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Chapter 1. General Introduction



Chapter 1.

General Introduction
1.1. Molecule-based Magnets

Molecule-based magnets are investigated in several decades. In first 18th century,
Prussian blue was already synthesized as a pigment, and later, it was revealed that
Prussian blue shows ferromagnetic transition at 5.5 K. First structurally identified
molecule-based magnet, [Fe(CsMe;),]* TCNE*nCH,CN (TCNE = tetracyanoethylene),
was reported by J. S. Miller et al. in 1987." This compuond shows ferromagnetic
transition at 4.8 K, and [Fe(CsMes),]" and TCNE™ ions form alternate sandwich

structure (Chart 1-1).
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Chart 1-1. [Fe(C;Me;),]* TCNE*nCH.CN

Consequently, C. Benelli er al. reported [Mn(hfac),]sNN-R (hfac =
1,1,1,5,5,5-hexafluoroacetylacetonato and NN-R = 2-R-4,4,5,5-tetramethylimidazolyl-
1-oxy-3-oxide, R = Et, n-Pr, i-Pr) in 1989, which construct 1-D alternate chain structure

and show ferrimagnetic phase transitions (Chart 1-2, Table 1).
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Chart 1-2. [Mn(hfac),]*NN-R



Table 1-1. [Mn(hfac),]*NN-R complexes.

R Type T, Ref.
Et Ferri 8.4 K 2b
n-Pr Ferri 8.6 K 2c
i-Pr Ferri 7.6 K 2a

And after a while, as the first pure organic magnet, NN-p-PhNO, (T. = 0.65 K)
(NN-p-PhNO, = 2—(p-nitrophenyl)—4,4,5,5—tetramethylimidazolyl-1-oxy—3-oxide) (Chart
1-3) was synthesized by Awaga er al. in 1989° and ferromagnetic phase transition was
observed at 0.65 K by Kinoshita et al. in 1991.*

Chart 1-3. NN-p-PhNO,,

After these discoveries, persistent and hard efforts of many scientists were devoted
to prerare them and many novel and interesting molecule-based magnets were
synthesized. Molecule-based magnets are roughly categolized by constructing style as
pure organic radicals, metal-radical complexes and the coordination polymers
consisting of metal ions and bridging ligands. At first, pure organic radical magnets are
mentioned. For example, nitronylnitroxide (NN-R), nitroxide (NO), TEMPOL, verdazyl,

thiazolyl, dithiazolyl and their substituent radical based bulk magnets are reported

(Figure 1-1).3*
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Figure 1-1. Stable organic radicals.



Organic radical metal complexes consisting of magnetic metal ions and organic

polydentate radicals'*®

are often used to construct molecule-based magnets, too,
because they can form coordination polymer, which have strong magnetic interactions
between magnetic metal ions and organic radicals. For example, M-(NN-R), which
showed above, M-polynitroxide complexes (M = magnetic transition metals and

lanthanoids) are listed in Table 1-2.

Table 1-2. Metal organic radical molecule-based magnetic compounds.

Complex Type T (1Y) Ref.
[Ni(hfac),]*NN-Me 1-D Ferri 53K 6e
[Mn(pfbz),]*NN-R, R = Me, Et 1-D Ferri 24,204 K 6b
[L™(hfac),]®NNPhOMe, 1-D SCM
L™ = lanthanoid ions (+3) N 1o
[Mn(hfac),]*BNO* 1-D Meta 55K 6f
[Mn(hfac),],*TNOB, 2-D Ferri 34K 6¢
[Mn(hfac),];*TNOP, 3-D Ferri 46 K 6d
[Co(hfac),]*NNPhOMe 1-D SCM — 19a
[Co(hfac),]*NN-H,
. 1-D SCM — 19
trans-, cis-

(pfbz = pentafluorobenzoate, BNO" = 1,3-Bis(V-z-butyl-N-oxylamino)benzene, TNOB
p p

= 1,3,5-Tris-[p-(N-t-butyl-N-oxylamino)phenyl]-benzene, TNOP

= Bis[3-r-butyl-5-

(N-t-butyl-N-oxylamino)phenyl]nitroxide and SCM = single chain magnet).
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And the compound consisting of the magnetic metal ions bridged by the bridging
ligands such as oxalate,” azide,® poly carboxylic acid,’ cyanide," and etc.," (Figure 1-2)
are most typical examples of molecule-based magnets and many compounds are
reported. These ligands can connect metal ions and form magnetic coordination
polymers. Some coordination styles of these ligands are shown in Figure 1-3, and

resulting compounds are listed in Table 1-3.
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Figure 1-2. Polydentate Ligands.
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Figure 1-3. Coordination styles of above ligands.




Table 1-3. The examples of magnetic coordination polymers.

Complex Type T (Ty) Ref.
A+[M[I MIII (OX) ],
L e 2-Dlayer, | 43K (Fe, Fe),
M", =Cr, Mn, Fe, etc., ) ) Te, f
- Fern or Ferro 30 K (N1, Fe)
M"; =Cr, Fe
A IM, Mg(0x),], 3-D network various Te
[Cos(OH),(0x),]*3H,0 3-D network 8K g
[Ni(Et,Meen)(N,),] 1-D meta ~25K 8e
[Mn(R-py)>(N;),] 1-D cant ~20K 8e
[Co,Na(4-cpa),(u;-OH)(H,0)] 1-D frustrate 4K of
[Co,(u,-OH),(1,2-chdc),] 2-D frustrate 12K 9d
[Co,(OH),BDC(C] 2-D Antiferro 48 K %e
A™M[M(CN)¢]enH,0O 3-D network various 10
M{N(CN), }(pm est)], various,
[M{N(CN), }(pm)(guest)]. 3-D weakferro | 11d
M =PFe, Co varied by guest

(Et,Meen = N,N-diethyl-N’-methylethylenediamine, R-py = R-piridine (R = 3-acetyl, Et,
CN), 4-cpa = 4-carboxylphenoxyacetone, 1,2-chdc = 1,2-cyclohexanedicarboxylato, BDC
= telephtalato, pm = pyrimidine).
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Molecule-based magnets, which are introduced above, show novel and
&haracteristic magnetic properties. The first example that comes to our mind is the room
(emperature molecule-based magnets, which 7, is higher than room temperature,
ﬁ*,,Vx[Cr(CN)s]".-zHZO (A" is counter cation, n, x, y, z are various numbers, please see
1,@ferences) (T. = 315 ~ 376 K (42 ~ 103 °C))"* and V(TCNE) yCH,Cl, (TCNE =
getracyanoethylene, x ~ 2, y ~1/2) (T, = extrapolated ~ 400 K (~ 123 °C))". Room

gemperature molecule-based magnets are listed in Table 1-4.

-“Table 1-4. Room temperature molecule-based magnets.

F/ Compound Type T. Ref.
V(TCNE), syCH,Cl, Ferri ~400 K ( 123 °C) 13
KVI[Cr™(CN),] Ferri 376 K (103 °C) 12b,d
VI[Cr™(CN),], 52.8H,0 Ferri 372 K (99 °C) 12¢,d
K, sVICr(CN)],ss*1.7H,0 Ferri 350 K (77 °C) 12¢,d
Csy s VICI'™(CN)glp 040 1.7H,0 Ferri 337 K (64 °C) 12b,d
VICr™(CN),],,¢3.5H,0 Ferri 330 K (57 °C) 12b,d
V[Cr™(CN)]o52.8H,0 Ferri 315 K (42 °C) 12a,d

As other examples, photo-response magnets," which is changed its magnetic state
(from non magnetic state to magtetic state or between high spin and low spin state) by
Bhoto irradiation, magnetic sponge,'® whose magnetic properties changes accompanying
llIydlration water desorption and absorption, the magnet, which has two compensation
Boints,' and the paramagnetic compounds, which show spin crossover phenomena
(Ihultistep crossover,'”™ light-induced excited-spin-state trapping (LIESST)' and the
QQmpound whose crossover temperature changes by solvent desorption and
e%sorption”e) are cited (Figure 1-4). These physical properties are characteristic in
\olecule—based magnets.
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Figure 1-4. M-T (top, a) and M-H (top, b) plots of Photo-response magnet,
C0"3[WV(CN)8]2(pyrimidine)-6H20. Markers correspond to before irradiation (black
triangle), after irradiation (square), and after heating uo to 150 K (circle),
respectively.'  ZFC-FC magnetizations of (Ni",,,Mn", ;;Fe", o), [Cr"™(CN )s]*7.6H,0,
which shows two compensation points at around 35 and 53 K (middle). Spin crossover
of Fe" ion, & (bottom). ’ -




On the other hand, as molecule-based magnets, which have novel magnetic
properties that come from their molecular structures, discret magnetic cluster; Single
Molecule Magnets (SMMs)"® and one-dimensional magnetic chain; Single Chain
Magnets (SCMs)" are considered. These magnets show unique magnetic hysteresis and
relaxation properties based on their molecular structure and magnetic anisotropy. And
as the one of their remarkable magnetic properties, magnetic quantum tunneling is
mentioned and it is the focus of interest, because this is the good example that quantum
phenomenon can be observed in macroscale. SMMs and SCMs are shown in Figure
1-5.

Figure 1-5. The examples of SMMs, [Mn,,0,,(acetate),(H,0),] (green Mn", yellow
Mn", red O, white C)'* (top left) and [Ho(Pc),]” (top right),”™ and SCMs,
[Co(hfac),]s NNPhOMe (purple Co, green F, red O, blue N, black C)"** (bottom left) and
1-D chain unit of [Mn,(saltman),Ni(pao),(py),]** (pink Mn, green Ni, red O, blue N,
‘black C)"" (bottom right).




It is mentioned that the new multi-functional materials can be constructed by the

combination of two (or more) components, which have different physical properties, as

remarkable feature of molecular compounds. For example, the combinations between
magnetism and conductivity,” superconductivity,” photo reactivity’’ and electricity®

are reported. The examples of these compounds are shown in Figure 1-6.
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Figure 1-6. Ferromagnetic metallic conductor, [BEDT-TTF],[Mn"Cr"(0x),] (T, = 5.5
K, 0=250§ cm™ at r.t.)** (top, left), paramagnetic superconductor, (7. = 8.5 K)*'* (top,
right), Photo-reactive magnet, frozen solution of A,B, mixture® (bottom, left).
Ferroelectric ferrimagnet, [Mn;(HCOO),]*EtOH (magnetic 7, = 8.5 K, electric I.=177

K),” a, b and ¢ mean disorder of EtOH molecules (bottom, right).




1.2. Chiral and Non-centrosymmetric Magnets

Chiral magnets show novel and interesting magnetic properties based on breaking
of its structural and/or magnetic symmetries. Metal Lanthanides, MnSi, MnP are known
as helimagnets and in some metal compounds spin frustlation and spin chirality are
investigated.”** Non-centrosymmetric structural compounds show interesting physical
properties, which are based on the relationship between their crystal structures and

magnetism. «-Fe,O; shows weakferromagnetism and Cr,0,

2

shows Magneto-Electro
(M-E) effect. The weakferromagnetism of «-Fe,O, 1is resulting from
Dzyaloshinsky-Moriya (DM) interaction. At first, DM interaction was led by
Dzyaloshinsky and consequently modified by Moriya.*® DM exchange interaction and
its Hamiltonian, which interact between two spins (S, S,) are given by the equation 1. 1
and 1. 2.

e=De*[$,xS,] (1.1

n,)

2 L’) :
D= -2k E <Eg1 Il—‘l—-——lgl> J(1,8,.88,) - E—"——%J :E

ny m 81 ) 82

J(gn,.g8,)| (1.2)

Here, g, is ground state of S,, n, is excited state of S, L, is excitation process between
& and n, and E, is energy levels of every g, and n, states, respectively. And the

magnitude of D value is given by equation 1. 3.

Therefore, magnitude of DM interaction is proportional to Ag/g value of spins. As seen
in equation 1.1, this interaction interacts between spins as vector product and cants them.
Altough M-E effect is also related with crystal structure and magnetism, it’s not

important in this thesis, so explaination is omitted.
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In Figure 1-7, the relationships between magnetic interaction, J, DM ‘interaction, D and

spin arrangements. J makes spins parallel or antiparallel arrangement. D makes spins

perpendicular arrangement. And the combination of J and D makes canted spin

arrangement (J < 0).

J

1>0 11
7<o0 1|

D

e B
Ce. >

J+D

\/

J<0,
D#*+0

Figure 1-7. Magnetic interaction J, DM interaction D and combination of J and D <

0).
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Additionally, not only magnetism, but also (magneto-) optical properties are
interesting. From the correlation between magnetism and structural chirality,
magnetization-induced second harmonic generation (MSHG) is expected,”’ For example,
giant nonliner magneto-optical Kerr effects from interface of Fe thin film are reported.
Now such MSHG is only observed at surface and interface, because of broken
symmetry. But in chiral (structural) magnets, MSHG is expected based on space (from
chiral structure) and time (from magnetism) symmetry violations. And the combination
between neutral circular dichroism (NCD), which comes from optical activity and
magnetic circular dichroism (MCD), which comes from Faraday effect, generate
Magneto Chiral Dichroism (MChD) effect in absorption or emission and Magneto

Chiral Birefringence (MChB) in reflection (Figure 1-8).

Polarized Light

@ == Chiral Compound [~ @

NCD

Figure 1-8a. Model of NCD effect (optical activity) to linear polarized light.
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Figure 1-8b. Model of MCD effect (Faraday effect) to linear polarized light. B
corresponds to magnetic field and its direction. /; and I, correspond to induced light

direction parallel to B and antiparallel to B, respectively.
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Figure 1-8c. Model of MChD effect to non-polarized light. B, I; and I, are similar
with caption of Figure 1-7b.

13




MChD effect can be observed in discrete molecules. This effect was theoretically
expected”® in 1982 by G. Wagniéra and for the first time, MChD was experimentally
observed in the deutrated dimethyl sulphoxide solution of chiral structural molecule,
[Eu((+ or —)-tfc),] in 1997 ((+ or —)-tfc = trifluoro-(+ or —)-camphorato) (Chart 1-4) by
G. L. J. A. Rikken er al*®* NCD and MCD are observed only using polarized light,
MChD can be observed using non-polarized light. Because MChD amplitude is
proportional to magnetic field intensity (Figure 1-9 inset), strong MChD effect is

expected in bulk chiral ferro- (or ferri-) magnet.

Chart 1-4. [Eu(tfc),] K

10—

I (#)tfc

@
L1 Pl

b 9]

A (nm)

Figure 1-9. Magneto-Chiral anisotropy of [Eu(tfc),].”*

Inset: Magneto-Chiral ansotropy intensity vs B plot.

In Figure 1-9, First observed magneto-chiral anisotropy, g plot is shown. g is given by

equation 1. 4.

g= o%(lﬁﬁé - IéTM)B

s

(1. 4)

Bk

Here, /, means intensity of luminescent, B1%% means B (Magnetic field) parallel to &

> n

(wavevector) and f?’]‘ 1) k means B antiparallel to k.
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1.3. Design of Chiral Structural Molecule-based Magnets

In Chapter 1.2, the author introduced interesting and novel properties of chiral
magnets. But only few examples were exsist, because to construct inorganic chiral
magnets depend on the chance. First molecule-based chiral structural magnet was
[Mn(hfac),]sNNPhOMe (NNPhOMe = 2-(p-methoxyphenyl)-4,4,5,5-tetramethylimida-
zolyl-1-oxy-3-oxide) (ferrimagnet 7, = 4.8 K) (Chart 1-5), and it was reported by A.
Caneschi et al. in 1991.°* This complex has one-dimensional chain structure and
crystallized in the hexagonal chiral crystal system, P3, from achiral molecules
([Mn(hfac),] and NNPhOMe).

ol s = - ZIMAST -0 T 0. 4l

OMe

Chart 1-5. [Mn(hfac),]*NNPhOMe

M. Herndndez-Molina et al. reported chiral structural magnet [Co(bpy),]
[Co,(0x),]CIO, (bpy = 2,2’-bipyridine) in 1998.>"* It had been known that transition
metal oxalato comlexes make 2-D or 3-D structural molecule-based magnets and in this
network, each building unit M(ox),, which is coordinated by tris-bidentate ligands, has
A- or A-chirality, but finally they construct enantiostructures. Their idea was to lead
single chirality into oxalato 2-D or 3-D network using tris-chelated transition metal
diimine complex as the templating counter ion. The projections of 3-D network of

[Co,(0x),]* and template molecule, [Co(bpy);]** locations are shown in Figure 1-10.
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Figure 1-10. 3-D network of [Co,(0x);]* down in bc plane (right) and [Co(bpy),]*
down in bc plane for [Co(bpy);][Co,(0x);]CIO,.

H. Kumagai et al. worked out the strategy of chiral inducing to molecule-based
magnets from chiral substituents and designed chiral radical as the bridging ligand. In
1999, [Mn(hfac),]* BNO* (BNO* = 1,3-bis(N-zert-butyl-N-oxylamino)-5-(1’-methyl-1°-
{2”-(S)-methylbutoxy }ethyl)benzene) (Chart 1-6) was synthesized.”” This molecule
has chiral crystal group P1 (No. 1) and 1-D alternate chain structure (Figure 1-11) and
shows metamagnetic phase transition at 5.4 K. This compound shows remarkable
magnetic properties and the author shows the magnetic properties of single crystal of

this compound in Chapter 4 of this thesis.

)
FiC, - -CFs :
e
-------- 90)-_‘Mn‘,-co; -=-+ON NO+--==-~--
e +Bu +Bu
(g
Fac)\’/kCFa 3

Chart 1-6. [Mn(hfac),]* BNO*

Figure1-11. 1-D chain structure of [Mn(hfac),]s BNO*
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Consequently, K. Inoue et al. prepared and showed magnetic and optical properties
of prussian blue based chiral structural magnet, K, ,[Mn(S-pn)][Cr(CN),]*(S-pnH),, (pn
= 1,2-diaminopropane) (ferrimagnet, 7. = 53 K)** in 2001 and [Mn(S-pnH)(H,0)]
[Cr(CN)¢]*H,O (ferrimagnet, 7. = 38 K)*# in 2003 (Figure 1-12). These materials
crystallized in chiral crystal system, hexagonal, P6, and orthorhombic, P2,2,2,,
respectively. And many chiral structural molecule-based magnets are preparing and
advanced studies of [Mn(S-pnH)(H,0)][Cr(CN),]*H,O are now in progress. As far as
the autor knows this is the only case of total and general studies of magnetic, optical and

other physical properties of chiral structural molecule-based magnet.”>**

2B K
37k
38K

400 500 600
Wavelength/ nm -

Figure 1-12. K, ,[Mn(S-pn)][Cr(CN),]*(S-pnH),, (down to 6, axis, in ab plane) (top),
[Mn(S-pnH)(H,0)][Cr(CN),]*H,O (side view of 2-D layer, in bc plane) (bottom left)
and its MCD spectra (bottom right).
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1.4. Low dimensional magnets

The low-dimensional structural magnets show characteristic magnetic properties
reflecting their structural low dimensionality. In particular, because of low densities of
magnetic ions in molecule-based magnets, they tend to have such styles. Therefore, in
some molecule-based magnets, magnetic ions are one- or two-dimensionally interacted.
In such systems, because magnetic interactions between interchain (sheet) and
intrachain (sheet) are very different, they show highly anisotropic magnetic properties.
For example, metamagnets reflect such characters. The spin structures of metamagnets
are understood as the antiferromagnetic orderings of ferro- or ferrimagnetic
one-dimensional chains or two-dimensional sheets in their ground state belw T}. And if
the energy of applied magnetic field corresponds to J,,, spin flip transition occurrs (It
is needed that intrachain (sheet) magnetic interactions are further strong than interchain
(sheet) magnetic interactions, and J, ., < 0).

On the other hand, in the crystals, which have low dimensional structure, their
crystal electric field has axial properties. In such cases, Co", Fe" and some lanthanoid
ions have orbital angular momentum in their ground state and show Ising type magnetic

properties. If antiferromagnetic interactions, J,., affect between these Ising type spins,

which are arranged one- or two-dimensionally, they also show spin flip transition when
applying magnetic field corresponds to J,,.. As major example, CoCl,*2H,0* and
FeCl,” are well known. In Chapter 4, the author explains about metamagnets more
accuratelly. And SMMs and SCMs are also reflecting their structural dimensionality

and magnetic anisotropy to magnetic properties, and already mentioned in Chapter 1. 1.

18




1.5. Scope of This Thesis

In this thesis, the main purpose of the author is to construct chiral structural
molecule-based magnets, and to investigate their chiral structural based novel magnetic

properties.

In Chapter 2, the author shows synthesis, crystal structure and magnetic properties
of cyclic dimer complex [{Co(hfac),}*BNO"®], (BNO™® = 1,3-bis(N-tert-butyl-N-
oxylamino)-5-ferr-butylbenzene). The author estimated curie constant and averaged g

val ue from magnetic susceptibility data.

In Chapter 3, preparation, crystal structure, magnetic properties and magnetic phase
diagram of new one-dimensional chiral structural molecule-based magnet,
[Co(hfac),]* BNO* are described. This compound shows novel and interesting magnetic

properties. The author tried to reval the origin of the magnetic behaviors.

In Chapter 4, Magnetic properties of single crystal of chiral structural
molecule-based magnet, [Mn(hfac),]* BNO* is shown. The author explains about the
direction dependent magnetic behaviors of single crystal of simple metamagnet and
characteristic magnetic behavior of [Mn(hfac),]) BNO*. And possible magnetic
structure of this compound is calculated from magnetic data of single crystal.

Chapter 5 is the total conclusion of this thesis.

Appendex shows submitted papers, abstract of conferences and another contents.
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Chapter 2.

Preparation, Structure and Magnetic Properties of
Cyclic Dimer Complex [{Co(hfac),}:BNO*®"],

2.1. Introduction

Mn", Fe" and Co" ions of high spin state have a large magnetic single ion
anisotropy and the molecule-based magnets, which are containing these metal ions,
show characteristic magnetic properties based on its anisotropy. For example, low
dimensional Ising type magnets,' Single Molecule Magnets (SMMs)” and Single Chain
Magnets (SCMs)’ are cited as the candidates (please see Chapter 1). In particular, Co"
complexes such as [Co(hfac),] and [Co(Racetate),] are useful as the building units to
construct molecule-based magnets,* because they are stable, and can be coordinated to
unsaturated site (Figure 2-1). Additionally, because these complexes are neutral
molecules, they are soluble to organic solvents, and reacted with neutral radicals auch as

nitronylnitroxide, polynitroxide, verdazyl and thiazolyl radicals.

L
h)

S
L

O%; = bidentate monoanionic ligand
L = bridging ligand

Figure 2-1.

To construct chiral molecule-based magnets, the author used [Co(hfac),] and
substituted BNO (BNO = 1,3-bis(N-z-butyl-N-oxylamino)benzene) radical. At first, the
author tried to synthesis 1-D structural molecule-based magnet using non-chiral BNO"®*
radical (BNO"™® = 1,3-bis(N-z-butyl-N-oxylamino)-5-t-butylbenzene), but this reaction
gave discrete paramagnetic cyclic dimer complex, [{Co(hfac),}*BNO"®"], (1). Although

complex 1 was a paramagnet, it is a good example to estimate its magnetic parameters.
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The author measured its magnetic properties and estimated its Curie constant C and
average g value, and in this chater, discribed and discussed about these results in this

Chapter.

2.2. Preparation

[Co(hfac),(H,0),] and BNO"®* was synthesized according to literature methods.>®’

All reactions are carried out under N, atmosphere with distilled solvents.

[Co(hfac)o(Ha0)ol [Co(hfac)y)
n-hexane, at 100 °C CFs B B FsC
PO Rl AERY bz cr
0.9-ON NO-\(‘)’O
for4d 20 °C o‘C'O\ e
Ag0 e 70N NO- Q3
FaCTLX  wBu tBu )~CF
o CF. F
HON I}IOH CH2C|2, 0 C 'ON ’}lO' 3 3C
-Bu -Bu -Bu +-Bu
Scheme 2-1.

Synthetic details

A suspension of [Co(hfac),(H,0),] (163 mg, 0.32 mmol) in n-hexane was refluxed
for 5 hours and cooled down to r. t. To this suspension, a few amount of diethylether
was added to solve [Co(hfac),]. A suspension of 1,3-bis(N-z-butyl-N-hydroxyamino)-
5-t-butylbenzene (100 mg, 0.32 mmol) in 20 mL of dichloromethane was cooled down
to 0 °C with ice bath. To this suspension, silver(I)oxide (360 mg, 1.60 mmol) was added
and stirred for 3 hours. This mixture was purified by silica gel column chromatography
with dichloromethane as eluent to give deep orange solution of BNO™®. To the solution
of [Co(hfac),], a solution of BNO™®" was added and concentrated to ca. 20 mL in
reduced pressure and cooled at —20 °C for 4 days, to give black prisms of 1 (121 mg,
42 %). CssHgyCo,Fy N, Oy, fw = 1558.97, IR (KBr pellet) v =584, 669, 793, 1097, 1145,
1207, 1254, 1482, 1525, 1555, 1643, 2982, 3442 cm™.
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2.3. Experimental Section
Physical measurement

Magnetic susceptibilities were measured by Quantum Design MPMS-5S SQUID
magnetometer. Temperature dependences of magnetic susceptibilities were corrected by
Pascal’s constants. IR spectrum was measured on KBr disk with a JASCO FT/IR-660

plus spectrometer.
Crystallography

Single crystal of 1 using for X-ray crystallography was prepared by the described
method in the preparation section. The single crystal was mounted on a glass fiber and
its size was 0.25 x 0.25 x 0.20 mm®. The X-ray data were collected at r. t. with a Bruker
SMART-APEX diffractometer, equipped with CCD area detector (graphite
monochromated Moy, radiation, A = 0.71073 A, w-scan mode (0.3 ° step),
semi-empirical absorption correction on Laue equivalents). The structure was solved by
direct method and refined by full-matrix least squares against F° of all data, using
SIR-97 and SHELXTL softwares.*” All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were placed in calculated positions, and not refined.
The refinement converges with R1 = 5.66 % for 3538 data (/ > 40 (1)), wR2 = 12.85 %
for 14270 unique data (1.31 = 6 = 28.45), max/min residual electron density 0.37 /
-0.27 eA’.
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2.4. Crystal Structure

Molecular and crystal structures of 1 are shown in Figure 2-2 and 2-3. and
crystallographic data is presented in Table 2-1. Space group of 1 is monoclinic P2,/c
(No. 14). This molecule has cyclic dimer structure which is consisting  of two
[Co(hfac),] molecules are bridged by two BNO® molecules. Both of two Co ions have
a distorted octahedral coordination environment and two BNO"® radical molecules and
two hfac molecules coordinate to Co ions by cis- conformations. Because two Co ions
in the cyclic dimer, have A- and A- configurations, respectively, there is an inversion
center at the central position of the dimer. Intramolecular Co—Co distance is 7.476 A.
The nearest intermolecular Co-Co distance is 9.492 A. This value is judged as

intermolecular magnetic interactions can be neglected in the high temperature region.

Figure 2-2. ORTEP drawing of molecular structure of 1. Thermal ellipsoids are at the
50 % level. Hydrogen and fluorine atoms are omitted for clarify. Black labeled: Co, red:

OXygen, blue: nitrogen and black non-labeled: carbon atoms.
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Figure 2-3a. Crystal structure of 1. Down to a-axis.
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Figure 2-3b. Crystal structure of 1. Down to b-axis.
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Table 2—1. Crystallographic data of 1.

crystal system, space group monoclinic, P2,/c (No. 14)

a 15.492(7) A Oeate 1.490 g cm™
b 11.194(5) A T L.t.

¢ 40.086(19) A R1 0.0566

B 91.428(10) ° wR2 0.1285

1% 6949(5) A? G.OF. 0.746

z 4

Table 2-2. Selected bond lengths (A), bond angles (°) and atom—atom distances (A).

Col-Co2 7.476 nearest Co—Coy,,, 9.492
Col-01 2.064(4) Co2-02 2.023(4)
Col1-03 2.054(4) Co2-04 2.055(4)
Col-05 2.075(4) Co02-09 2.038(4)
Col-06 2.056(4) Co2-010 2.084(4)
Col-07 2.031(4) Co2-011 2.085(4)
Col-08 2.048(4) Co2-012 2.036(4)
0O1-Co1-05 175.57(17) 02-C02-010 177.45(17)
03-Co1-08 170.57(16) 04-Co02-011 176.87(16)
06-Co1-07 167.15(16) 09-Co02-012 172.84(17)
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2.5. Magnetic Properties

All magnetic measurements are carried out by polycrystalline samples. In the case
of non-substituent BNO" radical, its intramolecular ferromagnetic interaction (J; / kg)
estimated from ESR data was 430 K." And in [M(hfac),] eradical | (M = Mn, Cu and
Co) complexes, metal ions and coordinated radicals (J,) are interacted
antiferromagnetically. For example, in Mn complex which has similar structure with 1,
the magnetic interactions are reported as J, > 0 and J, < 0 and resulting this, its spin
value is § = 3 ((5/2 — 1) x 2). In Figure 24, 1/5,, vs T and x,,T vs T plots measured in
applied field of 1 T are shown. The y,T curves have almost constant values in the
temperature region from 300 to 50 K (2.194 ~ 2.140). Estimated Curie constant C from
the fitting of 1/y,, vs T plot, was 2.162 emu K / Oe mol and g.; = 2.854 using the

equation 2. 1.

N, (geﬁ)z(tu'B )25(5 + 1)
3k,

C-= @.1)

Here, N, = 6.022 x 10”, uy = 9.274 x 10%, § = 1 and k = 1.387 x 107, considered
from its centro-symmetrical molecular structure and C value, possible spin state is only
§ = 1. This value of 2.162 emu K / Oe mol can be assigned to the case of § = 1 with
large magnetic anisotropy (theoretical value with S = 1 and g = 2.00 is 1.002 emu K /
Oe mol). This result indicates that intramolecular magnetic interaction between Co ion
and nitroxide radical is antiferromagnetic (J, < 0) and this molecule has large magnetic
anisotropy. The magnetization value at high temperature limit, which is estimated by
the extrapolation method from the x,T value at around 350 K, is ca. Suy (Figure 2-5).
This value is further less than theoretical spin only value (approximately half value of
104z of S =5 (= (1 + 3/2) x 2). This result is indicative of J,,,, <0 at 350 K (J,, = J; +
J,). Below 50 K, the y, T values decreased and it reached to 0.380 emu K / Oe mol at 2
K. The origin of this decrease seems by the influence of intermolecular

antiferromagnetic interactions in the low temperature region.
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2.6. Conclusion

In summary, the author shows crystal structure and magnetic properties of cyclic
dimer complex 1. From crystal structure, its spin state is expected as § = 1. This
molecule is paramagnetic and its estimated Curie constant is 2.162 emu K / Oe mol and
8ex = 2.854 using the Curie-Weiss equation (with § = 1). High temperature limit of
effective magnetic moment estimated from x, T vs T plots at around 350 K, was ca. 5 Us.
This value is further few than theoretical spin only value 104;. Though this cyclic dimer
didn’t have magnetic transition, they are revealed that Co radical system has strong
intramolecular magnetic interactions between Co ion and BNO radical and large

magnetic anisotropies from magnetic data.
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Chapter 3.

Field-induced Ferrimagnetic State in a New
Molecule-based Magnet Consisting of Co" ion and

Chiral x-conjugated Triplet Radical

3.1. Introduction

In Chapter I, the author showed interesting points of low dimensional magnets and
explained that D-M interaction is proprtional to Ag (4g = g.; — 2.00). In Chapter 2, it was
revealed that [Co(hfac),]-BNO system, even if it was discrete paramagnetic compounds,
has a large magnetic anisotropy based on single ion anisotropy of Co". In consideration of
these results, the author employed chiral bisnitroxide radical, BNO* and [Co(hfac),] as
building blocks to prepare chiral structural magnets, which has strong magnetic
anisotropy. The reaction between BNO* and [Co(hfac),] gave novel metamagnetic
compound [Co(hfac),]*BNO* (2) (Chart 3—1). This molecule forms 1-D alternate chain
structure and has chiral space group, triclinic P1. In thiese 1-D chains, magnetic spins
aligne ferrimagnetically. This compound showed two magnetic phase transitions at
around 4 and 20 K. At first, antiferromagnetic transition exists at 20 K and spin flip
transition occurrs in certain applied magnetic field in the temperature range of 4 ~ 20 K.
Consequently, at around 4 K, second transition occurrs. Below 4 K, large coercivity can
be observed and its value reaches ca. 2.5 T at 2 K. In this Chapter, the author describes

preparation, crystal structure, dc and ac magnetic properties and magnetic phase diagram.

S-

FaC_v_CFs )

oo
-~ -Q{Co':— - —ON NO#--~- ---
O @] | )
)L\)J\ +-Bu t-Bu
F.C” 7 CFg N
Chart 3-1.

38



3.2. Preparation
1,3,5-Tribromobenzene,' [Co(hfac),(H,0),]’ and BNOH*?

according to literature methods. p-Toluenesulfonylchloride, (S)-3-methyl-1-butanol,

were synthesized

Ag,0 are commercially available.

S-
OH oY
Br . :
i) ii)
_— —_—
Br Br Br Br Br Br
3-5 33

s s
i O/\:‘/\ iv) O/\/\
_— W z — :
HOI’}I I}IOH 'ON l\llO'
+-Bu +-Bu -Bu -Bu
3-2 3-1
— S- —
O/\’f/\
V) H
- FSCWCFS
¢ h)
i Bl -O-:CO}Q -—+ON NQe---- =1--
@] (@] ! |
);\)\ +Bu +Bu
FsC” " CF, N
2

Scheme 3-1. Synthesis rout of 2. i) #-BuLi, Et,0, acetone, =78 °C, 2 steps, ii) KOH,
TsO-(S)-i-amyl, diglyme, 110 °C, iii) -BuLi, Et,0, -BuNO, —78 °C, 2steps, iv) Ag,0,

CH,(Cl,, 0 °C, v) [Co(hfac),], r.t.
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Synthetic details

1,3-Dibromo-5-{(1’-hydroxy-1’-methyl)ethyl}benzene (3-5). To a solution of
1,3,5-tribromobenzene (2.00 g, 6.35 mmol) in 30 ml of distilled diethylether, 1.46 M
tert-butyllithium (8.86 mL, 13.02 mmol) n-pentane solution was slowly added at —78 °C,
and the mixture was warmed up to —-30 °C and stirred for 2 h. Distilled acetone (0.5 mL,
6.67 mmol) was added to the solution and stirred for 4 h. After addition of aqueous
solution of NH,Cl and diethylether, organic layer was separated, washed with water and
dried over anhydrous MgSO,, concentrated under reduced pressure. The orange oil was
chromatographed on silica gel and n-hexane as eluent at first, subsequently flashed with
diethylether. The diethylether fraction was concentrated and distilled in reduced
pressure (5 mmHg, 105 °C) to give 1.54 g (82.5 %) of 3-5 as colorless crystals. 'H
NMR (400 MHz, CDCl;) 6 7.55 (d, 2H), 6 7.53 (d, 1H), 6 1.54 (s, 6H).

(S)-2-Methylbutyloxyltoluenesulfonyl 3-4). To a solution of
p-toluenesulfonylchloride (8.87 g 465 mmol) in 20 mL of pyridine,
(S)-3-methyl-1-butanol (5.0 ml, 46.5 mmol) was added and stirred at O °C for 1 day. To
this suspension, water and n-hexane were added and separated. The organic layer was
neutralized by dilute hydrochloric acid, and separated again. The organic layer was
dried with MgSO, and NaHCO,, filtrated and concentrated in reduced pressure to give
9.50 g (84.7 %) of 3-4 as colorless oil. '"H NMR (400 MHz, CDCl;) 6 7.78 (d, 2H), 6
7.34 (d, 2H), 6 3.84 (m, 2H), 6 2.45 (s, 3H), 6 1.71 (m, 1H), 6 1.39 (m, 1H), 6 1.14 (m,
1H), 60.87 (d, 3H), 6 0.82 (t, 3H).

1,3-Dibromo-5-(1’-methyl-1’-{2”-(S)-methylbutoxy}ethyl)benzene (3-3). To a
solution of 3-4 (1.0 g, 3.40 mmol) in 20 mL of diethyleneglycoledimethyldiethylether
(diglyme), ground KOH (85 %) powder (422 mg, 6.80 mmol) was added in small
fractions and stirred for 2 h at room temperature. After color of the solution changed to
red, then, it was warmed up to 110 °C. A solution of 3-5 (0.82 g, 3.40 mmol) in 20 mL
of diglyme was slowly added to the mixture during 3 h, and stirred until color of the
solution changed to cream yellow. To the mixture, 10 mL of water was added and

separated, dried over with anhydrous MgSO,, filtrated and concentrated in reduced
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pressure to give 773 mg (62.4 %) of 3-3 as colorless oil. 'H NMR (400 MHz, CDCl,) 6
7.53 (d, 1H), 67.47 (d, 2H), 62.95 (m, 2H), 6 1.59 (m, 2H), 6 1.47 (m, 6H), 6 1.12 (m,
1H), 6 0.88 (q, 6H).

1,3-Bis(N-tert-butyl-N-hydroxyamino)-5-(1’-methyl-1’-{2”-(S)-methylbutoxy}-ethyl
)benzene (3-2). A solution of (1.0 g, 2.75 mmol) in 20 mL of diethylether was cooled
down to -78 °C, and 1.46 M tert-butyllithium (7.6 mL, 11.14 mmol) n-pentane solution
was slowly added to the solution. The mixture was warmed gradually up to -30 °C and
stirred for 2 h. A solution of 2-methyl-2-nitrosopropane dimer (0.49 g, 5.64 mmol) in 10
mL of diethylether was added in small fractions to the solution and stirred for 3 h at
-30 °C. After addition of aqueous solution of NH,Cl and diethylether, organic layer was
separated, washed with water and dried over anhydrous MgSO,, filtrated and
concentrated in reduced pressure. To the mixture, a little amount of n-hexane was added
and cooled for 1 day at —20 °C, 567 mg (54.2 %) of white powder of 3-2 was given. 'H
NMR (400 MHz, CDCl,) 67.05 (s, 1H), 6 6.89 (s, 2H), 6 2.91 (m, 2H), 6 1.58 (m, 4H),
61.37 (m, 6H), 6 1.15 (m, 18H), 6 1.04 (q, 1H), 60.84 (m, 6H).

1,3-Bis(N-tert-butyl-N-oxylamino)-5-(1’-methyl-1’-{2”-(S)-methylbutoxy}ethyl)-ben
zene (3-1). A solution of 3-2 (100 mg, 0.26 mmol) in 15 mL of dichloromethane was
cooled by ice bath to 0 °C and to this solution, Ag,0 (500 mg, 2.16 mmol) was added,
stirred for 2 h. The mixture was purified by silica gel column chromatography with
dichloromethane as eluent to give 98 mg (98 %) of 3-1 as orange oil. It was
consequently used for next step.

[Co(hfac),]"BNO* (2). [Co(hfac),(H,0),] (132 mg, 0.26 mmol) was refluxed in
n-hexane to remove water of hydration by azeotropic distillation. To this solution, a
solution of BNO* (98 mg, 0.26mmol) in dichloromethane was added and stirred for 30
minutes at 80 °C. The mixture was cooled at —20 °C for 1 week to give 106 mg
(47.8 %) of the dark red crystals of 2. This crystal was suitable for X-ray measurement.
Anal. caled, for Cy,H,,CoF,N,O, (2): C, 45.13; H, 4.73; N, 3.29. Found: C, 45.75; H,
4.05; N, 3.29. IR (KBr); v = 1644, 1554, 1504, 1257, 1196, 1150, 795, 669, 587 cm™.
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3.3. Experimental Section

Physical measurement.
Dc and ac magnetic susceptibilities were measured by Quantum Design MPMS-XL
SQUID magnetometer. Temperature dependences of magnetic susceptibilities were

corrected by Pascal’s constants. IR spectrum was measured on KBr disk with a JASCO

FT/IR-660 plus spectrometer.

Crystallography.

Single crystal of 2 using for X-ray crystallography was prepared by the described
method in the preparation section. The single crystal was mounted on a glass fiber and
its size was 0.50 x 0.25 x 0.18 mm’. The X-ray data were collected at 100 K with a
Bruker SMART-APEX diffract meter, equipped with CCD area detector (graphite
monochromated Moy, radiation, A = 0.71073 A, w-scan mode (0.3 ° step),
semi-empirical absorption correction on Laue equivalents). The structure was solved by
direct method and refined by full-matrix least squares against F* of all data, using
SIR-97 and SHELXTL softwares.*® All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were placed in calculated positions, and not refined.
The refinement converges with R1 = 7.14 % for 7856 data (I > 4o (1)), wR2 = 19.60 %
for 9717 unique data (1.18 = 6= 28.39), Flack parameter = -0.03(2), max/min residual

electron density 1.34 /~1.03 eA’.



3.4. Crystal Structure

X-ray structural analysis of 2 revealed the identity of the triclinic P1 (No. 1) space
group and crystallographic data are presented in Table 3-1. In the unit cell, there are
two crystallographically independent units of [Co(hfac),]eBNO*. [Co(hfac),] and
BNO* radical form a uniform one-dimensional R-type helical chain structure along the
crystallographic c-axis. Figure 3-1 is a view of the 1-D chain structure. In the unit cell,
there is only one helical chain which consistents of two different [Co(hfac),]s BNO*
units. The aminoxyl groups of BNO* are rotated out of the phenylene ring plane. The
chiral substitute of all BNO* molecules have the R- configuration. These alkyl groups
are situated between the 1-D chains; therefore, the interchain distances are elongated
(Figure 3-2). All Co ions, which exhibit octahedral coordination with the four oxygen
atoms of two hfac ligands and the two oxygen atoms of the aminoxyl groups of two
different molecules of BNO* in trans- configurations. The Co-O,, bond lengths are
ranging from 2.037(5) to 2.056(6) A and Co-O,,, are ranging from 2.075(6) to 2.096(6)
A. The bond angles made by two oxygen atoms located at the diagonal corners of
coordination octahedra and central Co ion are almost 180 ° (The angles lie in the range
178.4(3)-179.5(3) °). The intrachain Co-Co distances of Co(1)-Co(2) and Co(2)-Co(1”)
are 8.722 A and 8.696 A, respectively; additionally, the shortest interchain Co-Co
distance is 10.697 A. Other selected Co—Co distances are. predicted in Figure 3-3.
Selected bond lengths, bond' angles, torsion angles and intrachain Co—Co distances are

given in Table 3-2.
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Figure 3—1. ORTEP drawing of 2. Thermal ellipsoids are at the 40 % level. Hydrogen
atoms are omitted for clarify. Co are labeled black, red: oxygen, blue, nitrogen, green:

fluorine and black: carbon.
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Figure 3-2a. Projections of crystal structures of 2 down to a-axis.
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Figure 3-2b. Projections of crystal structures of 2 down to b-axis,

46




Figure 3-2c. Projections of crystal structures of 2 down to c-axis.

47




Figure 3-3. Intra- and Interchain Co—Co distances (A) of 2.
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Table 3—1. Crystallographic data of 2.

formula

mol. wt.
crystal system
space group
a, A

b, A

¢, A

o

a,

o
b

[}

¥s
v, A3

z

no. of ref., unique
no. of ref., used
G.O.F

R1 (WR2)

flack factor

Cy,H 4, CoF},N,0,
851.59

triclinic

P1 (No. 1)
10.704(4)
11.573(5)
17.429(7)
81.647(7)
84.643(7)
63.195(6)
1905.6(14)

2

9717

7856

1.000

0.0714 (0.1960)

-0.03(2)
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Table 3-2. Selected bond lengths, bond angles, torsion angles and intrachain Co-Co

distances.

Col

Co2

Co1-01 2.075(6)
Co1-09’ 2.081(5)
Co1-04 2.054(6)
Co1-05 2.048(5)
Co1-06 2.056(6)

Co1-07 2.049(6)

01-Co1-09’ 179.1(3)
04-Co1-07 179.5(3)
05-Co1-06 179.3(3)
01-Col1-04 86.1(2)
01-Co1-05 85.7(2)
01-Co1-06 94.6(2)
01-Co1-07 93.8(2)
04-Co1-05 88.3(2)
04-Co1-06 91.0(2)

04-Co1-09 93.7(2)

N1-01 1.303(9)
N2-02 1.296(9)

Col1-Co2 8.722

05-C01-07 92.2(2)
05-Co1-09 93.4(2)
06-Co1-07 88.5(2)
06-C01-09 86.3(2)
07-Co1-09 86.4(2)

01-N1-C1-C6
150.2(7)

02-N2-C3-C4
16.0(10)

011-Co02-014 179.0(3)

012-Co02-013 178.4(3)

C02-02 2.093(5)
C02-08 2.096(6)
C02-011 2.037(5)
C02-012 2.046(5)
C02-013 2.040(6)

Co2-014 2.056(6)

02-Co1-08 179.3(3)
02-Co02-011 95.9(2)
02-Co2-012 94.4(2)
02-Co02~-013 85.2(2)
02-Co02-014 84.8(2)
08-Co2-011 84.2(2)
08-C02-012 86.5(2)

08-C02-013 94.0(2)

N3-08 1.283(9)
N4-09 1.286(9)

Co2—Col’ 8.696

08-Co02-014 95.1(2)

011-Co2-012
88.5(2)

011-Co2-013
93.1(2)

012-Co2-014
90.7(2)

013-Co2-014
87.7(2)

08-N3-C33-C38
~15.4(10)

09-N4-C35-C36
~150.5(7)
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3.5. Magnetic Properties
The m-phenylene-bisnitroxide radicals have the triplet ground state; moreover its
intramolecular ferromagnetic interaction, J/k is large as 430 K for non-chiral BNO"

(BNO" = 1,3-bis(N-tert-butyl-N-oxylamino)benzene) (Figure 3-4).°

*ON : NO-

I |
t-Bu tBu

IORY
Jy/kg = 430 K

S=1/2 S=1/2

Figure 3—4. Intramolecular magnetic interaction of BNO".

The magnetic interaction between nitroxide radical and Co" ion (J,) appears to be
antiferromagnetic owing to the overlapping magnetic orbital of the nitroxide radical and
Co". This value is not available in the literature; however it is observed as J, « 0 (There
are strong antiferromagnetic interactions).” All magnetic measurements were performed
for the polycrystalline sample. The x,,T and 1/x,, vs T plots are presented in Figure 3-5.
The yx,T values have a minimum at 220 K, which suggests the presence of the
ferrimagnetic interaction within chains in 2. Considering the molecular structure of 2, this
ferrimagnetic spin arrangement is assigned to —-NOse-*-Co--+*ON- (S = -1/2, 3/2, -1/2)
(Figure 3-6). Weiss temperature, 8, which was estimated from the 1/x;,, vs T plot as -89.9
K in the temperature range of 220 — 300 K, indicates J, « 0.
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Figure 3-5. 1/x,, vs T (circle) and x,T vs T (square) plots measured in 1 T. Inset:

magnification of the y,,T curve at around minimum point.
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Figure 3-6. Magnetic interactions in 1-D chain structure of 2.
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The peak temperatures in M-T curves are around 20 K and shift to lower temperatures
by increasing dc field (Figure 3-7) which is indicative of the appearance of an

antiferromagnetic (AF) long-range order below Ty = 20 K.

at 600 Oe —@—
at 700 Oe &~
at 800 Oe ——
at 900 Oe =~
at 1000 Oe -~

X,, | emu mol™!

1.0

0.5

0.0

|
10 20 30 40
T/K

Figure 3-7. Magnetic field dependent peak top shift.

The magnetic susceptibility for zero field-cooled (x,z.) sample and field-cooled sample
(xec) were measured at 500 Oe and 5000 Oe (Figure 3-8). At 500 Oe, the )7z and Xgc
exhibit similar values in the temperature region of 4 — 100 K. At temperatures 4 <7 < 16
K, a shoulder is evident for both of ¥, and xg. This shoulder indicates that another
phase transition occurs at around this temperature range. At 4 K, the xzzc value increases
abruptly; subsequently, it saturates and decreases gradually with further increasing
temperature. Below 4 K, xzc(T) and xpc(T) are split and demonstrate constant values
below 3.2 K. At 5000 Oe, the %zrc value is also a constant in the temperature range of 2 —
3.2K.
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Figure 3-8. ZFC (blue) and FC (red) magnetization curves measured at (a) 500 Oe and
(b) 5000 Oe.
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The different types of half cycle of hysteresis loops were observed from 1.8 to 30 K. In
the temperature interval 4 — 18 K, the M(H) dependences (shown in Figure 3-9) seem to
be typical for antiferromagnets revealing a metamagnetic transition under application of
an external field. This field-induced phase transition occurs when an applied field reaches

a critical value of order of the interchain antiferromagnetic interaction.
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Figure 3-9. Initial magnetization curves of 2.

33




In Figure 3-10, full cycle hysteresis loop of 2 measured at 2 K is shown. The saturated
magnetization value (M) of 2 is approximately 1.164; per formula unit. This value is
slightly higher than that expected (1ug) for a simple ferrimagnetic model that is consistent
with the unit of high spin Co" (S = 3/2) and BNO* (§ = 1) which are coupled
antiferromagnetically. This discrepancy may be due to the presence of a nonzero orbital

moment of Co™. (theoretical effective magnetic moment of single ion of Co" is 3.873u3)
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Figure 3—10. Full cycle hysteresis loop of 2 measured at 2 K.
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As it follows from Figure 3-11, the phase transition from the AF state to the forced
ferrimagnetic (FoFi) state around 850 Oe is accompanied by the hysteresis, however the
hysteresis value, AH,, does not exceeds the critical field and the remnant magnetization is

zero above 4 K.
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Figure 3—11. Hysteresis loops of 2 measured at selected temperatures (4 ~22 K).

However, when the temperature decreases below 4 K the hysteresis value increases
abruptly leading to the constricted shape of the loop at temperatures 3.6 K < T < 4 K (see
Figure 3-12) and to the “magnet-type” hysteresis loop with further lowering temperature.
The coercive field reaches a value about 25 kOe below 2.6 K. It is considered that the
change of the shape of M(H) dependences and large increase of the hysteresis with
increasing temperature below 4 K originates in freezing of domain wall displacement due
to the crossover from a Heisenberg type antiferromagnet to an Ising type antiferromagnet

based on single ion anisotropy of Co" ion.*’
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Figure 3-12. Magnetization cycles measured at different temperatures. (above) T = 3.4
~4K, and (below) T=1.8 ~3.2 K.
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In the temperature dependences of ac magnetic susceptibility measurements in zero
magnetic field, the y, ’* values show frequehcy dependence in the temperature range of 4 —
8 K. Because ordered antiferromagnet doesn’t show frequency dependence, this data
support the crossover from Heisenberg type to Ising type occurred in this temperature
range.*” The temperatures of peak at around 20 K were frequency independent (Figure
3-13a,b). The yx,” values have a peak at around 4 — 6 K and the peak has frequency
dependence (1 ~ 1500 Hz) (Figure 3-13a). In the'ac magnetic susceptibility measurements
in the magnetic field of 500 Oe, the y,’ and X.c curves show resemble behavior with y,’
and x,.” curves of 0 Oe (Figure 3—13b). The frequency dependent region of x,’ curves is
increased by increasing the strength of dc magnetic field below 500 Oe. The y,” peaks
correspond to the phase transition from AF to field-induced ferrimagnetic (FiFi) phase
(vide infra). The behaviors of y,’ and X.. are completely different in dc 5000 Oe. The
Xa.' values show a sharp rise at around 5 K and a frequency independent peak at around
30 K (Figure 3-13c). The peaks at 30 K correspond to the phase transition from

paramagnetic state to forced ferrimagnetic (FoFi) state.
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Figure 3-13. Ac x,’ and x,” vs T plots measured at different dc magnetic field (ac
amplitude was 5 Oe). (a) dc 0 Oe, (b) dc 500 Oe and (c) dc 5000 Oe.
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The magnetization change with magnetic field is found to reveal different dynamics
below and above this crossover temperature. It is clearly seen from dc field dependences
of the ac susceptibility presented in Figure 3-14 at selected temperatures. At 20 K, it
starts to behave as antiferromagnet (Figure 3-14g). There is no frequency dependence of
the x,.’ and x,.” values within the frequency range used (1-1000 Hz). At 7.5K, i.e. above
the crossover temperature, the yx,.’(H,) dependence shows frequency dependent peaks at
around 850 Oe, and y,” also shows a field dependent peak (Figure 3—14d). This peak
indicates the spin-flip transition, which is associated with the nucleation of the FoFi state
within AF phase and displacement of the domain walls separating AF phase and FoFi
state. However, the author could not observe any peak of the y,.’ and x,” in the vicinity
of the field-induced AF-FiFi transition in M—H measurements below 4 K (Figure 3-14a
and 3-14b). These data are indicative of very slow spin movement or the domain wall
freezing below the crossover temperature. y,—H plots at 12, 10 and 5 K are presented in
Figure 3-14f, 3-14e and 3-14c. To understand its magnetic properties more clearly, the

magnetic phase diagram was constructed.

(a) 20

15
T
- a
g 10 g
5 =
oy Q
_E
x g
I
_xE 5 it
(0]

61




(b)

X X'y / €mu mol™

—~
(¢]
~

X",/ emumol™

1
m

X

—_ —
) +—

—
=)

o0

5K

L 1 L

(] w

s & =
Jow  nwd /

:

62

(Jow o nws /




(d)
14 75K 6000
12+ I
b L <5000
5 10+
g 44000 & __
g sl 8
3 X'm X"m g
R - 1Hz o~ o P00
x 6F 500 Hz g
E 1000 Hz -~ —= {2000 =~
4+ 1500 Hz o~ —o-
DC —
5 1000
- 20
2000 3000 4000

g

:

:

:
(Jow o nud / “py

X X" / €mu mol™!
g

:

63




(H
5000
% <
g 4000 "_
- o
8 g
= 3000 o
x :
< 2000 -
1000
s .,‘
4000
(&)

14 20K 16000
e 5000
T30 <
g 44000 B_
= o
§ s :
et 3000
:x 6 5‘
- 2000 -

4
2 1000
0l2 0
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3.6. Magnetic Phase Diagram

The magnetic phase diagram in the low temperature region is displayed in Figure
3-15. Three lines in the phase diagram, H:* (critical field of initial magnetization
process), H.""" (critical field of demagnetization process) and AH,. (difference between
H.*® and H.°"") represent the boundary of the field-induced ferrimagnetic (FiFi) state
(antiferro- and ferrimagnetic ordered state),*>'° the forced-ferrimagnetic (FoFi) phase
and the antiferromagnetic (AF) phase, respectively. The Hc* value corresponds to the
spin-flip field. This diagram exhibits five magnetic phases and state. The paramagnetic
phase exists above 20 K. In the temperature region 4 — 20 K, this molecule behaves as a
metamagnet. The value of the critical field of the AF-FoFi transition corresponds to the
interchain exchange interaction. An upturn of AH. with decreasing temperature below 4
K is associated with freezing of the domain wall motion in the Ising type magnetic
structure. Below 3.2 K, the compound displays a large coercive field (ca. 25000 Oe at 2
K) and hysteresis loop seems to be typical for hard magnetic materials. After
application of a strong magnetic field in this temperature range, further variation of an
external field does not lead to the reappearance of the initial AF state in the compound.
Thus, this FiFi state is metastable state. The hysteresis value in the Ising state is
controlled by the exchange interaction within chains and thermal activation of the
domain displacement. However, the increase of the hysteresis value with decreasing
temperature is stopped below ~ 2.8 K, which can be ascribed to the change in the
mechanism of the domain wall displacement from the thermal activation to macroscopic

quantum tunneling."
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3.7. Conclusion

The author successfully synthesized a novel organic-inorganic hybrid type chiral
structural antiferromagnet, which was comprised of [Co(hfac),] and chiral bisnitroxide
radical. This magnet possesses 1-D helical chain structure; additionally, the structure 1s
characterized by R- type helicity. Initially, in the high temperature region above 20 K.
this molecule displays behavior as a paramagnetic state. Below 20 K, antiferromagnetic
interaction dominates among 1-D ferrimagnetic chains, and the ground state of this
compound is 3-D antiferromagnetic. In the temperature range of 3.2 — 20 K, this
compound behaves as a metamagnet and its M is ~ 1.1645. However, below ~ 4 K the
thermal activated motion of the domain wall between the AF and FoFi phases is frozen
owing to the high single ion anisotropy of Co ions. It is considered that this behavior is
caused by crossover from a Heisenberg type antiferromagnet to an Ising type
antiferromagnet. As a result, a sample undergoing magnetization by application of a
high magnetic field remains in the field-induced ferrimagnetic FiFi state after zeroing
field. Moreover, further variation of the field does not return the sample to the initial AF
state. The initial AF alignment of the magnetic moments of the chains may be
re-instated upon heating the sample above 5 K, followed by cooling at zero field. In the
FiFi state, the sample demonstrates hard magnetic properties characterized by coercive
field value of approximately 25 kOe below 3 K and with Mg ~ 1.16u5. With decreasing
temperature below ~ 25 K, the width of the hysteresis loop becomes
temperature-independent (Figure 312 bottom). Above 2.5 K, the widths of the
hysteresis loops show remarkable temperature dependence. These results are indicative

of crossover of the thermal activated domain wall motion with quantum tunneling

behavior in Ising type magnets.
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Chapter 4.

Studies for Direction Dependences of Magnetizations
and Magnetic Structure of Chiral Molecule-Based
Magnet, [Mn(hfac),]-BNO*

4.1. Introduction and Known Informations of [Mn(hfac),]-BNO*

In Chapter 1.3, the author introduced first chiral structural molecule-based magnets,
[Mn(hfac),]*BNO*, which chirality is induced by chiral substituent (Chart 4-1). In such
structurally chiral magnets, asymmetric electronic dipole moments survive. The
asymmetric dipole fields stabilize ferroic Dzyaloshinsky-Moriya (DM) vectors." From
these situations, the chiral magnetic structures are expected. Recently, many chiral
structural magnets are prepared by that strategy (vide supra), and investigating their

magnetic, optical and other physical properties.*’
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FsCe_an_CF3 i
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Chart 4-1.

By the way, magnetic easy and hard axes exist in all magnets, which come from
single ion magnetic anisotropies and dipole magnetic interactions. For the simple
antiferromagnets, total magnetic moments of materials are canceled in long range below
Néel temperature (Ty). And below Ty, magnetization curves show spin flop at a magnetic
field which magnetic energy corresponds to the energy of antiferromagnetic interactions
between nearest neighbor spins. On the other hand, low dimensional ferro- or

ferrimagnetic systems frequently show metamagnetic behaviors. The spin structures of
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metamagnets are understood as the antiferromagnetic orderings of ferro- or ferrimagnetic
one-dimensional chains or two-dimensional sheets. In Figure 4-1a,b, spin flip models of

simplified case is shown, ferrimagnetic 1-D chains interact antiferromagnetically.

Figure 4-1a. Antiferromagnetic spin alignment of ferrimagnetic chain below Ty. Allows
mean amount and direction of the spins. In the case of Jis J3 <0, J, >0 and applied
magnetic field, H < J,.

Figure 4-1b. After spin flip transition in metamagnet. In the case of J,, J; <0, J, >0 and
H>J,
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In such case, these materials show spin flip transition at a critical magnetic field. In
the single crystal of metamagnets and antiferromagnets, the magnetization curves show
the angular dependent behaviors. These behaviors depend on the directions of applying
magnetic field and spin direction. If magnetic field and spin direction are parallel (H,),
spin flip transition is observed in certain magnetic field (easy axis) and in the case that
magnetic field and spin direction are perpendicular (H,), magnetization values increase
gradually and saturate (hard axis) below 7 in the field dependences of magnetization. In
Figure 4-2, the models of M-H plots of metamagnets in the case of H, and H, and in
Figure 4-3, and M-T plots of antiferro- (meta-) magnets in the case of H, and H, (H is
weaker than antiferromagnetic interactions) are shown.’ However, the chiral structural
molecule-based metamagnet, [Mn(hfac),]sBNO* (Figure 4-2) shows the spin flip
transitions for all crystallographic axes. The author shows magnetic properties of single

crystals of 3 and calculated possible magnetic structure in this Chapter.

4 :
m
| Ms
H —
=
2
3
B34
T A
S
S
=
0 . >
0 Hc
] |
it Applied Magnetic Field

Figure 4-2. Spin flip mechanism in the single crystal of metamagnets.
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Figure 4-3. Direction dependent behavior of M-T plots in the single crystal of antiferro-

(meta-) magnets in weak magnetic field.

Crystal structure and magnetic properties of polycrystalline sample of 3 are already
reported (Figure 4-4)° This compound is constructed by [Mn(hfac),] and chiral
bisnitroxide radical molecules and alternate one-dimensional chain with R-helicity lies
along to crystallographic c-axis. Space group of this compound is chiral triclinic P1 (No.
1). Interchain Mn-Mn distances are more than 10 A and intrachain Mn—Mn distances are
shorter than 8.9 A. This magnet undergoes antiferromagnetic phase at T = 5.4 K. Below
5.4 K, spin-flip transition is observed. The observed saturated magnetization value
corresponds to expected value in the case of Mn" (S = 5/2) and two aminoxyl groups (S =

1) are interacted antiferromagnetically (Figure 4-5).
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Figure 4-5. Ferrimagnetic 1-D magnetic chain of 3.
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4.2. Preparation

Single crystal of 3 was grown according to literature method (Scheme 4-1).° In
Chapter 3, more accurately description is presented in Co case, and Mn complex can be
prepared using [Mn(hfac),(H,0),] in stead of [Co(hfac),(H,0),] by similar method.

{Mn(hfac)a(H20)2]

n-hexane, at 100 °C ) O/\./\
o o FaCunCFa ’
H 5 B for 4 days, —20 °C 1.'/\’-5
Agz - - ====-Mn== - —=ON NO#»-~== |-~
O |
HOI\II ON

[Mn(hfac)y) (s)

[ tB
o o -Bu -Bu
oy CHeClz.0°C NO- )\,)\
) i ) FaC CF3 n
t-Bu tBu tBu t-Bu
Scheme 4-1.

4.3. Sample Setting for Physical Measurements

Magnetic measurements were carried out using Quantum Design MPMS-5S SQUID
magnetometer and all data were corrected by Pascal’s constants. The single crystal of 3
was mounted by Apiezon-M grease in the straw. Crystal dimension of these
measurements was 750 x 600 x 450 mm?® and weight was 0.2346 mg. Face indices were
decided by X-ray measurement using Bruker SMART-APEX software. Schematic

drawing is shown in Figure 4-6.

b
5
(010)
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a 600pm

C"\\TOO) ’
(001)
750pm

Figure 4-6. Schematic drawing of the single crystal using for the experiments.
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4.4. Magnetic Properties of Single Crystal

Figure 4-7 shows the temperature dependences of magnetization values in different
crystallographic axes measured at 100 Oe (field cooled). All magnetization curves show
sharp peak at 5.4 K and decrease by further cooling. It seems every a-, b- and c-axis
behave as antiferromagnetic easy axis (see Figure 4-3, magnetic behaviors of M-T plot in
the case of magnetic easy and hard axis are presented). At 2 K, magnetization values are
53 (H// a), 148 (H // b) and 223 (H // ¢) emu mol™ in 100 Oe.

800+
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Figure 4—7. Direction dependences of field cooled magnetizations vs T plots measured
in 100 Oe.
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Figure 4-8 shows the direction dependent M—H plots measured at 2 K and spin flip
transitions were observed in all axes at 640 Oe (H // a), 1000 Oe (H // b) and 1250 Oe (H
/I c), respectively. The magnetization values in all axes rise sharply at different critical
field (Figure 4-5 inset). These results suggest that absence of metamagnetic hard axis in

measured directions. To reveal its spin structure, the author tried to calculate the angles

between crystallographic axis and antiparallel spin couples.

i B
= H/l a-axis —e—
= 1.04 ® 1o H// b-axis —e—
H /| c-axis —e-
0.5 poly crystal —
0.5
0.0- T T T T
0 1000 2000 3000 4000
OO H/ Oe
0 5 10 15 20x10°

H/ Qe

Figure 4-8. M-H plots of 3 measured at 2 K. Inset: the magnification in magnetic field
range from 0 to 4000 Oe.
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4.5. Magnetic Structure

The author calculated the angles between antiferromagnetic spin couples and each
crystallographic axes using with magnetic data (see Figure 4-2 and 4-8). The AM
values, which corresponds to the difference between the magnetization values before
and after spin flip transition (Figure 4-8). Calculated angles between spins and a-axis is
50.53 °, b-axis is 67.15 ° and c-axis is 73.60 °, respectively. These angles correspond to
the projection angles of spin components in each plane and spin orientations can be
calculated from these angles. The author draws possible magnetic structure of 3 and its
projections (in the unit cell) and 4-10 (in the plane) in Figure 4—11. This magnetic
structure is synthesized one: all spins in antiferromagnetic sublattice are packed into one

unit cell and résulting that its magnetization values are normalized per formula unit.
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S
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Figure 4-9. Spin flip mechanism and angles between applied field and antiparallel

spin couples.
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Figure 4-10a. Projections of spin components in ab plane. Only selected atoms are
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Figure 4-10b. Projections of spin components in ac plane. Only selected atoms are

presented for clarify. Allow directions and lengths mean directions and amounts of

évery spin components.
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Figure 4-11. Possible magnetic structure of 3. Red allows mean total spin component
of 3 (§ = 3/2 + (=3/2)). Blue plane and allows mean projection of spin component in ab

plane and green ones are in ac plane. They are related with Figure 4-10.

Normally, it is expected that magnetic spins, which are interacted
antiferromagnetically, orient each other without extraordinary anisotropy or frustration.
However, all projected spin components in every plane, are deviated from Mn—Mn line
in this crystal. DM interaction is mentioned that possible reason to cause spin canting in
such chiral crystals. Therefore, to reveal the influence of chirality, magnetic properties
of resemble, but achiral compound, [Mn(hfac),]s BNO" is considered and compared

with 3.
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To compare with 3, the magnetic behaviors of single crystal of [Mn(hfac),]sBNO"
(Chart 4-2) are shown in Figure 4-11.° This compound crystallized in achiral space
group, monoclinic P2,/n. Two hfac molecules coordinate to Mn ion as cis- manor and
[Mn(hfac),] are bridged by BNO" radicals and forms zigzag 1-D chain structure along
crystallographic b-axis. In the unit cell, two 1-D chains exist and each chain has A or
A-chirality. This molecule is also metamagnet and orders at 5.5 K antiferomagnetically.
The field dependences of magnetizations of . single crystal measured in three
crystallographic axes, they show spin flip transitions in - and c-axis and a-axis is hard

axis (Figure 4-11).
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Figure 4-11. Direction Dependent M-H plots of single crystal of [Mn(hfac),]*BNO"

measured at 1,8 K.

From these data, spin arrangement is also considerable. Antiparallel spin couples
are perpendicular to crystallographic a-axis (Figure 4-12) and antiparallel spins direct
each other over the inversion center in achiral crystal. Taking account of these results, it

is expected that DM interaction is the origin of spin canting of 3.
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Figure 4-12. Spin arrangement in ac- and bc-plane of [Mn(hfac),]sBNO".
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To consider the relationship of spin canting and DM interaction, Figure 4-13

shows the magnetic structural models that DM interactions affect to 1-D chains of 3 in
different manors. In these cases, only intrachain DM interactions are considered. In the
case of Figure 4-13d, it is possible to construct calculated spin arrangement by the

synthesis of spin components.

chain1 chain2 i (b) chain1 chain2

Mn1 ® Mn1

Jow
Mn2 @ Mn2
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Mn2' Mn2' 2 “ Mn2'
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i i ! i i Mn2' o @Dﬁ/ f i Mn2'
Figure 4-13. Spin arrangements in the case of J,,, >0 and J,

mer < 0 with DM. (a) DM
=0, (b) DM // 1-D chains, (c) DM L 1-D chains and (d) DM // and L 1-D chains.
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4.6. Conclusion

The author observed metamagnetic spin flip phenomena in all crystallographic axes in
chiral molecule-based magnet 3. The crystal direction dependences of critical field were
measured in its single crystal. This novel magnetic behavior indicates that the existence of
tilted spin arrangement from all crystallographic axes in the crystal of 3. This magnetc
structure is considered that magnetic spins are canted by ferroic DM interaction, which is
stabilized in asymmetric electronic dipole field. The author calculated the angles between
spins and crystallographic axes, and possible magnetic structure. Calculated spin
orientation seems like it has no relation with crystal structure. Calculated spin
arrangement was compared with the spin arrangement of resemble structural achiral
compounds. Resulting this, existence of the influence of chirality is suggested. Finally, the
author showed it is possible to construct calculated spin arrangement by synthesis of

canted spin components.
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Chapter 5.

Concluding Remarks

The author prepared three molecule-based magnets, which are consisting of
metal-organic radical. In Chapter 2, the author synthesized discrete cyclic (Co-BNO),
system. From the magnetic data of this molecule, large magnetic anisotropy was
estimated. 1-D chiral Co—BNO alternate chain shows remarkable magnetic properties.
Two times temperature dependent magnetic phases and state (Para-, Heisenberg type
antiferro- and Ising type antiferromagnetic state) and two different field-induced
magnetic phase transitions (Meta- and Field induced ferrimagnetic states), respectively.
These transitions reflect low dimensional molecular structure and Ising type magnetic
interactions (Chapter 3). Mn—-BNO* system shows charasteristic spin flip transition in
single crystal. It is considerable that this magnetic property is based on its chiral
structure. The author calculated magnetic structure and predicted. Its magnetic structure

forms canted antiferromagnetic structure as the author expected (Chapter 4).
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