R1=Y||Fo| = |Fe| |/ X |Fol. "WR2 = { ¥ [W(Fos" = F)'1/ Y [w(FS )1}
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Table 4.2: Selected bond lengths (A) for [Cu,].

Cu(1)-N(1) 2.045(7) Cu(2)-N(5) 1.978(7) Cu(3)-N(10) 1.959(7)
Cu(1)-N(3) 1.944(7) Cu(2)-N(6) 2.039(7) Cu(3)-N(11) 2.039(7)
Cu(1)-N4) 1.977(7) Cu(2)-N(8) 1.958(7) Cu(3)-N(13) 1.945(7)
Cu(1)-N(15) 1.989(7) Cu(2)-N(9) 1.975(7) Cu(3)-N(14) 1.977(7)
Cu(1)-CI(1) 2.644(2) Cu(2)-CI(2) 2.503(2) Cu(3)-CI(3) 2.700(3)

Table 4.3: Selected bond lengths (A) for [Ni,].

Ni(1)-N(1) 2.114(6) Ni(2)-N(5) 2.047(5) Ni(3)-N(10) 2.057(5)
Ni(1)-N(3) 2.003(6) Ni(2)-N(6) 2.147(6) Ni(3)-N(11) 2.132(6)
Ni(1)-N(4) 2.021(5) Ni(2)-N(8) 1.992(5) Ni(3)-N(13) 1.997(6)
Ni(1)-N(15) 2.067(5) Ni(2)-N(9) 2.034(5) Ni(3)-N(14) 2.023(5)
Ni(1)-O(1) 2.104(5) Ni(2)-0O(3) 2.067(5) Ni(3)-0(5) 2.063(5)
Ni(1)-0(2) 2.102(5) Ni(2)-O(4) 2.128(5) Ni(3)-0(6) 2.105(5)
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4.3 Results and Discussion

Structures. [Cu,] crystallized in the P2,/n space group and the structural data were collected at
100 K. [Cu,] has a planer trinuclear triangular core, consisting of three copper ions (Figure 4.4
(a)). All copper ions are square pyramidal geometry and show elongated-type Jahn-Teller
distortion with the elongated axis lying perpendicular to the ligand plane. The coordination bond
lengths, charge balance and coordination geometries of copper ions suggest that the all copper ions
are divalent. Chloride ions coordinate the copper ions as axial ligands. The ligand, Lguz',
coordinates the equatorial position of all copper ions and bridging them. The distances between
the copper ions are Cul-Cu2 = 4.835 A, Cu2-Cu3 = 4.803 A and Cu3-Cul =4.836 A, respectively.
The structure suggests that strong antiferromagnetic interactions are operative between the metal

ions through Cu-N-N-Cu magnetic pathways.

[Ni,] crystallized in the Pl space group and the structural data were collected at 100 K. [Ni,]

also has a similar trinuclear triangular core, consisting of three nickel ions, and four
tetrafluoroborate ions were included in the crystal lattices as counter anions (Figure 4.4 (b)). The
distances between the nickel ions are Nil-Ni2 = 4.960 A, Ni2-Ni3 = 4.988 A and Ni3-Nil = 4.996
A, respectively.  All nickel ions have six-coordinate octahedral coordination geometries
suggesting that all nickel ions are divalent and in their HS state (S = 1). All nickel centres are
coordinated in a meridonal fashion by the N-donor atoms of the ligand and by two oxygen atoms
from solvent molecules. The Nil ion is coordinated by one water and one methanol molecule in
the apical positions, while Ni2 and Ni3 ions are coordinated by two methanol molecules.

Overall, the guanidine derivative ligand, H;L,,Cl, could form the [M;L,,]"" (M; metal ion) type
structure. Guanidine has two single bonds and one double bond between the nitrogen and carbon
atoms. In this system, the bond lengths between the centre carbon atom (C28) and nitrogen atoms
are C28-N5 = 1.345 A, C28-N10 = 1.360 A, and C28-N15= 1.373 A for [Cu,] and C28-N5 = 1.359
A, C28-N10 = 1375 A, and C28-N15= 1.368 for [Ni,], respectively. These bond lengths are
intermediate between single and double bonds, and show that the C=N double bond in both
complexes is delocalized between the four atoms. Therefore, all carbon and nitrogen atoms form
sp’-like hybrid orbitals, and complexes with highly planar structures were produced.

The crystal packing structures of both triangles are shown in Figure 4.5. The coordinated
solvent molecules and counterions prevent the formation of spin-tube-like structures.
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(b)

Figure 4.4: ORTEP diagram of [Cu,] (a) and [Ni,] (b) at 100 K. Thermal ellipsoids are at 30 %
probability. Counter anions, hydrogen atoms and solvent molecules have been omitted for clarity.

90



(a)

(b)

Figure 4.5: Crystal packing diagram of [Cu,] (a) and [Ni;] (b).
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Magnetic properties. DC magnetic susceptibility data of [Cu,] and [Ni;] were measured in the
temperature range of 1.8 — 300 K under an applied magnetic field of 500 Oe and the y,,T versus T
plots are shown in Figure 4.6. The yx,T value of [Cu,] at 300 K was 0.622 emu mol" K, and
decreased with cooling to reach a plateau blow 130 K. The y,,T value of [Cu,] at 100 K was 0.411
emu mol™ K, close to the spin only value of 0.375 emu mol™ K (g = 2.00), expected for the isolated
spin of one Cu" ion (S = 1/2). The x,T value of [Ni,] at 300 K was 3.20 emu mol" K, slightly
larger than the spin only value of 3.00 emu mol”' K (g = 2.00), calculated from the sum of the
uncorrelated spins of three Ni" ions (S = 1). The x,,T value also showed decrease with decreasing of
temperature. The y,,T value of 1.8 K was 0.039 emu mol™” K, suggesting that the spin ground state
of [Ni,] at low temperature is spin singlet. The triangular model spin Hamiltonian of H = -2J(S,-S,
+5,-S; + 85-S,), where J represents the exchange of coupling constant between metal ions, was used
to analyse the magnetic susceptibility data of [Cu,] and [Ni;] (Scheme 4.3). The solid lines are the
least square fits and the parameters for [Cu,] are g = 2.08(1), J = -130(1) cm™, and for [Ni,] are g =
2.18(1),J =-14.9(1) cm™, showing that strong antiferromagnetic interactions are operative between
the metal ions, respectively.
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Figure 4.6: Temperature dependence of magnetic susceptibility data of [Cu,] (a) and [Ni;] (b).
Solid lines are fitting curve.
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Scheme 4.3: Regular triangle model spin Hamiltonian.

9 Cu: S, =S,=5,=1/2
Ni": §,=8,=8,=1

(S, (Sy) H=-2J(S:5,+5:8,+5:8)
J

The field-dependence of magnetization data for [Cu,] at 1.8 K is shown in Figure 4.7 (a). The
magnetic moment of [Cu,] at 5 T reached 0.974 Nf3, suggesting that the ground state of [Cu,] is S =
1/2.  The magnetization curve was analysed using an S = 1/2 Brillouin function and the estimated
curve is shown as a solid line. The observed data are slightly lower than the estimated curve
across the majority of the applied magnetic fields, suggesting that weak antiferromagnetic
interactions are likely to be operative between neighbouring triangular molecules at low
temperature. Calculated magnetization curves of [Cu,] at 1.8 K, estimated from a regular triangle
model with the above-mentioned g and J values are shown in Figure 4.8. At low magnetic fields,
the ground state S; = 1/2 is strongly stabilized and the next level crossing point (to S; = 3/2) is
estimated to occur at 280 T. The magnetic moment of [Ni,] at 5 T was 0.068 Nf3, showing that the
ground state of [Ni;] is S = 0 (Figure 4.7 (b)). The calculated magnetization curves of [Ni,] at 1.8
K showed that level crossing is estimated to occur at 19.6 T (S, =0 — 1),412T (S;=1 — 2),
and 61.8 T (S, =2 — 3) (Figure 4.9).
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Figure 4.7: Field-dependence of magnetization curves at 1.8 K for [Cu,] (a) and [Ni;] (b). The
solid line in (a) is the Brillouin function for S = 1/2 using g = 2.08.
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Figure 4.8: Calculated magnetization curves for [Cu;]. (Top) Energy diagram for the regular
triangle ring of antiferromagnetic spins (S = 1/2). (Middle) Calculated magnetization curves.
(Bottom) Differentiation of magnetization curves.
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Figure 4.9: Calculated magnetization curves for [Ni,]. (Top) Energy diagram for the regular triangle

ring of antiferromagnetic spins (S =1). (Middle) Calculated magnetization curves. (Bottom)
Differentiation of magnetization curves.
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4 4 Conclusion

A novel guanidine derivative and its tri-nuclear metal complexes were synthesized. The ligand
can coordinate three metal ions by its N4 coordination positions, forming planar triangular
structures. The exchange coupling constants were g = 2.08(1), J = -130(1) cm™ for [Cus], and g =
2.18(1), J = -14.9(1) cm™ for [Ni,], suggesting that antiferromagnetic interactions are operative
between the metal ions in both complexes. The ground spin state of [Cu,] at low temperature is
spin doublet. In the case of [Ni;], the magnetic susceptibility data and magnetization curve
suggest that the ground state of [Ni,] is spin singlet. It is considered that the synthesized guanidine
derivative ligand is useful to construct antiferromagnetic triangle units with planar molecular
structures. In this example, counterions and solvent molecules precluded the formation of
supramolecular spin tube type arrangements. Further work will attempt to connect the units to
form extended structures. The presented complexes are 4+ cations, a fact that may be used to their
advantage by employing anionic bridging units to link them into extended systems. These results
will shed light on the molecular design of planar triangular building blocks and extended spin tubes.
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APENDIX

I. Calculation Procedure for Kambe’s method

Kambe’s method was applied for [Cus] and [Ni3;] (CHAPTER 4).! Igor Pro 3.0 or later is
required.

// Kambe’s method

// Regular triangle model spin Hamiltonian
//

// 51, S2, S3; Cu(ll)

//

// H=-21(51S2 +S253 + $351)
//S12=51+S52,ST=S12+S3

#pragma rtGlobals=1 // Use modern global access method.

Constant M1 =2  // Spin multiplicity
Constant M2 =2
Constant M3 =2

Constant STATE_S1 =0
Constant STATE_S2 =1
Constant STATE_S3 =2
Constant STATE_S12=3
Constant STATE_ST =4

Constant BOHR =4.6686437e-5 //cm-1G-1
Constant BOLTZMANN =0.69503877 // cm-1 K-1

Menu "Macros"
"Initialize", Init()
End

Function Init()
Variable ss1, ss2, ss3, ss12, sst, i
Variable /G states
Make /D /O /N=(30000, 5) state

ss1=M1-1 // twice of S1
ss2=M2-1
ss3=M3-1
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For (ss12=abs(ss1-ss2); ss12<=ss1+ss2; ss12+=2)
For(sst=abs(ss12-ss3); sst<=ss12+ss3; sst+=2)
state[i][STATE_S1 ]=ss1/2
state[i][STATE_S2 ]=ss2/2
state[i][STATE_S3 ]=ss3/2
state[i][STATE_S12 ]=ss12/2
state[i][STATE_ST ]=sst/2
i+=1
Endfor
Endfor

states =i
Redimension /N=(states, -1) state
End

Function FitXmT(w, t) : FitFunc
Wave w; Variable t
Variable g, j, theta
Variable st,ej,xmt,a,b,i
Wave state
NVAR states

g =w(0]
j =w[1] // cm-1
theta =w[2] // K

// t = temperature // K

For(a=0,b=0, i=0;i<states;i+=1)
st = statel[i][STATE_ST]
ej =-j * st * (st+1)
a+=st * (st+1) * (2*st+1) * exp(-ej/BOLTZMANN/t)
b += (2*st+1) * exp(-ej/BOLTZMANN/1t)
Endfor

xmt=0.1251*gr2*a /b
Return(xmt * t / (t - theta))
End

' Kambe, K. On the Paramagnetic Susceptibilities of Some Polynuclear Complex Salts
J. Phys. Soc. Jpn. 5, 48-51 (1950).

102



ACKNOWLEDGEMENT

The author would like to thank all member of Oshio’s laboratory. The author is very grateful to
Professor Hiroki Oshio, Dr. Masayuki Nihei, Dr. Takuya Shiga, and Dr. Graham Neil Newton for
their kind advices and valuable discussion throughout this study. The author is grateful to
Professor Takahiko Kojima, Kazuya Saito, and Yasuhiko Yamamoto for reviewing for this thesis
and for the valuable discussion. The author deeply thanks Prof. Youichi Murakami and Prof. Reiji
Kumai (High Energy Accelerator Research Organization) for the structural analyses using a
synchrotron, Prof. Hiroshi Okamoto (The Tokyo University) for single crystal absorption
spectroscopy, Prof. Shinya Hayami (Kumamoto University) for light irradiation Mdssbauer
spectroscopy, and Dr. Yuji Furukawa (Iowa State University) for solid state NMR measurements.
Thanks are also due to his parents for their kind encouragements and support.

103



	cover
	CHAPTER 1
	P16
	CHAPTER 2
	P60
	CHAPTER 3
	P80
	CHAPTER 4
	P100
	APENDIX
	Acknowledgement.pdf

