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Nomenclature 

 

ATR 

BBDTA 

BCS 

BEDT-TTF (ET) 

Bu 

Cat-EDT-TTF 

COF 

15-crown-5 

18-crown-6 

Attenuated total reflection 

Benzo[1,2-d:4,5-d′]bis[1,3,2]dithiazole 

Bardeen Cooper Schrieffer 

Bis(ethylenedithio)tetrathiafulvalene 

Butyl 

Catechol-fused ethylenedithiotetrathiafulvalene 

Covalent organic framework 

1,4,7,10,13-pentaoxacyclopentadecane 

1,4,7,10,13,16-hexaoxacyclooctadecane 

2,2,2-cryptand 

CT 

CV 

4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane  

Charge-transfer 

Cyclic voltammetry 

DBE 

DCE 

DDDT 

DFT 

1,2-dibromoethane 

1,2-dichloroethane 

5,6-dihydro-1,4-dithiin-2,3-dithiolate 

Density functional theory 

Diglyme 1-methoxy-2-(2-methoxyethoxy)ethane 

DIPSe Diiodo(pyrazino)tetraselenafulvalene 

DMF N,N-dimethylformamide 

DMIT 

DNA 

DOS 

1,3-dithio-2-thione-4,5-dithiolate 

Deoxyribonucleic acid 

Density of states 

EC Ethylene carbonate (1,3-dioxolan-2-one) 

EDX Energy dispersive X-ray spectrometry 

EDT-TTF Ethylenedithiotetrathiafulvalene 

ESR Electron spin resonance 

Et 

EPR 

FAB 

Ethyl 

Electron paramagnetic resonance 

Fast atom bombardment 

Fc Ferrocene 

FET 

FT 

Field effect transistor 

Fourier transform 

http://www.tcichemicals.com/eshop/ja/jp/commodity/B1200/


 

8 

 

HOMO Highest occupied molecular orbital 

ICP Inductively coupled plasma 

IR Infrared 

LUMO Lowest occupied molecular orbital 

NDA 

NDI 

1,4,5,8-naphthalenetetracarboxylic dianhydride 

Naphthalene diimide 

NIR Near-infrared 

NMP N-methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

p-NPNN 2-(4-nitrophenly)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl 

Me Methyl 

MOF Metal organic framework 

MPMS 

MS 

Magnetic property measurement system 

Mass spectrometry 

OES Optical emission spectroscopy 

PC Propylene carbonate (4-methyl-1,3-dioxolan-2-one) 

PDI 

Ph 

Perylene diimide 

Phenyl 

PPMS Physical property measurement system 

Pr Propyl 

Py Pyridinium 

PMA (PyDI) 

PXRD 

Pyromellitic diimide 

Powder X-ray diffraction 

RVB Resonating valence bond 

SCE Saturated calomel electrode 

SEM Scanning electron microscope 

SOMO Singly occupied molecular orbital 

STM Scanning tunneling microscope 

SQUID Superconducting quantum interference device 

SR Muon spin rotation 

TBA Tetrabutylammonium 

TCNQ 7,7,8,8-tetracyanoquinodimethane 

TDAE Tetrakis(dimethylamino)ethylene 

TMDT Trimethylenetetrathiafulvalenedithiolate 

TMTSF Tetramethyltetraselenafulvalence 

TOA Tetraoctylammonium 
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TTF Tetrathiafulvalene 

UHV Ultra high vacuum 

UV Ultraviolet 

VIS Visible 
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Chapter 1 General Introduction 

 

 

1.1 Molecular Conductors and Magnets 

 

 The first major event in the history of molecular conductors was the 

(photo)conductivity measurements of phthalocyanines and polycyclic aromatic 

hydrocarbons.1–4 The first molecular semiconductors, which exhibited a high 

conductivity of 1–10−3 S cm−1, were the perylene-bromine complexes discovered by 

Akamatsu, Inokuchi, and Matsunaga in 1954.5 This discovery showed the good potential 

of organic conductors and demonstrated for the first time that carrier doping is useful to 

enhance conductivity. In the case of the study by Akamatsu and colleagues, carrier doping 

was achieved by means of a charge-transfer interaction. Charge-transfer complexes, 

which are prepared by mixing electron donors and electron acceptors, show various 

oxidized (reduced) states depending on their combinations.  

In 1972, Epstein et al. discovered the first organic metal, NMP-TCNQ, which 

exhibited a metallic conductivity down to 200 K.6 In 1973, a more promising complex, 

TTF-TCNQ, was reported,7,8 which showed a high conductivity of 1837 S cm−1 at room 

temperature.7 TTF-TCNQ retained a metallic conductivity down to 60 K and underwent 

a metal-insulator transition at 53 K due to the Peierls instability, which is typical for 1D 

conductors. In order to suppress this instability, the dimensionality of the organic 

conductors was increased by introducing sulfur, selenium, and tellurium into the 

molecular skeletons. Various organic superconductors have been explored along this 

molecular design.9–11 
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In 1980, Jérome et al. discovered the first organic superconductor, a quasi-one-

dimensional conductor (TMTSF)2PF6, which exhibited a superconducting phase 

transition at 0.9 K under 12 kbar.12 A superconducting transition temperature exceeding 

10 K was observed for a two-dimensional BEDT-TTF salt in 1988.13 A decade later, 

Tanaka et al. reported the first single component conductor, Ni(tmdt)2, which retained a 

metallic conductivity down to 0.6 K,14 and the three-dimensional Fermi surface of this 

material was experimentally demonstrated.15 Recent research into molecular conductors 

has expanded to include studies on massless Dirac fermions, which are well-known in 

graphene physics.16 Dirac cones have been investigated in the bulk crystals of -(BEDT-

TTF)2I3
17 and Pd(dddt)2

18 under high pressure. 

 

 

Figure 1.1. Molecular structures of the representative molecular conductors and magnets. 
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 Ferromagnetic interactions in organic radicals were not observed until the 1960s 

due to the strong tendency of organic radicals to dimerize in the solid state. The first 

theoretical principles in the effort to realize molecular ferromagnets were proposed by 

McConnell in 1963.19 Several years later, a high-spin molecule, m-

phenylenebis(phenylmethylene), was reported.20,21 This and other high-spin 

polycarbenes22,23 have been developed as model compounds to investigate the 

intramolecular ferromagnetic interactions. A neutral radical, galvinoxyl, is one of the 

well-known organic magnets exhibiting intermolecular ferromagnetic interactions 

(Figure 1.2).24,25 It was first reported by Mukai in 196924 and its ferromagnetic 

interactions were rationalized by McConnell’s principles. In 1989, Awaga and Maruyama 

reported a ferromagnetic intermolecular interaction of 0.9 K in an organic nitroxide 

radical, p-NPNN( phase),26 and in 1991 Tamura et al. discovered the first example of 

organic ferromagnets with a transition temperature of 0.6 K.27 Today, the transition 

temperatures for a molecular magnet without C60 and transition metals as spin centers 

reach 17 K for a ferromagnet based on selenazyl radicals developed by Robertson et al., 

28 and 36 K for a weak ferromagnet, -[p-NCC6F4CNSSN] (a thiazyl radical), reported 

by Banister et al.29 Experimental work on molecular magnets has also focused on low-

dimensional magnetism,30,31 spin frustration,32 spintronics,33,34 etc. 

 Among the molecules used in molecular conductors and magnets, C60
35,36 is one 

of the most promising candidates. Numerous 3D isotropic structures have been 

constructed based on the ideal spherical shape of C60, and high-Tc-ferromagnets37,38 and 

superconductors39,40 of the C60 complexes have been reported. The highest 

superconducting temperature at ambient pressure is observed for an anion radical 

complex, RbCs2C60, which shows a superconductivity at 33 K.40 The trend of 



 

13 

 

superconducting transition temperatures of fullerene complexes is rationalized by the 

BCS theory; the densities of states based on the highly degenerated LUMOs of C60 are 

related to the transition temperatures.41–43 The charge-transfer complex of TDAE-C60 also 

shows the highest ferromagnetic transition temperature of 16 K among molecular 

ferromagnets.37 These studies on the C60 complexes indicate the importance of the 3D 

intermolecular interactions resulting from the high symmetry of the spherical molecule.  

 

  
Figure 1.2. Molecular structures of the representative molecular magnets, galvinoxyl, p-

NPNN, and TDAE-C60. 

 

1.2 Crystal Engineering in Molecular Conductors and Magnets 

 

 As described in Section 1.1, the dimensionality of molecular crystals is a key 

factor which dominates their solid-state properties. Careful tuning of the molecular 

skeletons affects the packing motifs, and is crucial to obtain exotic physical properties 
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such as superconductivity, Dirac cones, and quantum spin liquid states. In this section, 

various approaches and development of the crystal engineering are described. 

 Crystal structures of molecular magnets and conductors are determined from 

various types of intermolecular interactions such as van der Waals forces, hydrogen bonds, 

and CT interactions. The first series of organic metals, including NMP-TCNQ6 and TTF-

TCNQ,7,8 were prepared based on the CT interactions. Figure 1.3 shows two typical 

crystal packings of CT complexes. They usually form segregated stacks and alternate 

stacks in their solid states. For example, the crystal of TTF-TCNQ shows segregated 

stacks with eclipsed - overlaps, which are accompanied by a partial charge transfer of 

0.59 e− from TTF to TCNQ.44,45 This type of eclipsed overlap is stabilized by the exchange 

interactions between the radical species, although the slipped overlaps are usually 

preferable due to the electron repulsive force between aromatic rings. Exchange 

interactions are characteristic of radical species and have played an important role in their 

crystal packing. Two types of exchange interactions, namely potential exchange and 

kinetic exchange, are depicted in Figure 1.4. The potential exchange stabilizes parallel 

spin alignment (or ferromagnetic interaction), and is well-known as the basis for Hund’s 

rule in the ground states of a multi-electron atom. The other type of exchange interaction, 

the kinetic exchange, stabilizes antiparallel spin alignment (or antiferromagnetic 

interaction). The potential exchange is dominant only when the net intermolecular 

overlaps are almost zero, a limitation known as the Goodenough-Kanamori rule.46–48 Thus, 

the crystals of molecular radicals often show antiferromagnetic interactions and the 

molecules simultaneously tend to dimerize as shown in Figure 1.4(c). Eclipsed overlaps 

are preferable in order to maximize the overlap between the SOMOs and the radical-

radical interactions. These interactions lead to significantly shorter contact distances 



 

15 

 

(strong dimerization) and are known as “pancake bonds,”49,50 which are recognized in 

various kinds of molecular radicals in their solid states (Figure 1.5).49 

 

Figure 1.3. A segregated stack (a) and an alternate stack (b) that are typical for CT 

complexes. Blue and red squares indicate donor and acceptor molecules. 

 

 

Figure 1.4. (a) Potential exchange K. (b) Kinetic exchange J. (c) Radical-radical 

interactions and the resulting dimerization in TCNQ radical anions. 

 

 

Figure 1.5. Strong dimerization in various organic radicals. (Adapted from Preuss.49) 
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 One way to modulate the crystal packing from the usual 1D stacking (with 

dimerization) is to use steric hindrance. Inabe et al. designed axially ligated 

phthalocyanines51,52 in which two CN− ions are coordinated to their metals from above 

and below the -planes. Due to the steric hindrance caused by the coordinated CN− ions, 

the oxidized axially ligated phthalocyanines form 1D and 2D - stacking networks in a 

manner dependent on the counter cations (Figure 1.6). In the 2D - stacking network, 

the charge localization is suppressed and metallic conductivity is observed.52 

 

 

Figure 1.6. Schematic image of the crystal packing motifs of axially ligated 

phthalocyanines. They can form 1D and 2D - stacking networks. (Reproduced from 

Inabe et al.51) 

 

 Halogen bonding is also useful to control the structures. This interaction is a 

highly directional one between halogen atoms and Lewis bases (halogen atoms, N, O, S, 

Se, etc.). Yamamoto et al. reported a conducting nanowire of EDT-TTF cation radicals 

surrounded by an insulating network consisting of supramolecular assemblies formed by 

halogen bonding between the halide anions and neutral solvent molecules (Figure 

1.7(a)).53,54 Their work indicated that the resulting network had high potential as a 

sheathing material. Imakubo et al. successfully induced a hexagonal supramolecular 

structure with a 1D channel by halogen bonding between donor molecules (Figure 
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1.7(b)).55–57 The channel can be used as a reaction path, and the cation radicals of DIPSe 

are reduced by reaction with water in organic solvents in a high yield of 90%. This means 

that the organic conductor is recyclable. Moderately strong, highly directional halogen 

bonding has the potential to form these types of unique structures.  

 

 

Figure 1.7. (a) Crystal structure and schematic image of the conducting nanowire of the 

radical cations of EDT-TTF surrounded by the halogen bond network. (b) Molecular 

structure of DIPSe, formation of the halogen bond between donor molecules, and 

hexagonal supramolecular structure of the radical cation salts 

(DIPSe)3(PF6)1.33(CH2Cl2)1.2. ((a) Adapted from Yamamoto et al.53 (b) Bottom left and 

right figures adapted from Imakubo et al.56) 

 

 In the past two decades, fine crystal tuning has been carried out for organic radical 

cation (anion) salts of BEDT-TTF10,58 and Pd(dmit)2.
11,59–61 In their crystals, unpaired 

electrons existing on the intermolecular dimers form triangular lattices. Their triangle 

shape can be easily modified by changing the counter anions (cations) and is evaluated 

by the parameter t’/t, where t’ and t are the transfer integrals as defined in Figure 1.8. The 

phase diagram for the Pd(dmit)2 radical anion salts shows various phases such as 
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antiferromagnetic order (AFLO), quantum spin liquids (QSL), and charge order (CO). 

The solid-state properties can be systematically changed by tuning t’/t. 

 

 

Figure 1.8. Crystal structure and phase diagram of the Pd(dmit)2 radical anion salts. 

Unpaired electrons which exist on the intermolecular dimers form triangular lattices. 

(Reproduced from Kato.61) 

 

 Recently, hydrogen-bond conductors have been developed by Mori et al.62–64 

Figure 1.9 shows the molecular structure of -D3(Cat-EDT-TTF)2 and the hydrogen-

bond-dynamics-based switching of conductivity and magnetism. This deuterated 

hydrogen system shows a phase transition at 185 K with significant switching of the 

electronic and magnetic properties, which is accompanied by a simultaneous electron and 

deuterium transfer within the hydrogen-bond unit.64 Since the transition does not take 

place in -H3(Cat-EDT-TTF)2, the H/D isotope effect on the H-bond geometry and 

potential energy curve is considered.  
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Figure 1.9. Hydrogen-bonded molecular unit of -D3(Cat-EDT-TTF)2 and the hydrogen-

bond-dynamics-based switching of conductivity and magnetism. (Reproduced from Ueda 

et al.64) 

 

1.3 K4 Crystal: Isotropic 3D Structures 

 

 Highly symmetrical structures, such as those of diamonds, seem to hold an 

inherent attraction for humans. In addition to their aesthetic appeal, however, such 

structures can confer properties such as hardness and thermal conductivity to bulk 

materials. Among 3D lattices, the K4 crystal65 is a special 3D lattice that is mathematically 

related to the diamond crystal. This structure appears in various fields, and its structural 

beauty and special properties have been attracting researchers for over eighty years. This 

chapter focuses on the K4 crystal, beginning with a description of its mathematical aspect. 

Then, the structure and the diversity in real systems are described. 

 Graph theory indicates a special high symmetry of the K4 crystal from the view 

point of mathematics.65,66 Two properties, “maximal symmetry” and “strong isotropic 

property”, characterize the K4 crystal. The name, K4, comes from the complete graph K4, 
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which consists of four vertices, each pair of which is connected by a unique edge. A 

mathematical operation, “periodic realization”, transforms this type of absolute graph to 

a crystal lattice, and “standard realization”, which is one of the periodic realizations, 

realizes the K4 crystal. It is proven that the most symmetrical structure is obtained by 

standard realization and the realized crystal has maximal symmetry among all the periodic 

realizations; any structural deformation of the arrangement in the crystal reduces the 

symmetry. In addition to maximal symmetry, the K4 crystal is characterized by a strong 

isotropic property. In Figure 1.10, honeycomb and square lattices are compared to 

describe this strong isotropic property. If there are congruent transformations preserving 

the crystal net after swapping any two edges with the same origin while fixing the other 

edges, the lattice will exhibit the strong isotropic property. Thus the honeycomb lattice 

has this property, but the square lattice does not. Indeed, Sunada showed that only four 

kinds of structures have maximal symmetry and a strong isotropic property in 2D and 3D 

crystal nets: honeycomb lattice, K4 crystal, mirror image of the K4 crystal, and diamond 

crystal. The K4 crystal has a special high symmetry crystal net among 3D lattices and is 

called a diamond twin. 

 

 

Figure 1.10. Description of the strong isotropic property. 

 

 Sunada proposed a new carbon allotrope, K4 carbon, as a possible realization of 

the K4 crystal in nature.65,67 Figure 1.11 shows the crystal structure of the K4 carbon and 
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its local structure. The K4 carbon has a chiral structure of the cubic space group of I4132, 

consisting of trivalent sp2 carbons. Each sp2 plane consisting of four carbon atoms has a 

twisting connection with the nearest sp2 planes with a torsion angle of ±cos−1(1/3) (~ 

±70.5°). This 3D structure has interconnected decagonal rings with a huge 3D cavity, and 

the number of rings meeting at each vertex is fifteen. After the description of the K4 carbon 

by Sunada, theoretical calculations on the K4 carbon predicted its striking properties. The 

band calculation of the K4 carbon predicted a metallic ground state67 in spite of the 

insulating properties of diamond. Moreover, the appearance of the Dirac cones in the band 

structure has also been reported.68,69 However, the electronic properties of the K4 carbon 

have not been investigated due to the difficulty of the synthesis; the K4 carbon was first 

described as a metastable allotrope by Itoh et al.,67 and then the structural instability was 

pointed out by the phonon band calculation.70 

 

 

Figure 1.11. (a) Crystal structure of the K4 carbon. (b) Local structure in the K4 carbon. 

 

 Beyond the K4 carbon, the K4 crystal itself was first discovered by 

crystallographers and then rediscovered many times in various fields.71,72 The structure 

of the crystal was first described by Laves in 193273,74 and later named the Laves graph 
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by Coxeter.75 It was rediscovered by Wells and called Net 1((10,3)-a).76,77 The srs net is 

also used to describe the structure, which is named after the K4 structure of the Si networks 

in SrSi2.
78,79 The srs net is strongly related to the gyroid, or G surface, which is a triply 

periodic minimal surface discovered by Shoen.80 Figure 1.12(a) shows the relationship 

between the gyroid and the channel structure. The gyroid separates the space into a pair 

of enantiomorphic channels, and the chiral channel corresponds to the srs net with 

different chirality. The gyroid itself belongs to the cubic space group of Ia3̅d if there is no 

distinction between the front and back side of the surface. The srs net is ubiquitous71 in 

nature and appears in such fields as mathematics, biology, and materials chemistry. This 

structure has been reported in naturally occurring and synthetic architectures of various 

sizes, such as mesoporous silicate (MCM-48),81–83 lipid-water systems,84 block 

copolymers,85–87 photonic crystals,88 and butterfly wings.89 Recently, tensile and 

compressive tests were also carried out for 3D-printed gyroid90 toward a possible 

application of the gyroid as a lightweight material with high strength.  

 In the field of chemistry, Si networks of SrSi2,
78,79 cg-N,91 and metal organic 

frameworks such as metal-oxalate complexes,92 are known to form the srs net, but the 

theoretical predictions for the K4 carbon have not been experimentally confirmed for these 

materials. The band structure of SrSi2 is affected by Sr, and it is regarded as a narrow gap 

semiconductor.93 cg-N is synthesized from elemental nitrogen under high pressures and 

high temperatures, and is metastable at ambient conditions. Metal-oxalate complexes 

have been investigated as molecular magnets94 and considered as localized-electron 

systems since the metal centers are separated by oxalate ligands. Though the srs net is 

ubiquitous in various fields, it is still challenging to form this structure on a molecular 

scale and to examine the theoretical predictions on the K4 carbon.  
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Figure 1.12. (a) Relationship between the gyroid and the channel structure (green and 

red). (b) 3D-printed gyroid sample under the tensile and compressive tests. (c) C. rubi 

with its green wings and the SEM micrograph of the top of the wing scale. The 3D gyroid 

structures are found below the longitudinal ridges. The scale bar is 1 μm. (Reproduced 

from (a) Hyde et al.,71 (b) Qin et al.,90 and (c) Mille et al.89) 

 

 

Figure 1.13. Crystal structures of SrSi2 (left) and oxalate complexes (right). (Left figure 

reproduced from Chen et al.93) 



 

24 

 

1.4 Geometrical Spin Frustration and Quantum Spin Liquid States 

 

 Research on magnetic materials has been extensively devoted to the development 

of materials with magnetic ordering. Recently, however, physicists and chemists have 

also researched spin frustration that could realize quantum fluctuated non-ordered states 

from the viewpoint of fundamental solid-state physics.95 Figure 1.14(a) shows a simple 

description of geometrical spin frustration in the Ising model. Nearest-neighbor spin pairs 

with antiferromagnetic interactions on a triangle cannot take an energetically favorable, 

ordered spin alignment due to the geometrical limitation caused by the triangle shape; the 

pairs have six possible spin alignments on it. This type of magnetic frustration is called 

geometrical spin frustration. In the case of the Heisenberg model, spins on a triangle can  

yield 120-degree structures and show two types of spin alignment, which are 

characterized by (+) and (−) chirality as shown in Figure 1.14(b). In any case, the 

magnetic ground states are degenerated.  

 

 

Figure 1.14. Spins with nearest-neighbor antiferromagnetic interactions on a triangle in 

the Ising model (a) and in the Heisenberg model (b). 
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Figure 1.15. Magnetic lattices with spin frustration caused by spins with nearest-neighbor 

antiferromagnetic interactions. A part of this figure is made by VESTA.96 

 

 Figure 1.15 shows magnetic lattices with spin frustration caused by spins with 

nearest-neighbor antiferromagnetic interactions. Edge-sharing triangles or corner-sharing 

triangles are included in these lattices. The lattices with corner-sharing triangles are 

considered to be more frustrated due to the small number of neighboring spins. Figure 

1.16 shows two of the possible spin alignments in a kagome lattice with antiferromagnetic 

coupled Heisenberg spins. Due to the spin chirality, the spin alignment in a kagome lattice 

is infinite. This corresponds to highly degenerated ground states, which are no longer 

magnetically ordered even at the absolute zero temperature. This kind of the fluctuated 

magnetic states is called spin liquid state. More specifically, spin liquid state characterized 

by quantum fluctuation of spins with small spin quantum number, is called quantum spin 

liquid state.  

 One of the quantum spin liquid states, the resonating valence bond (RVB) state, 

was described as an alternative state to the Neel antiferromagnetic state for triangle 

lattices by Anderson in 1972.97 The RVB state is a non-magnetic degenerated state, which 

is described as a superposition of spin-singlet pairs. Many experimental and theoretical 

studies have been devoted to frustrated magnets,31,32,63,98–124 but the direct observation of 

quantum spin liquid states was not achieved until 2003, when Shimizu et al. performed 

1H NMR measurement of a spin liquid state in an organic Mott insulator -(BEDT-
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TTF)2Cu2(CN)3 with a triangle lattice.99 This NMR measurement indicated that there was 

no long-range magnetic ordering even at 32 mK, which is four orders of magnitude lower 

than the energy scale of the magnetic interactions. In the last two decades, candidates for 

quantum spin liquids have been investigated from various points of view, such as neutron 

diffraction, SR, and heat-capacity measurements. However, the nature of quantum spin 

liquid states is still a matter of debate.125 In particular, the gapped and/or gapless nature 

of quantum spin liquid states has been widely discussed. For example, heat-capacity 

measurements for many of the candidates have revealed degenerated ground states 

characterized by the finite linear heat-capacity coefficient , indicating the gapless nature 

of spin liquids.32,95,125 On the other hand, a gapped nature was observed for an organic 

candidate, -(BEDT-TTF)2Cu2(CN)3, by thermal conductivity measurements.122 

 

 

Figure 1.16. Two of the possible spin alignments in a kagome lattice with 

antiferromagnetic coupled Heisenberg spins. 

 

 Ideal experimental models are crucial for elucidating the nature of quantum spin 

liquids. Many of the candidates thus far are inorganic materials with 2D triangular and 

kagome lattices.98–100,103–115 In the 2D systems, the features of quantum spin liquid states 

are affected by minor effects such as structural deformations from equilateral triangles, 
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and interlayer interactions between the 2D lattices as shown in Figure 1.17.108,119–121 On 

the other hand, 3D frustrated systems are still very rare due to the difficulty of their 

preparation. Na4Ir3O8
101 is a well-known 3D frustrated system with a hyperkagome lattice 

of corner-sharing Ir4+ ions with S = 1/2 spins, while magnetic anisotropy caused by spin-

orbit coupling governs the spin ground states of this material.102 The effects of heavy 

elements such as Ni, Cu, and Ir are problematic for the search of spin liquids irrespective 

of the lattice dimensions.102,123,124 All the effects described above sometimes induce long-

range magnetic ordering and could affect the spin ground states. 3D organic frustrated 

magnets with isotropic Heisenberg spins, which should be an ideal experimental model 

without these effects, have not been reported yet. 

 

 

Figure 1.17. Structural deformations and interlayer interactions in 2D lattices. 

 

1.5 Polyhedral  Acceptors of Naphthalene-Diimide-Based Rigid 

Cyclophanes 

 

 Naphthalene diimide (NDI) is one of the aromatic cyclic diimides which are 

widely used as electron-accepting molecules.126–129 NDIs can be synthesized by a simple 

one-step reaction as shown in the bottom of Figure 1.18. NDIs are prepared by the 

reaction of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA) with appropriate 
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primary amines in a high boiling-point solvent such as DMF. Due to the easy introduction 

of a variety of functional groups, NDIs can be used in various fields such as 

supramolecular chemistry, ion channels, artificial photosynthesis, anion- interactions, 

and n-type semiconductors for FETs and solar cells. 

 

 
Figure 1.18. Molecular structures of aromatic cyclic diimides (top). General synthetic 

scheme of NDIs (bottom). 

 

 The reaction of NDA with appropriate diamines yields the corresponding 

cyclophanes.130 The cyclophanes are used for supramolecular host structures for 

molecular recognition,131,132 excimer fluorescence study,133 sublimable model compounds 

for UHV-STM,134 etc. Figure 1.19 shows NDI-based cyclophanes with a linker of three 

atoms or more in length. These cyclophanes are extensively used for supramolecular 

chemistry applications, such as for catenanes, rotaxanes, and trefoil nots.130 In Figure 

1.19(a), nitrobenzene is recognized in a cavity space of the cyclophane with a linker of A 

= -(CH2)8-.
131 Figure 1.19(b) shows an NDI-based [2]catenane.132 The exchange 

dynamics between the two configurations is observed by 1H NMR in solution. Recently, 

NDI-based cyclophanes utilizing dynamic covalent chemistry have been explored (Figure 
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1.19(c)).135,136 Complex macrocycles including trefoil nots were synthesized based on the 

equilibrium of reversible disulfide reactions. These studies indicate the diversity of NDI-

based cyclophanes. 

 

 

Figure 1.19. Molecular recognition by NDI-based cyclophanes. (Adapted from (a) 

Jazwinski et al.,131 and (c) Black et al.135 Reproduced from (b) Bhosale et al.126) 

 

 NDI-based rigid cyclophanes with a shorter linker (one or two atoms in length) 

are important to investigate the electronic communication within the macrocycles. In 

2002, Gawroński et al. reported PyDI-based chiral rigid cyclophanes using a chiral trans-

cyclohexanediamine as a linker.137 The synthesized cyclic dimer and trimer have a well-

defined rigid structure and indicate the potential of the diamines for cyclophane synthesis. 

In the past five years, Stoddart et al. have been developing aromatic cyclic diimide-based 

rigid cyclophanes using the same diamines in order to investigate the electronic 
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communication within the macrocycles.138–148 Figure 1.20 shows the molecular structures 

of their rigid cyclophanes. These molecules have a chirality ((−) or (+)) that is dependent 

on the chirality of the cyclohexanediamines ((1R,2R) or (1S,2S)).   

 

 

Figure 1.20. Molecular structures of aromatic diimide-based chiral rigid cyclophanes. 

(Adapted from Liu et al.148 The compound names are added.) 

 

 Among the rigid cyclophanes, the NDI-based cyclophanes, (−)-NDI-2NDI, and 

4NDI, have been extensively investigated. Figure 1.21(a) shows the LUMO of (−)-NDI-

 This calculation predicts a through-space interaction among the three NDI units. The 

CV and EPR measurements provide evidence of the electron sharing for these three 

cyclophanes. Figure 1.21(b) shows the cyclic voltammograms of the NDI-based 

cyclophanes. The first redox potential for (−)-NDI-is shifted to a higher potential than 

that for Ref-NDI, indicating the enhancement of the electron-accepting ability through 

the through-space interaction. In addition, six distinct redox states are observed for (−)-
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NDI-, as two electrons are accepted per NDI moiety. Six is an unusually large number 

for such a relatively small organic molecule. The degree of the potential shifts reflects the 

strength of the intramolecular interactions (2NDI > (−)-NDI-> 4NDI), and is negligibly 

small for 4NDI. The EPR spectra in their mono-reduced states also indicate an electron 

delocalization within the macrocycles (Figure 1.21(c)). Multiple redox states along with 

the accessible intramolecular cavity of (−)-NDI- are also investigated to examine the 

potential of (−)-NDI- as an active material for lithium-ion batteries, and these 

experiments reveal that (−)-NDI- shows higher cyclic performance than Ref-NDI.144  

 

 

Figure 1.21. (a) Through-space interaction in the LUMO of (−)-NDI-. (b) Cyclic 

voltammograms of the NDI-based cyclophanes. (c) EPR spectra of the NDI-based rigid 

cyclophanes in their mono-reduced states. In (b) and (c), the spectra of the reference 

compound (Ref-NDI) are shown for comparison. ((a) Reproduced from Schneebeli et 

al.138 (b) and (c) Adapted from Wu et al.140 The molecular structure of Ref-NDI (b) and 

the explanation of the red and black traces (c) are added.) 
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 The characteristic triangular shape of (−)-NDI- with a cavity space is useful as 

a building block for supramolecular crystals. Figure 1.22 shows two supramolecular 

structures formed by (−)-NDI-. In Figure 1.22(a), a 1D helical structure is induced by 

anion- interactions between I3
− and (−)-NDI-.138 The chirality of the helical chains is 

transferred from the molecular chirality. In Figure 1.22(b), 1D supramolecular nanotubes 

are also formed from the columnar stacking of (−)-NDI-, which is induced by halogen 

(X)-bonding interaction of 1,2-dihalohydrocarbons inside the nanotube, lateral [X-] or 

[-], and C−H···O interactions between the triangles.141  

 

 

Figure 1.22. (a) 1D helical structure induced by anion- interactions. (b) 1D 

supramolecular nanotubes induced by halogen-bonding interactions. (Reproduced from 

(a) Schneebeli et al.138 (b) Adapted from Liu et al.141) 

 

 The enhanced accepting ability of the NDI-based cyclophanes is suitable for the 

preparation of radical anion salts. So far, there are few examples of structurally 

characterized radical anion salts of NDIs,139,147,149–151 probably due to the instability of 

the radical anion salts in air; the first redox potential of Ref-NDI (−1.24 vs. Fc/Fc+)138 

indicates the weaker accepting ability of typical NDIs compared to C60 (−0.99 V)152 and 

p-benzoquinone (−0.91 V, 153 converted from SCE to Fc/Fc+ by subtracting 0.4 V154). 
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Kumar et al. demonstrated that the radical anion salts of NDIs can be stabilized by a 

zwitterionic form using phosphonium-substituted NDIs, as shown in Figure 1.23(a).149 

Use of the NDI-based cyclophanes is an alternative way to obtain stable radical anion 

salts. 2NDI and (−)-NDI- were reduced by chemical reduction, and the structures of the 

radical anion salts were revealed in their dianion and triradical trianion states, 

respectively.139,147 In these crystals, there is no significant - interaction between the 

cyclophanes.  

 

 

Figure 1.23. (a) Stable radical anion salts of NDIs stabilized by a zwitterionic form using 

phosphonium-substituted NDIs. Crystal structures of the radical anion salts of 2NDI (b) 

and (−)-NDI- (c). (Reproduced from (a) Kumar et al.,149 (b) Schneebeli et al.,139 and (c) 

Liu et al.147) 

 

1.6 Motivation and Scope of This Thesis 

 

 A large body of research on molecular conductors and magnets has revealed that 

the solid-state properties are strongly dominated by the dimensionality and packing in the 
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crystals. Most of the attempts to control the crystal structures, however, have been limited 

to the modulation of intermolecular arrangements based on the obtained crystal structures, 

and major structural control that includes the crystal symmetry has proven difficult. If it 

is possible to generate the desired crystal structures in a controlled manner, the solid-state 

properties can be quickly searched in a logical way. Thus, the theoretical predictions in 

physics can be directly connected to the syntheses in materials chemistry. Exotic physical 

properties such as Dirac cones and quantum spin liquid states are strongly related to 

highly symmetrical structures such as honeycomb and triangular lattices. 3D structures in 

particular have the potential to exhibit interesting properties as in C60, but these structures 

are difficult to produce due to the strong tendency toward the 1D stacking interaction of 

planar aromatic molecules. Recently, -extended double helicenes, which exhibit 3D 

lamellar stacking due to their curved structures, were reported by Fujikawa et al.155,156 

Their work clearly indicated the importance of non-planar aromatic molecules for the 

realization of 3D - interactions.  

 This thesis focuses on the 3D K4 crystal which has a strong mathematical 

relationship (strong isotropic property) with a honeycomb lattice. The K4 crystal is 

expected to be an interesting and novel platform for solid-state physics due to its predicted 

properties, which include a metallic state and Dirac cones. The chiral (−)-NDI- molecule 

is expected to be suitable as a building block for highly symmetrical 2D and 3D structures 

due to its rigid triangular shape with polyhedral aromatic rings. The strong electron-

accepting ability of (−)-NDI-is also important for the synthesis of radical anion salts. 

Moreover, the characteristic triangular shape provides an opportunity to investigate 3D 

organic frustrated magnets. 
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 In Chapter 1, the general introduction of this thesis is given. The history of 

molecular conductors and magnets, including crystal engineering, the 3D K4 crystal, 

concepts of spin frustration and quantum spin liquid states, and the recent development 

of NDI-based rigid cyclophanes are described. In Chapter 2, the preparation and the 

electronic and magnetic properties of radical anion salts of (−)-NDI- are described. The 

radical anion salts of (−)-NDI- are prepared by electrochemical reduction, and the 3D 

K4 crystals are revealed by single-crystal X-ray analysis. The crystal components are 

examined in detail by IR and ICP measurements, and elemental analysis. The band 

structure of the obtained K4 crystal is calculated, and the electronic and magnetic 

properties are investigated. In Chapter 3, spin-frustrations in the hyperkagome lattices 

formed in the K4 crystals are discussed. The spin lattice of the K4 crystal is discussed, 

based on the results of the valence, the electronic properties, and the calculations. 

Hyperkagome lattices in the K4 crystals are revealed, and the spin frustration is 

investigated by magnetic susceptibility, NMR, and heat-capacity measurements. In 

Chapter 4, novel 3D chiral crystals of radical anions of (−)-NDI- are described. Novel 

3D crystals of radical anions of (−)-NDI-are prepared by electrochemical reduction 

with cyclic multidendate ligands such as crown ethers and cryptands. These structures are 

solved by X-ray analysis, and the electronic and magnetic properties are examined. In 

Chapter 5, supramolecular crystals of CT complexes of (−)-NDI- are described. CT 

complexes of (−)-NDI-are prepared with various donor molecules, and the crystal 

structures with different dimensionality are solved by X-ray analysis. CT interactions 

between donors and (−)-NDI- are also examined by UV-VIS-NIR diffuse reflectance 

measurements. Finally, this thesis is summarized in Chapter 6. 
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Chapter 2 Preparation, Electronic and Magnetic Properties of 

Radical Anion Salts of (−)-NDI-: Construction of Molecular 

3D K4 Crystals 

 

 

2.1 Introduction 

 

 As described in Section 1.4, the predicted electronic properties of the K4 carbon67–

69 are very interesting in comparison with those of diamond. Although several metal-

oxalate complexes are known to form the K4 crystals,92,94 their localized-electron nature 

is not suitable for investigating the electronic properties. Synthesis of the K4 carbon, 

however, has not been successful probably due to the instability, which was predicted by 

the imaginary modes in the phonon band structure.70 In order to prepare the K4 crystals 

with delocalized electrons, the exchange interactions through  overlaps are useful. In 

this perspective, a triangular  molecule, (−)-NDI-,138 has a promising molecular 

structure. Scheme 2.1 shows a strategy for preparation of K4 crystals. The exchange 

interactions between the radical anions of (−)-NDI- can realize 3-way intermolecular 

interactions. In addition, the steric hindrance caused by the bulky cyclohexane moieties 

may prevent an eclipsed  overlap and may make a twisted  overlap, which is also a key 

factor to produce the K4 structure. 

 In Chapter 2, the author firstly describes the preparation of the radical anion salts 

of (−)-NDI- Then, the K4 structure formed by the radical anions of (−)-NDI- is 

revealed, and the detailed analysis of the crystal components is described. The band 
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structure of the obtained molecular K4 crystal is also shown, and its fascinating features, 

which are caused by the triangular shape of (−)-NDI-, are revealed. At last, the electronic 

and magnetic properties of the obtained crystals are described. 

 

 

Scheme 2.1. Strategy for preparation of K4 crystals. Comparison between the sp2 carbon 

and radical anions of (−)-NDI- 

 

2.2 Preparation of Radical Anion Salts of (−)-NDI-

 

 The crystallization of (−)-NDI- radical anion salts were conducted by 

galvanostatic electrocrystallization using H-shaped glass cells equipped with a glass filter 

and two Pt electrodes (Figure 2.1(a)). (−)-NDI- was placed in the cathode side of the 

glass cells and reduced under a constant current condition. Black block or black needle 

crystals (Figure 2.1(b)) grew on the cathode in the electrolyte solutions listed in Table 2.1. 

Propylene carbonate (PC) solutions afforded the most kinds of crystals, while other 

solvents were also adopted as solvents for the electrocrystallization. Multidentate ligands 

were used in addition to the alkali metal electrolytes to increase the cation size, and the 

results are described in Section 4.2. The size and the quality of most of the obtained 
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crystals were not sufficient for the X-ray structure analysis due to their weak diffraction. 

Especially, the X-ray analysis for the black needle crystals was always unsuccessful. 

 

 

Figure 2.1. (a) Electrochemical cell for electrocrystallization. (b) Picture of a single 

crystal of the Rb salt crystallized in a solution of propylene carbonate. 

 

Table 2.1. Crystallization conditions of the (−)-NDI-Δ radical anion salts. 

Continue on next page 

 

Solvent Electrolyte Crystal habit 

 
PC 

K•ClO4, Rb•ClO4, Cs•ClO4, NH4•ClO4, 

Me4N•ClO4, Et4N•ClO4, TBA•ClO4, TOA•Br, 

MePy•PF6, PPh4•I, and TBA•Br 

Black block  

Na•ClO4 No crystal 

 

 

Diglyme 

TBA•ClO4, Bu4P•PF6, Pr4N•I, PPh4•I, 

MePy•PF6, and Pr4P•Br 
Black block  

NH4•ClO4, Cs•ClO4, Et4N•ClO4, and Bu4P•Br No crystal 

 

Propylene glycol 

K2(COO)2•H2O, K•ClO4, PPh4•I, TOA•Br, and 

MePy•PF6 
Black block  

Rb•ClO4, and TBA•ClO4 No crystal 

CH3CN 
TBA•ClO4, and MePy•PF6 Black block  

Na2•(COO)2 No crystal 
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Table 2.1. (Continued) 

 

2.3 X-ray Crystal Structures of Radical Anion Salts 

 

 Table 2.2 lists the lattice parameters of the (−)-NDI- radical anion salts grown in 

the various electrolyte solutions. All of the crystals belong to the cubic system, having 

nearly the same lattice parameters between 29.9–30.9 Å. This result suggests that these 

crystals have an identical structure which is independent of the electrolytes. Especially, 

the extinction rules for the diffraction data in the PC electrolyte solutions indicate the 

structures belong to the cubic space group of I4132, which is the same as that for the K4 

carbon.65,67 However, several salts are formed to exhibit the Bravais P, instead of I.  

Solvent Electrolyte Crystal habit 

 

1,2-dimethoxy 

ethane 

TBA•ClO4, and MePy•PF6 Black block  

NH4•ClO4, and Cs•ClO4 No crystal 

 

1,2-butylene 

carbonate 

Rb•ClO4, and TBA•ClO4 Black block  

 

EC 

Rb•ClO4 Black needle  

 

Sulfolane 

Rb•ClO4, K•ClO4, and Li•ClO4 Black needle  

K2•(COO)2•H2O, Na2•(COO)2, TBA•ClO4, and 

PPh4•I 
No crystal 

-butyrolactone, EtOH, nitromethane, acetone, and 1,4-dioxane No crystal 
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Table 2.2. Lattice parameters of the (−)-NDI- radical anion salts grown in the various 

electrolyte solutions. All of the crystals belong to the cubic systems with the Bravais P or 

I. 

PC Diglyme 

Electrolyte a / Å Bravais Electrolyte a / Å Bravais 

Rb•ClO4 30.582(3) I TBA•ClO4 30.0813(6) P 

NH4•ClO4 30.914(9) I Bu4P•PF6 30.2286(6) P 

Me4N•ClO4 30.755(5) I Pr4N•I 30.5952(8) P 

TBA•ClO4 30.74(6) I Pr4P•Br 29.9474(5) P 

MePy•PF6 30.881(4) I Propylene glycol 

K•ClO4 30.524(4) I 
K2(COO)2•

H2O 
30.5372(10) I 

Cs•ClO4 30.6808(6) I K•ClO4 30.7024(9) I 

Et4N•ClO4 30.705(6) I PPh4•I 30.5539(6) P 

Bu4P•Br 30.6426(6) I TOA•Br 30.2996(6) I 

PPh4•I 30.7005(8) I 1,2-butylene carbonate 

TOA•Br 30.2996(6) I TBA•ClO4 30.4594(6) P 

1,2-dimethoxyethane Rb•ClO4 30.6888(6) I 

TBA•ClO4 30.1466(6) P 

 

 Though the X-ray structural analyses for these crystals were attempted, counter 

cations near (−)-NDI- could be located only for the crystals highlighted in red and blue 

in Table 2.2. The structures of the TBA (Bu4N), Pr4P, and Cs salts highlighted in blue 

could not be refined anisotropically due to a significant disorder of the cations and the 

low data quality in the high-angle regions. The refinement including cations was 

successful only for the Rb and TBA salts, grown in the PC and diglyme solutions, 

respectively. These two salts are highlighted in red in Table 2.2. Since the Rb salt was 

firstly prepared and analyzed, this chapter focuses on the structure and properties of this 

salt. The results for the TBA salt are described in Chapter 3. The X-ray analysis revealed 

the K4 structures of these salts. The X-ray analysis of the Rb salt revealed a 3D network 
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structure of the radical anions of (−)-NDI- with a huge 3D cavity and the position of 

the Rb ions which were coordinated from the oxygen atoms in (−)-NDI-. However, the 

refinement for the structure in the cavity was always unsuccessful, probably due to a 

significant structural disorder within it. Therefore, the electron densities in the cavity 

were flattened by using the SQUEEZE subroutine of PLATON,157 and only the 3D 

framework of the (−)-NDI- anions and the Rb ions coordinated from the oxygen atoms 

were refined. This treatment decreased the reliability factor for the SQUEEZED 

structure (Table 2.3), which confirmed that the primary uncertainties were not caused by 

the molecular skeleton of (−)-NDI-, but by the disorder in the large void space. The 

present data quality and structural analysis are not sufficient for a discussion of the fine 

molecular structure, but are sufficient to conclude the K4 structure in the obtained 

crystals. 

 

Table 2.3. Selected crystallographic parameters before and after the SQUEEZE 

procedure for the Rb salt of (−)-NDI-. 

 non-SQUEEZE SQUEEZE 

R1 [I > 2(I)] 0.2270 0.1217 

R (all data) 0.2594 0.1341 

wR2 (all data) 0.5758 0.3552 

Goodness of fit 2.083 1.220 

Flack parameter 0.057(18) 0.036(14) 

 

 The crystallographic data and the asymmetric unit of the Rb salt after the 

SQUEEZE procedure are shown in Table 2.4 and Figure 2.2, respectively. This crystal 

belongs to the cubic space group of I4132, which is the same as that for the K4 carbon. 
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The asymmetric unit consists of one-sixth of (−)-NDI- and a Rb ion with an occupancy 

factor of 0.233(3), which is coordinated from the oxygen atoms of (−)-NDI-Δ. The result 

means that (−)-NDI-:Rb = 1:1.4 in average and the composition is Rb1.4[(−)-NDI-]. 

Figure 2.3 shows a comparison between the projections of the K4 structures of carbon and 

(−)-NDI- along the [111] and [010] directions, respectively. The former lies along a 3-

fold rotation axis and the latter along a 4-fold screw axis. The structures of the (−)-NDI-

 radical anions are understood by replacing every sp2 carbon with a (−)-NDI-. 

 

Table 2.4. Crystallographic data for Rb1.4[(−)-NDI-] after the SQUEEZE procedure. 

Formula C60H42N6O12Rb1.4 

Formula weight / g mol−1 1158.68 

Temperature / K 123 

Crystal dimensions / mm3 0.25 × 0.24 × 0.22 

System Cubic 

Space group I4132 (#214) 

a / Å 30.582(3) 

V / Å3 28602(5) 

Z 8 

calcd / g cm−3 0.538 

 (MoK) / cm−1 5.071 

 / Å 0.71075 

2max / ° 54.9 

Reflections collected 115158 

Unique reflections (Rint) 5478 (0.0574) 

Number of parameters 128 

Final R1 [I > 2(I)] 0.1217 

wR2 (all data) 0.3552 

Goodness of fit 1.220 

Flack parameter 0.036(14) 

Residual electron density / Å−3 0.36 e− 
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Figure 2.2. Asymmetric unit of Rb1.4[(−)-NDI-]. 

 

 

Figure 2.3. Comparison between the projections of the K4 structures of carbon and (−)-

NDI-, along the [111] (a) and [010] (b) directions. Rb ions coordinated from the oxygen 

atoms in (−)-NDI- and hydrogen atoms are omitted for clarity. 

 

 The obtained K4 structure has a chirality, depending on the molecular chirality of 

NDI-; the left-handed (M)-helices are stereospecifically formed by (−)-NDI-along the 

[010] direction. This kind of chirality transfer is well-known in the chemistry of self-

assembly158 and have already been reported for 1D helical structures of (−)- and (+)-NDI-

(see Figure 1.22).138 In addition to the chirality transfer, this K4 structure has a huge 3D 

cavity with a void fraction of 73% (Figure 2.3), which is comparable with those of metal-

organic frameworks (MOFs)159,160 and covalent-organic frameworks (COFs).161,162 Figure 
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2.4 shows the nearest-neighbor intermolecular arrangement in Rb1.4[(−)-NDI-]. This 

indicates a twisted - interaction with an interplanar distance of 3.4 Å and the twisted 

angle is 70.5°, which is identical to the K4 carbon. Since the neutral (−)-NDI- doesn’t 

have a - interaction,138 this - interaction is caused by the exchange interaction 

between the paramagnetic radical anions of (−)-NDI- as expected. This interplanar 

distance is not as short as those for the so-called “pancake bonds” in radical dimers.49,50 

This suggests a weak - interaction between the neighboring radical anions of (−)-NDI-

. Since the - interaction exists in all the directions in the same way, this 3D structure 

is formed only by the unique interaction, which is in clear contrast to most of the organic 

crystals having various intermolecular interactions like intra- and intercolumnar 

interactions (Figure 2.5).  

 

 

 

Figure 2.4. (a) Nearest-neighbor intermolecular arrangement in Rb1.4[(−)-NDI-] and the 

K4 carbon. (b) - overlap between the NDI moieties in Rb1.4[(−)-NDI-]. Rb ions and 

hydrogen atoms are omitted for clarify. 
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Figure 2.5. Intermolecular interactions in conventional organic crystals.  

 

2.4 Characterization of Rb Salt 

 

 In Section 2.3, the 3D K4 structure formed by the radical anions of (−)-NDI- was 

revealed. In this section, the chemical composition of the Rb salt is discussed, based on 

the results of elemental analysis and IR, EDX, and ICP measurements.  

 Figure 2.6 shows the IR spectra for the neutral (−)-NDI- and its Rb salt. Two 

peaks around 1677 and 1713 cm−1 are assignable to the C=O stretching vibrations of the 

cyclic imides. The frequencies of the Rb salt are lower than those of the neutral (−)-NDI-

 by ca. 5 cm−1, which is consistent with the contribution of an antibonding character of 

the LUMO at the C=O bond of NDI-. A similar low-frequency shift is observed in other 

radical anions of NDIs in their solid states,149,163,164 but the shift of 40–70 cm−1 is much 

bigger than that for the Rb salt. It could be related to an electron delocalization within the 

three NDI units and the presence of Rb ions near the carbonyl moieties. Figure 2.7 shows 

the EDX spectrum for the Rb salt, which indicates that no ClO4
− ion is present in this 

crystal. The results of the elemental analysis are shown in Table. 2.5. Surprisingly, the 

elements except for C, H, and N occupy 69.58 wt%. Since the Rb salt has no N source 
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Figure 2.6. IR spectra for the neutral (−)-NDI- and the Rb salt of (−)-NDI-. 

Comparison between the C=O stretching vibrations of the neutral (−)-NDI- and the Rb 

salt. The C=O stretching vibrations of PC are also shown for comparison. 

 

 

Figure 2.7. EDX spectrum for the Rb salt of (−)-NDI-, indicating no signal of Cl, which 

usually appears at 2.6 and 2.8 keV.  

 

Table 2.5. Results of the elemental analysis of the Rb salt of (−)-NDI-. 

C H N Others 

26.52% 2.39% 1.51% 69.58% 
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except for (−)-NDI-, the CHN ratios of (−)-NDI-are calculated as C, 12.95%; H, 

0.76%; N, 1.51%. So, the residual CHN ratio is calculated as C, 13.57%; H, 1.63%; N 

0%. This analysis indicates a C/H ratio of 8.3, which roughly agrees with that of PC (7.9). 

Though the result suggests that PC is included in the Rb salt, the actual components for 

the residual ratios of C and H are not clear. The ICP analysis for Rb ions was carried out 

for the Rb salt. This analysis revealed (−)-NDI-: Rb = 1: 40. This abnormal amount of 

Rb ions is consistent with the large residual elemental ratio of ca. 70%. These results 

strongly suggest the occurrences of a well-known electrochemical decomposition of PC 

(Scheme 2.2).165 The chemical formula is estimated as Rb1.4[(−)-NDI-

]·16.8[Rb2(propane-1,2-diolate)]·3.1PC with 26.52% for C, 2.93% for H, and 1.51% for 

N by assuming that all the decomposed materials are propane-1,2-diolate. Though the 

actual components in the crystal is still unclear, this type of decomposition reaction might 

assist the formation of the K4 structure and the resulting decomposed materials might owe 

to a structural disorder in the cavity. 

 

 

Scheme 2.2. Electrochemical decomposition of PC into propane-1,2-diolate.  

 

2.5 Band Structure of Rb Salt 

 The band calculation of the Rb salt was carried out, based on the obtained K4 

structure of (−)-NDI-. Since the three NDI units within the molecule are 
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crystallographically equivalent, intra- and intermolecular transfer integrals t0 and t1 were 

considered (Figure 2.8(a)). Figure 2.8(b) shows the calculated LUMOs and their energy 

levels of (−)-NDI- and NDI dimer calculated by DFT B3LYP/6-31G* method. The 

LUMO+1 and LUMO+2 of (−)-NDI- are degenerated due to a 3-fold rotational 

symmetry of the molecule. Thus, the energy differences between the LUMO and 

LUMO+1 corresponded to 3t0 and 2t1 for NDI- and NDI dimer, respectively. The 

calculated transfer integrals are summarized in Table 2.6. The absolute value of t1 is an 

order of magnitude larger than that of t0.  

 

 

Figure 2.8. (a) Definition of the transfer integrals t0 and t1. (b) LUMO and LUMO+1 of 

(−)-NDI- and NDI dimer and their energy level diagrams. 

 

Table 2.6. Calculation of the transfer integrals in the Rb salt of (−)-NDI-. 

 ELUMO / eV ELUMO+1 / eV E / eV t / eV 

NDI- −3.583 −3.497 0.086 −0.029 (t0) 

NDI dimer −3.781 −3.266 0.515 −0.258 (t1) 
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Figure 2.9. Band structure and density of states (DOS) for the K4 structure of the radical 

anions of (−)-NDI-. The EF 
n = 1 and EF n = 1.4 correspond to the Fermi energy for the K4 

structure of Rb[(−)-NDI-Δ] and Rb1.4[(−)-NDI-Δ], respectively. The purple circles 

indicate the Dirac cones. The inset shows the first Brillouin zone for the band structure. 

 

 The band structure was calculated with the tight-binding method by using the 

obtained transfer integrals. Figure 2.9 shows the band structure and density of states 

(DOS) for the K4 structures of the radical anions of (−)-NDI-. The band widths of the 

upper six bands and the lower six bands are identical, and correspond to 3t0. The centers 

of these two bands are separated by 2t1. In the mixed valence state of n = 1.4 for Rb1.4[(−)-

NDI-Δ], the band calculation predicts a metallic ground state and two fascinating features. 

One is the presence of the Dirac cones at the P, , and H points. Dirac cones are 

investigated for 2D electronic systems in graphene,16 BEDT-TTF salt,17 3D electronic 

systems in Na3Bi,166,167 etc. Since the appearance of Dirac cones is not so usual, this 

system could be a noble experimental platform for Dirac fermions. The other is the 
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presence of the doubly degenerated flat bands, which suggest a ferromagnetic metal state 

with a partial occupation. Since the flat bands do not exist in the band structures of the K4 

carbon, they reflect an internal structure of (−)-NDI-Δ. 

 

2.6 Electronic and Magnetic Properties of Rb Salt 

 

 The temperature dependence of the conductivity for the Rb salt was measured on 

a single crystal with a two-probe method (Figure 2.10). The conductivity at 300 K is 10−8–

10−9 S cm−1, which indicates an insulating property of the Rb salt though a metallic ground 

state is predicted. The Mott state and/or the random potential in the cavity could owe to 

this electron delocalization. The small band width of the lower six bands (3t0 = 0.086 eV) 

also supports this localization. The thermal activated behavior of the conductivity is fitted 

by  

 

Figure 2.10. Temperature dependence of the conductivity for the Rb salt of (−)-NDI- in 

the temperature range of 250–300 K. The red circles and blue line indicate the 

experimental data and the theoretical fit with an activation energy of 0.2 eV, respectively. 
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where , Ea, and kB are the conductivity, activation energy, and Bortzmann constant, 

respectively. The value of Ea is estimated as 0.2 eV.  

 The magnetic properties were measured for polycrystalline samples of the Rb salt 

of (−)-NDI-. Figure 2.11 shows the temperature dependence of the EPR signals at 

representative temperatures from 6 to 300 K. The EPR signal exhibited a single 

Lorentzian absorption at g = 2.0035, and the intensity increased with decreasing 

temperature. The temperature dependences of the EPR spin susceptibility, peak-to-peak 

line width, and g-factor are shown in Figure 2.12. The line width and the g-factor depend 

little on temperature, and the EPR spin susceptibility exhibits a Curie-like behavior. 

Figure 2.13 shows the temperature dependence of the paramagnetic susceptibility for the 

Rb salt. This data was fitted by the Curie Weiss law 

                            






T

C
p ,                            (2.2) 

where C and  are the Curie and Weiss constants, respectively. The fitting parameters are 

estimated as follows: C = 7.4 × 10−5 emu K g−1 and  = −10 K. This negative Weiss 

constant indicates an antiferromagnetic interaction. The molar Curie constant is estimated 

as 0.41 emu K mol−1 by assuming that the chemical formula of Rb1.4[(−)-NDI-

]·16.8[Rb2(propane-1,2-diolate)]·3.1PC described in Section 2.4. This molar Curie 

constant roughly agrees with that of the S = 1/2 species (= 0.375 emu K mol−1). The Curie-

like behavior of the magnetic data indicates the electron localization in this system, which 

is consistent with the conductivity measurement. 
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Figure 2.11. Temperature dependence of the EPR signals for the Rb salt of (−)-NDI- at 

representative temperatures from 6 to 300 K. 

 

 

Figure 2.12. Temperature dependences of the EPR spin susceptibility, peak-to-peak line 

width, and g-factor of the EPR signals for the Rb salt of (−)-NDI-. 
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Figure 2.13. Temperature dependence of the paramagnetic susceptibility for the Rb salt 

of (−)-NDI-in the temperature range of 2–300 K. 

 

2.7 Conclusion 

 

 Black block crystals of the radical anion salts of (−)-NDI- were successfully 

grown in the solutions of the alkali, alkylammonium, and phosphonium electrolytes. The 

X-ray analyses for the crystals grown in the PC solutions indicated the cubic space group 

of I4132, which is same as that for the K4 carbon. The X-ray structural analysis of the Rb 

salt grown in PC revealed the K4 structure of the radical anions of (−)-NDI- This K4 

structure was a chiral structure, which was formed only by the unique twisted - 

interactions in all the three directions. Further, the crystal analysis showed the large cavity 

with a void fraction of 73%.  

 The chemical components of the Rb salt were analyzed by the elemental analysis 

and IR, EDX, and ICP measurements. These results suggested the decomposition reaction 

of PC into an anion species such as propane-1,2-diolate during the electrocrystallization, 

and the chemical formula was estimated as Rb1.4[(−)-NDI-]·16.8[Rb2(propane-1,2-
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diolate)]·3.1PC. This type of decomposition reaction might assist the formation of the K4 

structure and owe to a structural disorder within the cavity. 

 The band calculation of the obtained K4 structure predicted a metallic ground state, 

the Dirac cones, and the doubly degenerated flat bands. The appearance of the doubly 

degenerated flat bands reflected the triangle shape of (−)-NDI- and suggested a 

ferromagnetic metallic state with a partial occupation. 

 The temperature dependence of the conductivity for the Rb salt showed an 

insulating property. The EPR and magnetic susceptibility measurements showed a Curie-

like behavior and the Curie-Weiss fitting of the paramagnetic susceptibility indicated an 

antiferromagnetic interaction of −10 K and the molar Curie constant of 0.41 emu K mol−1. 

This Curie constant roughly agreed with that of the S = 1/2 species and was consistent 

with the formula derived from the X-ray analysis. These electronic and magnetic 

measurements indicated the localized-electron nature of this system. 

 The obtained K4 crystal is the first example formed by organic radicals. Thus, the 

crystal is a promising platform for investigating the band structure predicted for the K4 

carbon. 

 

2.8 Experimental Section 

  

 Unless otherwise noted, all chemicals were used without further purification. 

TOA•Br, Bu4N•ClO4, Et4N•ClO4, Me4N•ClO4, Bu4P•Br, PPh4•I, Pr4N•I, propylene 

carbonate (PC), 1,2-butylene carbonate, and ethylene carbonate were purchased from 

Tokyo Chemical Industry Co., Ltd. Na•ClO4, HClO4, Rb•Cl, Cs•Cl pyridine, 

iodomethane, Li•ClO4, K•ClO4, NH4•PF6, NH4•ClO4, K2(COO)2•H2O, Na2•(COO)2, 
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diglyme, -butyrolactone, propylene glycol, CH3CN, 1,4-dioxane. 1,2-dimethoxy ethane, 

and sulfolane were purchased from Waco Pure Chemical Industries, Ltd. Bu4P•PF6 was 

purchased from Wako Chemical Ltd. Pr4P•Br was purchased from Sigma-Aldrich Co. 

LLC. PC, 1,2-butylene carbonate, ethylene carbonate, diglyme, -butyrolactone, 

propylene glycol, CH3CN, 1,4-dioxane, 1,2-dimethoxy ethane, and sulfolane were dried 

with molecular sieves 4A 1/16 (Waco Pure Chemical Industries, Ltd.) before use. CH3CN 

was dried with molecular sieves 3A 1/16 (Waco Pure Chemical Industries, Ltd.) before 

use. (−)-NDI- and MePy•PF6 (MePy = 1-methylpyridinium)168 were prepared by the 

literature methods. Rb•ClO4 and Cs•ClO4 were prepared by the reaction between water 

solutions of Rb•Cl or Cs•Cl, and HClO4, and the obtained colorless powders were washed 

by water. For inductively coupled plasma (ICP) measurements, rubidium ICP-MS 

standard (100 µg mL−1) was purchased from AccuStandard, Inc., and gallium standard 

solution (Ga 1000), HNO3 (Cat. No. 28163-3B) and H2SO4 (Cat. No. 37390-3B) were 

purchased from Kanto Chemical Co., Inc. Ultra-pure water for ICP measurements was 

prepared by a Mill-Q® Academic A10 (Merck Millpore). 

 

2.8.1 Synthesis of (−)-NDI- and Its Radical Anion Salts 

 

 (−)-NDI- was synthesized according to the literature method (Scheme 2.3).138 A 

solution of (1R,2R)-cyclohexane-1,2-diamine (3.94 g, 0.0148 mol) in anhydrous DMF 

(10 mL) was heated at 150 ℃ and was quickly added to a solution of 1,4,5,8-

naphthalenetetracarboxylic dianhydride (1.74g, 0.0152 mol) in anhydrous DMF (200 mL) 

with vigorous stirring at 150 ℃ under N2 atmosphere. The resulting dark solution was 

stirred at 150 ℃ for 5h and the solution was evaporated in vacuo. The dark red residue 
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was dissolved in CH2Cl2 and purified by flash column chromatography over silica gel 

(CH2Cl2/acetone, 0–10 % acetone). The separated solution was precipitated with MeOH 

and the resulting slightly yellow solid was collected by filtration. The residue was dried 

under vacuum (300 mg, 5.84%). 1H NMR (400 MHz, CDCl3):  = 8.50 (d, J = 9.2 Hz, 

6H), 8.48 (d, J = 9.2 Hz, 6H), 6.29–6.17 (m, 6H), 2.58–2.40 (m, 6H), 2.06–1.88 (m, 12H), 

1.76–1.62 (m, 6H). MS(FAB): calcd for [M+H]+ m/z = 1039, found 1039. 

 

Scheme 2.3. Synthesis of (−)-NDI-. 

 

 The synthesis and crystallization of (−)-NDI- radical anion salts were carried out 

by galvanostatic electrocrystallization in 0.1 M or saturated electrolyte solutions, 

containing saturated (−)-NDI- in the cathode side. H-shaped glass cells equipped with a 

glass filter and two Pt electrodes, were purged by N2 gas, and were used for the 

electorocrystallizations. The black block crystals of the radical anion salts of (−)-NDI- 

were obtained under a constant current of of 3–30 μA within several days. The crystals 

used for elemental analysis, and EPR, magnetic susceptibility, SEM-EDX, ICP, and 

conductivity measurements, were washed several times with PC in an N2 atmosphere, and 

were dried under vacuum. 
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 IR spectra were measured on a Perkin Elmer Spectrum One FT-IR Spectrometer 

in ATR mode. Elemental analysis was performed with a Yanaco MT-6. EDX spectra were 

obtained on a Hitachi S-4300 field emission SEM equipped with a Horiba EMAX 6853-

H EDS system. ICP elemental analysis was performed by a Varian Vista-Pro-AX, ICP-

OES, using the single crystals of Rb1.4[(−)-NDI-]. The solutions of the radical anion 

salts were prepared by dissolving 0.35 mg of the radical anion salts in H2SO4 and diluted 

to 10 mL with water. Calibrations were carried out using 0, 1.0×10−6, 5.0×10−6, 1.0×10−5, 

and 5.0×10−5 M Rb cation solutions, prepared by diluting a rubidium ICP-MS standard 

(100 µg mL−1) with 3.7 % HNO3. Gallium standard solutions were added to the Rb sample 

solutions as an internal standard. Emissions from Rb (780.026 nm) and Ga (294.363 nm) 

were monitored. 

 

2.8.2 X-ray Structural Analysis 

 The X-ray diffraction data were collected on a Rigaku AFC-10 instrument 

equipped with a Saturn 70 CCD detector by using graphite-monochromated Mo K 

radiation ( = 0.71075 Å) under a cold nitrogen stream. The frame data were integrated 

and corrected for absorption with the Rigaku/MSC Crystal Clear package.169 The 

structure was solved by direct method (SHELXS97170) and standard difference map 

techniques, and was refined with full-matrix least-square procedures on F2. All 

calculations were performed using the crystallographic software package, Crystal 

Structure,171 except for refinement, which was performed using SHELXL2013.170 

Anisotropic refinement was applied to all non-hydrogen atoms. All hydrogen atoms were 

placed at calculated positions and refined using a riding model. The electron densities in 
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the 3D cavity were flattened, using the SQUEEZE subroutine of PLATON,157 and only 

the 3D network structure of the (−)-NDI-anions and the Rb ions coordinated from the 

oxygen atoms of (−)-NDI-, were refined. The void space estimation for the cavity of the 

Rb salt of (−)-NDI- was performed, using the CALC VOID subroutine of PLATON.157 

 Although the structure was analyzed by reducing the symmetry (I213, I4122, I41, 

R32, R3, I212121, F222, C2) with the consideration of possible merohedral twin, the 

structural refinement was not improved. It was hard to locate and resolve the disordered 

cations and the solvent molecules in the large cavity, which occupied more than 70 

volume% of the crystal structure. This is responsible for the high reliability factor.  

 In the present data taken at 123 K, no diffraction spot was observed at high-angle 

regions (< 0.95 Å), because a high background, caused by the diffuse scattering from 

disordered cations and solvent molecules, masked the high-angle spots (Figure 2.14). 

Nevertheless, the present data quality is sufficient enough to conclude the K4 structure of 

(−)-NDI-. 

 

 

Figure 2.14. X-ray diffraction image of Rb1.4[(−)-NDI-]. 



 

59 

 

2.8.3 Magnetic and Electronic Measurements 

 EPR measurements were carried out on a JEOL JES-FA 200 ESR Spectrometer. 

The crystals of Rb1.4[(−)-NDI-] used for EPR measurements, were sealed in a quartz 

cell under vacuum after being washed with PC and dried under vacuum. Magnetic 

susceptibility measurements were carried out using polycrystalline samples on a Quantum 

Design MPMS-XL magnetometer. A plastic straw was used as the sample folder. 

Measurements were performed under 0.5 T in the temperature range of 2–300 K. The 

temperature dependence of the paramagnetic susceptibility p of the radical anion salts 

was calculated, using a diamagnetic susceptibility which was experimentally obtained by 

assuming that p follows the Curie-Weiss law at high temperatures. Conductivity 

measurements were carried out by a two-probe method using a Quantum Design PPMS 

and an Advantest R6245 2 Channel Voltage Current Source/Monitor. 

 

2.8.4 DFT and Band-Structure Calculations 

 The intramolecular (t0) and intermolecular (t1) transfer integrals (Figure 2.8) were 

estimated, as follows. The single point energy calculations for a neutral (−)-NDI- and a 

neutral dimer of dicyclohexane-NDI units (NDI dimer) were carried out using the B3LYP 

methods with 6-31G* basis set. The geometry of the (−)-NDI- and NDI dimer for the 

calculations were taken from the crystal structure of Rb1.4[(−)-NDI-]. These calculations 

were performed with the Gaussian03 package.172 The energy difference (E) between the 

LUMO and LUMO+1 for NDI- correspond to 3t0 and the E between the LUMO and 

LUMO+1 for NDI dimer corresponds 2t1 (Table 2.6). The band structure calculation was 

carried out by the tight-binding approximation taking into account only two kinds of 

neighboring interactions (t0 and t1) and setting the charge of (−)-NDI- as −1.4.  
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Chapter 3 Spin-Frustrations in the Hyperkagome Lattices in 

the K4 Crystals of (−)-NDI- 

 

 

3.1 Introduction 

 

 As described in Section 1.4, many candidates of quantum spin liquids thus far 

possess 2D triangular and kagome lattices, 98–100,103–115 and magnetic anisotropy, 102,123,124 

interlayer interactions108,119,120 and structural deformations121 in them strongly affect their 

ground states. These effects tend to stabilize long-range magnetic ordering instead of spin 

liquid states. 3D inorganic frustrated magnets with isotropic structures have also been 

investigated,101,116,117 and many of them exhibit spin-glass ground states at low 

temperatures.173,174 Thus, it is reasonable to expect quantum spin liquid states in 3D 

frustrated magnets with S = 1/2 Heisenberg spins. 

 In Chapter 2, the K4 structure formed by the packing of radical anions of (−)-NDI-

 was revealed, and the valence of (−)-NDI- was suggested to be −1.4 from the 

occupancy factor of the Rb cations. Despite a metallic ground state predicted by the band 

calculation, the conductivity measurements showed an insulating property. It is also 

notable that the valence of (−)-NDI- in the Rb salt was ambiguous due to the 

occupational disorder of the Rb cations. Among the crystals that were mentioned in 

Chapter 2, the TBA salt grown in the diglyme solution has no occupational disorder of 

the counter cations. As a result, it is suitable to investigate the detailed magnetic and 

thermal properties of the K4 structures with this salt. 
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 In Chapter 3, the author firstly describes the K4 structure of the TBA salt, and the 

X-ray analysis clearly indicates a chemical formula of (TBA)1.5[(−)-NDI-] Then, the 

valence of (−)-NDI-, the band structure, and the conductivity in (TBA)1.5[(−)-NDI-] 

reveal that the spin lattice corresponds to the hyperkagome lattice, which exhibits 3D spin 

frustration. The energy scale of spin frustration is also examined. The magnetic and heat-

capacity measurements indicate an unusual nature of a gapless spin liquid state. At last, 

some characteristic parameters of the spin liquid state of this TBA salt are compared with 

other organic gapless spin liquids.  

 

3.2 X-ray Analysis and Characterization of TBA Salt 

    

3.2.1 X-ray Analysis of TBA Salt 

 As described in Section 2.2, the crystals of the TBA salt were grown in the 

diglyme solutions of Bu4N•ClO4. The obtained TBA salt showed a structural disorder 

(large anisotropic displacement parameters) of TBA cations and the structural analysis 

was achieved with some constraints on the bond lengths and displacement parameters in 

the TBA cations. Table 3.1 shows the crystallographic data for the TBA salt. The structure 

of the TBA salt belongs to the cubic space group of P4332. Although this is different from 

that for the Rb salt (I4132), the packing motif of the (−)-NDI- radical anions is the same 

as in the Rb salt. Therefore, the TBA salt is also a K4 crystal and the left-handed (M)- 

helices are formed in the same manner. It is noteworthy that three NDI units within one 

molecule in the TBA salt is crystallographically equivalent due to a 3-fold axis as in the 

Rb salt. 
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 The nearest-neighbor intermolecular arrangement of the (−)-NDI- radical anions 

and the location of the TBA cations in the TBA salt, are shown in Figure 3.1. A twisted 

- interaction with the twisted angle of 70.5° is observed. This arrangement is totally 

the same as in the Rb salt. One TBA ion is shared by two neighboring (−)-NDI- 

molecules, which makes the ratio between (−)-NDI- and TBA 1:1.5. Therefore, the 

chemical formula is (TBA)1.5[(−)-NDI-], and the valence of (−)-NDI-is −1.5. 

 

Table 3.1. Crystallographic data for (TBA)1.5[(−)-NDI-]. 

Formula C84H96N7.5O12 

Formula weight / g mol−1 1402.73 

Temperature / K 123 

Crystal dimensions / mm3 0.29 × 0.18 × 0.17 

System Cubic 

Space group P4332 (#212) 

a / Å 30.0813(6) 

V / Å3 27220.1(9) 

Z 8 

calcd / g cm−3 0.685 

 (CuK) / cm−1 3.698 

 / Å 1.54187 

2max / ° 136.5 

Reflections collected 507664 

Unique reflections (Rint) 8325 (0.0467) 

Number of parameters 312 

Number of restraints 63 

Final R1 [I > 2(I)] 0.0712 

wR2 (all data) 0.2328 

Goodness of fit 0.935 

Flack parameter (SHLEXL) 0.33(5) 

Hooft y (PLATON) 0.04(4) 

Residual electron density / Å−3 0.15 e−  

Void fraction 54.7% 
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Figure 3.1. Nearest-neighbor intermolecular arrangement of the (−)-NDI- radical 

anions and the location of the TBA ion in (TBA)1.5[(−)-NDI-]. 

 

3.2.2 Comparison between Rb and TBA Salts 

 Here, the difference between the Rb and TBA salts is discussed. Scheme 3.1 

schematically shows a comparison between the locations of the Rb and TBA ions with 

respect to the (−)-NDI-Δ radical anions. The Rb+ ions are disordered on the top and 

bottom sides of the triangle in a crystallographically equivalent manner. On the other hand, 

the top and bottom environment of the triangular molecule in the TBA salt is not 

equivalent. One TBA+ ion is shared by two neighboring (−)-NDI-Δ molecules on only 

one side of each (−)-NDI-Δ in the TBA salt. This difference results in different types of 

lattices. The IR measurements suggest that the valences of (−)-NDI-Δ are nearly identical 

in the Rb and TBA salts (Figure 3.2). Since the valence of (−)-NDI-Δ in the Rb salt (−1.4) 

was determined by the occupancy factor of the Rb ions, this value should include a large 

error bar, namely −1.4±0.1. It is highly possible that the valence in the Rb salt is also 

close to −1.5. 
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Scheme 3.1. (a) Comparison between the location of the Rb+ ions in Rb1.4[(−)-NDI-Δ] 

and the TBA+ ions in (TBA)1.5[(−)-NDI-Δ]. (b) Expansion view of the intermolecular 

geometry of (TBA)1.5[(−)-NDI-Δ]. 

 

 

Figure 3.2. IR spectra for the neutral (−)-NDI-Δ and its radical anion salts. Comparison 

between the C=O stretching vibrations of the neutral (−)-NDI-Δ, Rb1.4[(−)-NDI-Δ], and 

(TBA)1.5[(−)-NDI-Δ]. 

 

3.2.3 Characterization of TBA Salt 

 Further analysis on the composition and the radical character of the (−)-NDI-Δ 

radical anions in the TBA salt was carried out. The results of the elemental analysis for 

the TBA salt are shown in Table 3.2. The elements except for C, H, and N occupy 19.67 

wt%, which is much smaller than that for the Rb salt in which the abnormal amount of 
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Rb ions exists (See Section 2.4). Since the EDX spectrum for the TBA salt in Figure 3.3 

indicates the presence of ClO4
− ions, this residual elemental ratio is occupied by Cl and 

O. In the TBA salt, N sources are TBA ions and (−)-NDI-. By taking these into account, 

it is found that the experimental data can be well explained by the chemical formula, 

(TBA)1.5[(−)-NDI-]·2.2[TBA·ClO4]·0.3diglyme with 66.19% for C, 8.25% for H, and 

6.18% for N. The experimental data can be reasonably explained without assuming the 

decomposition of materials as in the Rb salt (See Section 2.4).  

 

Table 3.2. Results of the elemental analysis of (TBA)1.5[(−)-NDI-Δ]. 

C H N Others 

66.19% 7.97% 6.18% 19.67% 

 

 

Figure 3.3. EDX spectrum for (TBA)1.5[(−)-NDI-Δ].  

 

 To figure out the radical character of the (−)-NDI-Δ radical anions, the IR and 

UV-VIS-NIR diffuse reflectance measurements were carried out for the TBA salt. The IR 

spectrum in Figure 3.4(a) shows a broad band around 0.5 eV for the TBA salt. The 

reflectance spectrum in Figure 3.4(b) shows that this broad band continues to 1.2 eV and 
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another broad band appears in the range of 1.5–3.0 eV. The band in the higher-energy 

region is similar to that in the radical anions of (−)-NDI-Δ and typical NDIs in 

solution.138,140,163,175,176 This indicates the presence of the (−)-NDI-Δ radical anions in the 

TBA salt. It is noteworthy that the band in the lower-energy region does not appear in the 

solution spectra, and is characteristic of the solid-state. The origin of this band is further 

discussed in Section 3.4. 

 

 

Figure 3.4. IR (a) and UV-VIS-NIR diffuse reflectance spectra (b) for the neutral (−)-

NDI-Δ and (TBA)1.5[(−)-NDI-Δ].  

 

3.3 Band Structure and Electronic Properties of TBA Salt 

 

 The band calculation for the TBA salt was carried out with the same procedure as 

described in Section 2.5. Table 3.3 shows the calculated transfer integrals, t0 and t1. They 

are nearly the same as those for the Rb salt. Note that the absolute value of t1 is an order 

of magnitude larger than that of t0. 

 Figure 3.5 shows the band structure and the density of states, which look different 

from those for the Rb salt (See Figure 2.9). This is caused by the difference in the space 
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group, namely P4332 for the TBA salt and I4132 for the Rb salt. Since the primitive cell 

in the TBA salt is twice as large as that in the Rb salt, the number of the bands is also 

doubled. The density of states, however, does not show any difference. This means that 

the band structure of the TBA salt is essentially equivalent to that of the Rb salt, indicating 

a metallic ground state, Dirac cones, and degenerate flat bands. The difference in the 

space group should not affect the expected electronic states. 

 

Table 3.3. Calculation of transfer integrals in (TBA)1.5[(−)-NDI-Δ]. 

 ELUMO / eV ELUMO+1 / eV E / eV t / eV 

NDI- −3.430 −3.329 0.102 −0.034 (t0) 

NDI dimer −3.712 −3.170 0.543 −0.271 (t1) 

 

 

Figure 3.5. Band structure and density of states (DOS) for the K4 structure of the radical 

anions of (−)-NDI-. The Fermi energy for (TBA)1.5[(−)-NDI-Δ] is set to 0 eV. 
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 The temperature dependence of the conductivity for the TBA salt was measured 

on a single crystal with a two-probe method (Figure 3.6). The theoretical fit to the 

experimental data with Eq. (2.1) gives an activation energy of 0.2 eV. The conductivity 

and the activation energy in the TBA salt are in the same order of magnitude as those of 

the Rb salt (see Section 2.6), indicating that the valence of the (−)-NDI-Δ radical anions 

is nearly identical in these salts. 

 

 

Figure 3.6. Temperature dependence of the conductivity for (TBA)1.5[(−)-NDI- in the 

temperature range of 250–300 K. 

 

3.4 Spin Lattice of TBA Salt: K4 Crystal to Hyperkagome Lattice 

 

 In this section, the spin lattice of the K4 structure of (TBA)1.5[(−)-NDI-Δ] is 

discussed, considering the valence of (−)-NDI-Δ and the transfer integrals t0 and t1. As 

described in Section 3.2, the valence of one (−)-NDI-Δ is −1.5, so that a half electron 

exists on the NDI unit, which is one-third of (−)-NDI-Δ. Since the intermolecular 

interaction t1 is much larger than the intramolecular one t0, it is reasonable to conclude 
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that one unpaired electron is shared within an intermolecular NDI dimer unit as shown in 

Figure 3.7. The positions of the TBA ions also support this interpretation. 

 

 

Figure 3.7. Nearest-neighbor intermolecular arrangements of the (−)-NDI-Δ radical 

anions in (TBA)1.5[(−)-NDI-. The orange circles indicate the locations of the S = 1/2 

unpaired electrons. 

 

 Furthermore, the conductivity measurement indicated an insulating property of 

(TBA)1.5[(−)-NDI-]. This electron localization would be caused by the weak 

intramolecular interaction t0, which corresponds to the interaction between the unpaired 

electrons. These features closely resemble those of the dimer Mott systems that were 

found in the organic radical salts of BEDT-TTF and Pd(dmit)2.
10,11,58–61 In these materials, 

one dmit (BEDT-TTF) dimer unit bears one unpaired electron, and these dimer units form 

a triangular lattice with spin frustration (see Section 1.2). Based on the dimer Mott model, 

the K4 structure of (−)-NDI-Δ can be transformed into a lattice of unpaired electrons, 

which turns out to be a hyperkagome lattice, consisting of corner-sharing triangles as 

shown in Figure 3.8. This is the first example of an organic hyperkagome lattice with 
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isotropic S = 1/2 spins. As described in Section 1.4, a hyperkagome lattice is a 3D 

frustrated lattice, and an inorganic material Na4Ir3O8 has been intensively investigated as 

a quantum spin liquid with a hyperkagome lattice of corner sharing Ir4+ ions with S = 1/2 

spins.101 Strong spin-orbit coupling of the Ir ions, however, affects the nature of the spin 

liquid state.102 Thus, the present organic hyperkagome lattice consisting of light elements 

such as C, H, N, and O could be a more suitable system of quantum spin liquids. 

 

 

Figure 3.8. Comparison of the structures of the K4 carbon (a), the K4 structure of (−)-

NDI-Δ (b), and the hyperkagome lattice, formed by the unpaired electrons on the Mott 

dimers (c). 

 

 Figure 3.9(a) shows the important parameters which govern the low-temperature 

ground state in this frustrated magnet. In this figure, teff and Ueff are the effective transfer 

integral and the effective on-site Coulomb repulsion between the unpaired electrons on 

the NDI-dimer units, respectively. teff is a half of t0, and Ueff is determined by t1, the on-

site (U) and intersite (V1) Coulomb repulsions between the NDI units. In the two-site 

Hubbard model, the antiferromagnetic interaction J can be expressed as  
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 .                     (3.1) 
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Figure 3.9. (a) Definition of the transfer integrals and the Coulomb repulsions in 

(TBA)1.5[(−)-NDI-. (b) Two possible electronic transitions, characteristic of the solid 

state in the K4 crystal. 

 

In the limit of Ueff >> teff, 
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In the limit of U >> t1 and U >> V1, 
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The value of Ueff is calculated as Ueff = 2t1 = 0.54 eV if we ignore V1 and −4t1
2/U. This 

value is in the range of 0.3–1.0 eV, which is common for the Mott-dimer systems of 

BEDT-TTF.177–181 J can be calculated as −2 meV (~ −20 K) by using this Ueff value. The 

antiferromagnetic interaction J should cause a spin frustration in the present hyperkagome 

lattice. The obtained Ueff value can be rationalized by considering a charge gap  

expressed as 
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                             WU  eff ,                           (3.5) 

where W is the band width in the TBA salt. The experimental value of the charge gap in 

the TBA salt is calculated from the activation energy for the conductivity Ea, namely as 

 = 2Ea = 0.4 eV. This  is nearly the same as that obtained as  = Ueff − W = 0.54 − 0.10 

= 0.44 eV. This agreement justifies the present estimations for Ueff and J. The above 

discussion is also related to the broad absorption band appeared around 0.5 eV in the UV-

VIR-NIR spectra (See Figure 3.4), which is characteristic of the solid state. Though the 

absorption spectra are taken for the polycrystalline samples, the absorptions should be 

deconvoluted to two types of electron transition in one crystallographically independent 

NDI unit of the K4 structure, as shown in Figure 3.9(b). One is the electron transfer 

transition between the dimers, mediated by Ueff – W = 2t1+V1 – W, and the other is 

the excitation in the dimer, mediated by 2t1. The experimental value of  (~ 0.4 eV) and 

the theoretical value of 2t1 (~ 0.5 eV) are consistent with the absorption energy of 0.5 eV. 

Furthermore, the predicted magnetic interaction J/kB ~ −20 K is also consistent with the 

Weiss temperature, which is described in the next section.  

 

3.5 Magnetic Properties of TBA Salt 

  

 In Section 3.4, a hyperkagome lattice formed by unpaired electrons in the K4 

structure was revealed. This hyperkagome lattice is a 3D frustrated lattice and the 

resulting geometrical spin frustration should affect the magnetic and thermal properties. 

Recently, solid-state NMR measurement is regarded as one of the effective methods to 

investigate quantum spin liquid states as it can probe the local magnetic environment of 

the selected atomic nucleus with high sensitivity and provide us a strong evidence of 
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magnetic ordering. In this section, the effect of spin frustration on the magnetic properties 

of the TBA salt is discussed, based on the results of EPR, magnetic susceptibility, and 14N 

NMR measurements. 

 The EPR spectra for the TBA salt were measured in the temperature range of 5–

300 K. The results are shown in Figure 3.10. Figure 3.11 shows the temperature 

dependence of the EPR spin susceptibility, peak-to-peak line width, and g-factor. The 

EPR signal exhibits a single Lorentzian absorption at g = 2.0036 and no temperature-

dependent variation is observed. These results mean that the spins on the (−)-NDI- 

radical anions could be regarded as isotropic Heisenberg spins. The EPR spin 

susceptibility shows Curie-like behavior in the whole temperature range and the line 

width increases with decreasing temperature. 

 The temperature dependence of the magnetic susceptibility p was also examined. 

After diamagnetic correction, the obtained paramagnetic susceptibilities p are shown in 

Figure 3.12. p increases with decreasing temperature. The Curie Weiss fitting of the high-

temperature region gives  = −15 K and C = 2.1 × 10−4 emu K g−1. This negative Weiss 

temperature indicates an antiferromagnetic interaction. This is consistent with the 

predicted magnetic interaction J/kB ~ −20 K caused by the interdimer interaction teff (See 

Section 3.4). The antiferromagnetic interaction is expected to induce a spin frustration in 

the hyperkagome lattice. The value of a molar Curie constant is estimated to be 0.46 emu 

K mol−1 by using the chemical formula (TBA)1.5[(−)-NDI-]·2.2[TBA·ClO4]·0.3diglyme, 

which was explained in Section 3.2.3. This molar Curie constant is higher than that of the 

S = 1/2 species, but is smaller than the expectation (0.375 × 1.5 = 0.563 emu K mol−1) 

from the above formula. This could be related to a relatively large concentration of the 

lattice defects in this crystal described below. 
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Figure 3.10. Temperature dependence of the EPR signals for (TBA)1.5[(−)-NDI- at 

representative temperatures from 5 to 300 K. 

 

 

Figure 3.11. Temperature dependences of the EPR spin susceptibility, peak-to-peak line 

width, and g-factor of the EPR signals for (TBA)1.5[(−)-NDI- 
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Figure 3.12. Magnetic data for (TBA)1.5[(−)-NDI-] in the temperature range of 2–300 

K: the temperature dependence of p (a) and the reciprocal of p (b). 

 

 To elucidate the effect of spin frustration on the magnetic behavior of this material, 

the low-temperature magnetic susceptibility of the TBA salt was measured from 70 mK 

to 6 K by using a homemade SQUID susceptometer mounted on a dilution refrigerator. 

The low-temperature data were smoothly connected with the high-temperature data taken 

on a SQUID susceptometer. Figure 3.13(a) shows the temperature dependence of the 

paramagnetic susceptibility in the temperature range of 0.07–300 K. p increases with 

decreasing temperature and exhibits a small anomaly around 20 K, which is probably 

caused by the interdimer interaction J mediated by teff. After that, p continues to increase 

down to the lowest temperature. The data indicate no long-range magnetic ordering 

despite the 3D antiferromagnetic interactions with  = −15 K. It should be noted that the 

AC magnetic susceptibility measured from 0.05 to 2 K shows no anomaly as expected for 

spin glass, and there is no clear difference between the DC and AC magnetic susceptibility. 

Below 1 K, the temperature dependence of the paramagnetic susceptibility can be 

explained by 



 

76 

 

             
def

def
0def0p







T

C
,                    (3.6) 

where 0, def, Cdef, and def are the constant paramagnetic susceptibility, paramagnetic 

susceptibility caused by the lattice defects, Curie constant and Weiss temperature for the 

lattice defects, respectively. The theoretical best fit is obtained with the following 

parameters: 0 = (8.5 ± 0.5) × 10−6 emu g−1, Cdef = (2.0 ± 0.05) × 10−5 emu K g−1 and def 

= −3 ± 2 mK. The value of Cdef corresponds to 9.6% of the total spins. The purple broken 

line in Fig. 3.13(a) shows the temperature dependence of def. The red curve in Figure 

3.13(a) is the intrinsic paramagnetic susceptibility int, which is calculated by 

                           defpint   .                          (3.7) 

The results of this analysis clearly suggest the presence of int even at 0.5 K despite the 

3D magnetic interactions with  = −15 K.  

 

Figure 3.13. (a) Temperature dependence of the paramagnetic susceptibility p in the 

temperature range 0.07–300 K for (TBA)1.5[(−)-NDI-]. The purple broken line and the 

red curve indicate those of def and int, respectively. See the text. (b) Temperature 

dependence of the 14N NMR signals for (TBA)1.5[(−)-NDI-] at representative 

temperatures.  
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 The variable-temperature 14N NMR measurements of (TBA)1.5[(−)-NDI-] were 

performed from 0.38 K to 150 K by measuring spin-echo spectra at a constant magnetic 

field of 8.71 T. Figure 3.13(b) shows the signals at representative temperatures. The NMR 

signal shapes are governed by nuclear quadrupole interactions for the nuclear spin 14I = 

1. It is clearly demonstrated that, though the NMR signal shapes become slightly broader 

with a decrease in temperature, there is no drastic change such as that seen in long-range 

magnetic ordering transition. Although this type of small linewidth broadening is 

recognized in the spin liquid states of -(BEDT-TTF)2Cu2CN3 and 

EtMe3Sb[Pd(dmit)2)]2,
99,110–112 the origin is still not clear. These magnetic data strongly 

suggest the presence of spin frustration on the hyperkagome lattice and the formation of 

a spin liquid state, instead of long-range magnetic ordering. 

 

3.6 Thermal Properties of TBA Salt 

 

 The magnetic data in Section 3.5 strongly suggested the formation of a quantum 

spin liquid state. Theoretical studies on quantum spin liquid states have predicted 

degenerated ground states caused by quantum fluctuations, and the degenerated gapless 

states have been recently revealed by thermal measurements at low temperatures for 

various inorganic and organic quantum-spin-liquid systems.32,95,125 Especially, heat-

capacity measurement has been intensively used as a valuable tool to reveal the magnetic 

ground states of these materials. In this section, the nature of the quantum spin liquid state 

is discussed, based on the results of the heat capacity measurements down to 68 mK. 

 The temperature dependence of the heat capacity cp for (TBA)1.5[(−)-NDI-Δ] was 

measured in the temperature range of 2–50 K and 0.068–4.5 K on a Quantum Design 
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Physical Property Measurement System (PPMS) and a homemade calorimeter mounted 

on a dilution refrigerator, respectively. Figure 3.14(a) shows the temperature dependence 

of cp in the whole temperature range. The values of cp gradually decrease with decreasing 

temperature, and slightly increase below 0.1 K. This is consistent with the absence of 

long-range magnetic ordering. To estimate the lattice contribution, a cp/T vs T2 is plotted 

for T < 5 K as shown in Figure 3.14(b). With a decrease in temperature, the values of cp/T 

show a linear decrease, followed by a sudden increase below ca. 0.1 K. Such increase at 

extremely low temperatures has often been observed in organic spin systems, and has 

been attributed to a high-temperature tail of a Schottky peak, formed by nuclear spins, 

weak magnetic interactions between paramagnetic defects, or internal molecular 

rotations.182 Above 1 K, a linear relation between cp/T and T2 is observed. This type of 

linear relation can be fitted by 

 

 

Figure 3.14. (a) Temperature dependence of the heat capacity cp for (TBA)1.5[(−)-NDI-

Δ]. (b) cp/T vs T2 plots in the low-temperature range. The orange line shows a linear 

relation between cp/T and T2 with a lattice capacity coefficient of  = 0.028 mJ K−4 g−1. 
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3

p TTc   ,                           (3.8) 

where  and  are the linear heat capacity coefficient and lattice heat capacity coefficient, 

respectively. The fitting line shows a lattice heat capacity coefficient of  = 0.028 mJ K−4 

g−1 and a nonzero  value. Generally, a nonzero  value indicates an electronic specific 

heat of a metallic state. However, since the present material is an insulator, this linear 

term means the presence of a large heat capacity for the spin liquid state. 

 A detailed analysis on the heat capacity data was carried out to estimate the 

temperature dependence of cp for the spin liquid state. Figure 3.15 shows the plots of cp/T 

vs logT below 5 K, in which the increases in cp/T at the high- and low-temperature sides 

are the lattice contribution and the high-temperature tail of the Schottky anomaly, 

respectively. It is found that this temperature dependence can be well explained by  

                         
32

p TbTaTc   
,                       (3.9) 

where the first term is for the contribution of the Schottky tail below 0.1 K, the second 

term is for the spin liquid state, and the third term is for the lattice contribution above 1 

K. The theoretical best fit with  = 0.62 is obtained by optimizing the values of a, b, and 

. It is shown as the bold gray curve in Figure 3.15. The blue, bold red, and black curves 

indicate the contributions of the first, second, and third terms, respectively. Any 

reasonable fitting cannot be obtained without adding the second term. The contributions 

of the first and third terms are negligibly small in the temperature range between 0.2 and 

0.6 K. The agreement between the experimental plots and the theoretical curve in this 

temperature range strongly justifies that cp is proportional to T0.62 in the spin liquid state.  

 



 

80 

 

 

Figure 3.15. cp/T vs T plots in the temperature range 0.068–5 K. The open squares and 

the blue circles indicate the data, taken on a PPMS and a homemade calorimeter, 

respectively. The blue, bold red, and black curves indicate the contributions of the first, 

second, and third terms in the equation cp = aT−2 + bT + βT3, respectively. 

 

 It is reported that cp of 3D inorganic hyperkagome systems, such as Na4Ir3O8,
101 

possesses a T2 term. However, a simple comparison between the inorganic and present 

organic systems does not make sense, as strong magnetic interactions and magnetic 

anisotropies caused by spin-orbit interactions are involved in the inorganic systems. In 

the context of the heavy fermion problem, the low-temperature heat capacities near the 

quantum critical points in the 2D and 3D systems are theoretically predicted to exhibit 

T2/3 and T ln(1/T) dependences, respectively.183 However, any reasonable fitting with a T 

ln(1/T) term, instead of the T term could not be achieved in the TBA salt. It is not certain 

whether the fairly good agreement between the observed T behavior and the T2/3 

dependence for the 2D system is meaningful or not. Anyhow, the theoretical 

understanding of the present hyperkagome system of organic Heisenberg spins will be a 

future challenge. 
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3.7 Comparison with Organic Gapless Quantum Spin Liquids 

 

 The magnetic and heat-capacity measurements revealed the spin liquid nature of 

the present system with an unusual temperature dependence of the heat capacity: cp  

T0.62 for the quantum spin liquid state. In this section, several parameters, which are often 

used for spin liquid systems, are described to compare with those of other spin liquid 

materials. 

 An empirical measure of spin frustration proposed by Remirez184 is written as 

                               
CT

f


 ,                            (3.10) 

where Tc is any cooperative-ordering transition temperature. The frustration parameter 

can be calculated as f > 200, which indicates strong spin frustration in this system. The 

Wilson ratio R, which is originally defined in the context of Fermi liquids, is also used as 

an indicator of quantum spin liquid states.95 The Wilson ratio is defined as 
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where B is the Bohr magneton. Many quantum-spin-liquid materials exhibit the Wilson 

ratios which are in the range of 1–9, and a strong spin-orbit coupling is considered to 

increase 0 and R values. The values of molar 0 and  for (TBA)1.5[(−)-NDI-Δ] were 

estimated in order to compare with those of other organic gapless spin liquids. The 0 

value (= 8.5×10−6 emu g−1), which is the extrapolation of the intrinsic paramagnetic 

susceptibility to the absolute zero temperature in Fig. 3.13(a), roughly corresponds to 

7.9×10−3 emu mol−1 for the unit molar mass of the unpaired electrons (C56H64N5O8 with 

molecular mass = 935). This reflects the existence of gapless magnetic excitations in the 
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spin liquid state. Although the heat capacity for the spin liquid state in the TBA salt was 

proportional to T0.62, the value of cp/T at T = 1 K (= 0.15 mJ K−2 g−1) can be used as a 

parameter corresponding to . This value is approximately converted to 1.4 × 102 mJ K−2 

mol−1. The Wilson ratio for (TBA)1.5[(−)-NDI-Δ] is calculated to be 4.2. Table 3.4 lists 

organic gapless quantum spin liquids. In this table, cQSL describes the heat capacity for 

quantum spin liquid states. The values of 0 and  for (TBA)1.5[(−)-NDI-Δ] are an order 

of magnitude larger than those for the other organic triangular systems. The Wilson ratio 

is in the same order of magnitude as those of the other spin liquids with weak spin-orbit 

coupling. 

 

Table 3.4. Comparison between the organic gapless quantum spin liquids.  

Entry Material Lattice cQSL 
 / mJ K−2 

mol−1 

0 / emu 

mol−1 
R 

1 -(BEDT-TTF)2Cu2(CN)3 Triangular 
 

(–2/3T2/3) 
12 2.9×10−4 1.76 

2 EtMe3Sb[Pd(dmit)2]2 Triangular T 19.9 4.4×10−4 1.61 

3 -H3(Cat-EDT-TTF)2 Triangular 
Tn + aT2 

(n = 2/3–1) 
58.8 1.2×10−3 1.49 

4 -(BEDT-TTF)2Ag2(CN)3 Triangular 
Tn 

(n = 2/3–1) 
10 - - 

5 This work Hyperkagome bT0.62 1.4×102 7.9×10−3 4.2 

 Ref. [99, 185, 186] for entry 1. Ref. [110, 187] for entry 2. Ref [63, 188] for entry 3. Ref. [189] for entry 4. 
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3.8 Conclusion 

 

  The crystal structure of the TBA salt grown in diglyme was successfully solved, 

and the K4 structure with the cubic space group of P4332 was revealed. TBA+ ions were 

shared by the intermolecular dimers, and the valence of (−)-NDI- in (TBA)1.5[(−)-NDI-

Δ] was determined as −1.5. 

 The band calculation of the TBA salt predicted a metallic ground state, Dirac 

cones, and degenerated flat bands. Despite the different space group of the TBA salt, the 

band structure was essentially same as that for the Rb salt. The temperature dependence 

of the conductivity for the TBA salt showed insulating properties. 

 The determined valence along with the insulating ground state strongly indicated 

that the present system should be regarded as a Mott-dimer insulator and that the spin 

structure, formed by S = 1/2 unpaired electrons, should correspond to a hyperkagome 

lattice with spin frustration.  

 The temperature dependence of the EPR spectra indicated isotropic Heisenberg 

spins in this system. The temperature dependence of the paramagnetic susceptibility 

indicated no long-range magnetic ordering down to 70 mK in spite of the 3D 

antiferromagnetic interactions with  = −15 K. The Curie defects contribution was 

observed at low temperatures and the large intrinsic paramagnetic susceptibility was 

obtained even at 0.5 K after subtracting the Curie defects contribution. The 14N NMR 

measurements indicated no magnetic ordering down to 0.38 K. The temperature 

dependence of the heat capacity showed no indication of magnetic ordering down to 68 

mK and a T0.62 dependence of the heat capacity for the spin liquid state. These magnetic 
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and thermal properties strongly suggested the presence of spin frustration on the 

hyperkagome lattice and the formation of a spin liquid state. 

 The present system is the first example of an organic hyperkagome lattice with 

isotropic S = 1/2 spins. So far, theoretical and experimental works on frustrated magnets 

with a hyperkagome lattice with S = 1/2 spins are very limited; to the best of the author’s 

knowledge, an inorganic material, Na4Ir3O8, is the only quantum spin liquid in which the 

strong spin-orbit coupling of the Ir ions affects the nature of the spin liquid state. Since 

the gapless nature characterized by T0.62 dependence of the heat capacity for the spin 

liquid state has not been predicted for 3D frustrated magnets, the theoretical 

understanding of the present hyperkagome system will be a future challenge. 

 

3.9 Experimental Section 

 

3.9.1 Preparation of (−)-NDI- Radical Anion Salts 

 The synthesis and crystallization of (−)-NDI- radical anion salts are described in 

Section 2.8.1. The crystals of the TBA salt used for magnetic, electronic, and thermal 

measurements were washed several times with diglyme in an N2 atmosphere, and were 

dried under vacuum. Elemental analysis, and IR and EDX measurements for the TBA salt 

were carried out with the same procedures as described in Section 2.8.1. Diffuse 

reflectance UV-VIS-NIR spectrum was examined on a JASCO V-570 UV/VIS/NIR 

spectrophotometer equipped with an ISN-470 integrating sphere apparatus by using the 

diluted samples in BaSO4 powder. 
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3.9.2 X-ray Structural Analysis 

 The X-ray diffraction data were collected on a Rigaku R-AXIS RAPID 

diffractometer equipped with a MicroMax007HF microfocus generator, a VariMax DW 

optic, and a RAPID IP detector by using Cu-K radiation ( = 1.54187 Å) under a cold 

nitrogen stream at 123 K. No diffraction spot was observed at high-angle regions (< 0.99 

Å) as shown in Figure 3.16. The frame data were integrated and corrected for absorption 

with the Rigaku RAPID AUTO package.190 The structure was solved by direct method 

(SHELXS97170) and standard difference map techniques, and was refined with full-matrix 

least-square procedures on F2. All calculations were performed using the crystallographic 

software package, Crystal Structure,191 except for refinement, which was performed using 

SHELXL Version 2016/4.170 Anisotropic refinement was applied to all non-hydrogen 

atoms. The tetrabutylammonium cation was refined with restraints on the bond length 

(DFIX commands) and on the anisotropic displacement parameters (SIMU and DELU 

commands). All hydrogen atoms were placed at calculated positions and refined using a 

riding model. The electron densities in the 3D cavity were flattened, using the SQUEEZE 

subroutine of PLATON,157 and only the 3D network structure of the (−)-NDI-Δ anions 

and the TBA ions near (−)-NDI-Δ, were refined. The absolute structure parameter Hooft 

y192 corresponding to Flack parameter was calculated using BIJVOET pair analysis of 

PLATON.157 The space group was determined to be P4332 (not P4132) since the Hooft y 

= 0.04(4) for this structure indicates the absolute structure is correct.  
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Figure 3.16. X-ray diffraction image of TBA1.5[(−)-NDI-]. 

 

3.9.3 Magnetic and Electronic Measurements 

 EPR and conductivity measurements were carried out with the same procedures 

as described in Section 2.8.3. Magnetic susceptibility measurements were carried out 

using polycrystalline samples on a Quantum Design Magnetic Property Measurement 

System MPMS-XL magnetometer (2–300 K) and on a home-made SQUID susceptometer 

mounted on a dilution refrigerator (0.07–6 K). On the Quantum Design MPMS-XL 

magnetometer, a plastic straw was used as the sample folder, and the measurement was 

performed under 0.5 T in the temperature range of 2–300 K. The home-made 

susceptometer is designed as the same as that by Karaki et.al.193 Between 0.05 and 2 K, 

AC susceptibility by the SQUID was measured at the frequency 175 Hz and the amplitude 

6 mG under the residual magnetic field below a few mG, where the earth magnetic field 

about 300 mG is shielded by a μ-metal. Between 0.07 and 6 K, DC susceptibility was 

measured under 9 G. The temperature dependence of the paramagnetic susceptibility p 

of the radical anion salts was calculated, using a diamagnetic susceptibility which was 
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experimentally obtained by assuming that p follows the Curie-Weiss law at high 

temperatures. 14N-NMR measurements were carried out for polycrystalline samples in 

the range between 0.38 K and 150 K, using a commercial spectrometer for solid-state 

NMR. The spin-echo spectrum was measured at a constant magnetic field of 8.713 T. 

 

3.9.4 Heat-Capacity Measurements 

 Heat-capacity measurements were carried out in the temperature range of 2–50 K 

and 0.068–4.5 K on a PPMS and a home-made calorimeter mounted on a dilution 

refrigerator, respectively. Addenda heat capacity (background) was measured with 

Apiezon N high vacuum grease and crystals were mounted on the platform. The data 

(Figures 3.14 and 3.15) obtained on a PPMS were calibrated with copper as a standard 

because it was claimed that the measurements on this instrument might contain a 

relatively-large error at low temperatures.194,195 The data were divided by the ratio of the 

electronic coefficient between an experimental value exp and a reference value ref
196 (exp 

/ref = 0.756/0.695 = 1.09). Thermometer of the home-made calorimeter197 was calibrated 

to 50 mK by the paramagnetic susceptibility of CMN (Ce2Mg3(NO3)12•24H2O) and a Ge 

thermometer calibrated above 0.3 K. The heat capacity was measured with the quasi-

adiabatic heat pulse method. The absolute value of the heat capacity was confirmed by 

measuring the heat capacity of silver. 

 

3.9.5 DFT and Band-Structure Calculations 

 The DFT and band calculations were carried out with the same procedures as 

described in Section 2.8.4. The DFT calculations were performed with the Gaussian09 

package.198 
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Chapter 4 Preparation of 3D Chiral Crystals of Radical Anions 

of (−)-NDI-: Formation of (M)- and (P)-Helices from a Chiral 

Molecule 

 

 

4.1 Introduction 

 

 Chirality of supramolecular structures plays an important role in our lives as seen 

in the double helices of DNA199 and the -helices of proteins.200 These types of helical 

structures are responsible for their molecular recognition, catalytic reaction, self-

replication, etc.201–203 In addition, chirality is also important for the function of cholesteric 

liquid crystals, which reflect circularly polarized light in a manner dependent on the 

helical pitch in them.204 It is well known that the supramolecular chirality is transferred 

from the molecular chirality in self-assembled systems.158 Actually, the K4 crystals 

formed by the (−)-NDI- radical anions exhibited the left-handed (M)-helices 

stereospecifically formed by the - interactions between the chiral (−)-NDI- molecules, 

as described in Chapters 2 and 3. The control of the supramolecular chirality is an 

interesting challenge in terms of the crystal engineering based on (−)-NDI-. 

 Crown ethers are well-studied cyclic multidentate ligands, which have strong 

coordination ability to various metal ions.205,206 They are utilized to increase the solubility 

of ions,207 and also used in supramolecular chemistry as a component of rotaxanes and 

catenanes due to their cyclic structures.208 These coordination ability and cyclic molecular 

structures are strongly characteristic for the crown ethers. They are also applicable to the 
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electrochemical crystallizations of (−)-NDI- (Scheme 4.1), in which the solubility of the 

electrolytes is increased, and the cyclic structures along with the coordination ability  

affect the crystal packing by acting as “large cations” together with metal ions. 

 

 

Scheme 4.1. Preparation of the radical anion salts of (−)-NDI- with cyclic multidentate 

ligands.  

 

 In Chapter 4, the author focuses on novel structures formed by using alkali metal 

complexes of multidentate ligands as bulky cations. Novel chiral 3D structures formed 

by the radical anions of (−)-NDI- are revealed to be induced by multidentate ligands, 

and the detailed analysis of the crystal components is described. The electronic, magnetic, 

and thermal properties of these radical anion salts are also described. 

 

4.2 Preparation and X-ray Analysis of Radical Anion Salts of (−)-NDI- 

 

 Electrochemical crystallization of the radical anion salts of (−)-NDI- was carried 

out in PC electrolyte solutions containing cyclic multidentate ligands. Scheme 4.2 shows 

the three multidentate ligands, 18-crown-6, 15-crown-5, and 2,2,2-cryptand, used in the 

electrocrystallization. Table 4.1 lists the crystallization conditions and the lattice 

parameters of the obtained crystals. The electrolytes and the ligands were mixed with the 
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molar ratios of 1:2 for 15-crown-5 and 18-crown-6, and of 1:1 for 2,2,2-cryptand. The 

radical anion salts were obtained as black block or black needle crystals.  

 

 

Scheme 4.2. Cyclic multidentate ligands used in the electrocrystallization. 

 

Table 4.1. Combinations of the electrolytes and the multidentate ligands used for the 

crystallization of the (−)-NDI- radical anion salts, crystal habits, and lattice parameters 

and crystal systems of the obtained crystals. 

15-crown-5 

Electrolyte Crystal habit Lattice parameters Crystal system 

Na•ClO4 No crystal n/a n/a 

K•ClO4 

Black block 

a = 30.5216(6) Å 

Cubic, I4132 Rb•ClO4 a = 30.5208(6) Å 

Cs•ClO4 a = 30.6354(8) Å 

18-crown-6 

K•ClO4 

Black block 

a = b = 57.4679(10) Å, 

c = 29.3139(5) Å 
Tetragonal, I41 

Rb•ClO4 
a = b = 57.3567(10) Å, 

c = 29.2250(5) Å 

Cs•ClO4 

Black block a = 30.7813(8) Å Cubic, I4132 

Black needle n/a n/a 

2,2,2-cryptand 

K•ClO4 
Black block 

a = 30.7625(6) Å 
Cubic, I4132 

Rb•ClO4 a = 30.8007(6) Å  
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The crystals grown with 15-crown-5 or 2,2,2-cryptand, belong to the cubic space group 

of I4132 with a = 30.5–30.8 Å. This space group is the same as that for the K4 structure, 

and the values of the lattice constant a are nearly the same as those for the K4 crystals in 

Section 2.3. On the other hand, the crystals grown with 18-crown-6, and K•ClO4 or 

Rb•ClO4, belong to the tetragonal space group of I41. 

 The detailed X-ray analyses were carried out for the obtained crystals belonging 

to the tetragonal space group. The structural refinement was successful only for the crystal 

of the Rb@18-crown-6 salt of (−)-NDI- highlighted in red in Table 4.1. Hereafter, the 

author calls it [Rb@crown]x[(−)-NDI-]. Since the structure of this salt had a large void 

space, the electron densities in the cavity were flattened by using the SQUEEZE 

subroutine of PLATON,157 and only the 3D framework of the (−)-NDI- radical anions, 

and the Rb ions, 18-crown-6 molecules, and PCs near the (−)-NDI- radical anions were 

refined. Tables 4.2 and 4.3 show the selected crystallographic parameters before and after 

the SQUEEZE, and the crystallographic data after the SQUEEZE, respectively. After the 

SQUEEZE procedure, the reliability factors were significantly improved. 

 

Table 4.2. Selected crystallographic parameters before and after the SQUEEZE 

procedure for [Rb@crown]x[(−)-NDI-]. 

 non-SQUEEZE SQUEEZE 

R1 [I > 2(I)] 0.1823 0.0472 

R (all data) 0.2326 0.0950 

wR2 (all data) 0.4454 0.1611 

Goodness of fit 1.467 0.874 

Flack parameter 0.059(4) 0.027(4) 
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Table 4.3. Crystallographic data for [Rb@crown]x[(−)-NDI-]. 

Formula C224H210N18O60Rb3.94 

Formula weight / g mol−1 4448.39 

Temperature / K 123 

Crystal dimensions / mm3 0.26 × 0.24 × 0.16 

System Tetragonal 

Space group I41 (#80) 

a / Å 57.3567(10) 

c / Å 29.2250(5) 

V / Å3 96144(3) 

Z 8 

calcd / g cm−3 0.615 

 (CuK) / cm−1 8.274 

 / Å 1.54187 

2max / ° 136.5 

Reflections collected 904631 

Unique reflections (Rint) 87867 (0.0495) 

Number of parameters 2793 

Number of restraints 282 

Final R1 [I > 2(I)] 0.0472 

wR2 (all data) 0.1611 

Goodness of fit 0.874 

Flack parameter 0.027(4) 

Residual electron density / Å−3 0.26 e−  

 

 The left figure in Figure 4.1(a) shows two asymmetric units of [Rb@crown]x[(−)-

NDI-], in which one asymmetric unit consists of three (−)-NDI- molecules, three 18-

crown-6 molecules, 3.94 Rb ions, and 2PCs. In the right figure in Figure 4.1(a), the 

centroids of the (−)-NDI- molecules and the interactions between them, are represented 

by the balls and sticks, respectively. The numbers in this figure represent five non-

equivalent intermolecular interactions between the (−)-NDI- radical anions. They have 

3-way - interactions, and the pairs of the (−)-NDI- and 18-crown-6 molecules, drawn  
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Figure 4.1. Crystal structure of [Rb@crown]x[(−)-NDI-]. A part of this figure is made 

by VESTA.96 (a) Local structure, which includes the two asymmetric units. The right 

figure shows a schematic view, in which the balls and sticks represent the centroids for 

each (−)-NDI- and the interactions between the (−)-NDI- radical anions, respectively. 

(b) Coordination structure in the green part. (c) Five non-equivalent intermolecular 

arrangements. (d) Projection of the crystal structure along the c axis. 

 

in green and blue, include coordination bondings to the Rb ions. Figure 4.1(b) shows the 

coordination structure in the green part in Figure 4.1(a). The Rb ion is coordinated from 

the (S)-PC, 18-crown-6, and (−)-NDI-. The similar coordination geometry is observed 

in the blue part, in which the PC can be analyzed as a mixture of (S)-PC and (R)-PC with 
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the occupancy factors of 0.757(5) and 0.243(5), respectively. Figure 4.1(c) shows the five 

non-equivalent intermolecular arrangements. Four of the five arrangements show - 

interactions characterized by two types of chiral dimers, (M)- and (P)-helical dimers. The 

twisted angles of 66–69° are slightly smaller than that of the K4 structure (70.5°), and the 

short interplanar distances of 3.2–3.3 Å between the NDI units are observed. The 

coexistence of the two chiral arrangements is in stark contrast to the K4 and 1D helical 

structures138 of (−)-NDI- which contain only (M)-helical dimers. On the other hand, the 

intermolecular arrangement shown in orange doesn’t include - interactions. The orange 

NDI units within the red circle shows a dihedral angle of 43°, which is much smaller than 

the cross angle of 60° in a regular triangle. This suggests that the intermolecular 

interaction between the orange NDI units is stronger than the intramolecular interaction 

in (−)-NDI-. Figure 4.1(d) shows the projection of the crystal structure along the c axis, 

which includes a 3D network structure of (−)-NDI-. For clarify, the schematic views of 

the overall structure are shown below. 

 Figures 4.2(a) and 4.2(b) show a comparison between the schematic views of the 

structures of [Rb@crown]x[(−)-NDI-] viewed along the c and a axes, respectively. All 

of the (−)-NDI- molecules are connected by the - interactions, forming a 3D network 

structure with a huge 3D cavity with a void fraction of 63%. In Figure 4.2(b), the left-

handed (M)- and right-handed (P)-helices are formed along the c axis, and these helices 

are connected by the orange parts. The coexistence of the two types of helices formed by 

the - interactions is a very interesting feature of this structure. Though a single chiral 

(−)-NDI-is used in the crystallization, its molecular chirality is no longer transferred to 

the supramolecular chirality. The formation of the two types of chiral helices formed by 

the single chiral molecules is very rare.  
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Figure 4.2. Comparison between the schematic views of [Rb@crown]x[(−)-NDI-]  

viewed along the c (a) and a axes (b). This figure is made by VESTA.96 

 

 

Figure 4.3. Positions and occupancy factors of the Rb ions in [Rb@crown]x[(−)-NDI-]. 

 

 Next, the positions and occupancy factors of the Rb ions in [Rb@crown]x[(−)-

NDI-] are described. Figure 4.3 shows the positions of the Rb ions in this salt, where 

the six non-equivalent Rb ions are present. Table 4.4 lists the occupancy factors of the Rb 

ions. The occupancy factors of the Rb ions, Rb3-Rb6, are smaller than 1, indicating that 

the positions of the Rb ions are disordered and their distributions are inhomogeneous. The 

valence of (−)-NDI- is calculated from the occupancy factors of the Rb ions, Rb1-Rb4, 

and Rb6, which are coordinated from the (−)-NDI- molecules. Table 4.5 lists the valence 
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of the (−)-NDI- radical anions. Presumably, they are mono radical anions, but due to the 

inhomogeneous distribution of the Rb ions, the detailed discussion on the solid-state 

properties is difficult. 

 

Table 4.4. Occupancy factors of the Rb ions in [Rb@crown]x[(−)-NDI-]. 

Rb1 Rb2 Rb3 Rb4 Rb5 Rb6 

1 1 0.722(3) 0.540(3) 0.474(2) 0.203(3) 

 

Table 4.5. Valence of the (−)-NDI- radical anions estimated by the Rb ions around 

them in [Rb@crown]x[(−)-NDI-]. 

Green Orange Blue 

−1 −1.26 −1.20 

 

 At last, the formation of the novel 3D crystal is discussed, on the basis of the 

crystal structure and the formation constants of alkali metal salt complexes with the 

multidentate ligands. Reported formation constants of the alkali metal ions with the crown 

ethers and the cryptand suggest the expected numbers of the multidentate ligands 

coordinated to the metal ions under the crystallization conditions.209–214 From these 

knowledge, K, Rb, and Cs ions are expected to be fully encapsulated by 15-crown-5 and 

2,2,2-cryptand with 1:2 sandwich-type coordination (Scheme 4.3(a)) and 1:1 cage-type 

coordination, respectively. On the other hand, K, Rb, and Cs ions with 18-crown-6 are 

expected to leave accessible coordination sites by forming 1:1 coordination as shown in 

Scheme 4.3(b). This expectation well agrees with the coordination structure observed in 

[Rb@crown]x[(−)-NDI-] (See Figure 4.1(b)). The coordination structure of the 18-

crown-6 molecules to the Rb ions is considered as an important factor to induce the 

present 3D structure. 
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Scheme 4.3. Schematic structures of the sandwich-type (a) and 1:1 complexes (b) of 

crown ethers. 

 

4.3 Characterization of Rb@18-crown-6 Salt 

   

 In Section 4.2, the X-ray analysis revealed the 3D network structure formed by 

the (−)-NDI- radical anions, characterized by the two types of helices with different 

chirality. In this section, the chemical components of [Rb@crown]x[(−)-NDI-] are 

discussed, on the basis of the results of elemental analysis and IR, EDX, and UV-VIS-

NIR measurements. 

 

 

Figure 4.4. IR spectra for the neutral (−)-NDI- and [Rb@crown]x[(−)-NDI-]. 

Comparison between the C=O stretching vibrations of the neutral (−)-NDI- and 

[Rb@crown]x[(−)-NDI-]. 
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 Figure 4.4 shows the IR spectra for the neutral (−)-NDI- and [Rb@crown]x[(−)-

NDI-]. The frequencies of the Rb salt are lower than those of the neutral (−)-NDI- as 

seen for the Rb and TBA salts in Chapters 2 and 3. The results of the elemental analysis 

for [Rb@crown]x[(−)-NDI-] are shown in Table 4.6. The elements except for C, H, and 

N occupy 32.65 wt%. Figure 4.5 shows the EDX spectrum for [Rb@crown]x[(−)-NDI-], 

indicating the presence of Rb ions and the absence of ClO4
− ions. Although the whole 

chemical formula of [Rb@crown]x[(−)-NDI-] were not figured out probably due to the 

presence of water (See Figure 4.6(a) and the description below), it can be concluded that 

(−)-NDI- occupies 53.15 wt% of this salt, from the N wt-ratio



Table 4.6. Results of the elemental analysis of [Rb@crown]x[(−)-NDI-].

C H N Others 

57.50% 5.55% 4.30% 32.65% 

 

  

Figure 4.5. EDX spectrum for [Rb@crown]x[(−)-NDI-]. 

 

 To figure out the radical character of the (−)-NDI-Δ radical anions, the IR and 

UV-VIS-NIR diffuse reflectance spectra were measured for [Rb@crown]x[(−)-NDI-]. 
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Figure 4.6(a) shows the IR spectra for the neutral (−)-NDI-Δ and [Rb@crown]x[(−)-NDI-

]. The spectrum for [Rb@crown]x[(−)-NDI-] indicates a broad band around 0.6 eV 

accompanied by a narrower band between 0.4 and 0.5 eV. The narrower band is assignable 

to O–H stretching vibrations broadened by hydrogen bonds, suggesting the presence of 

water in this salt. The diffuse reflectance spectrum for [Rb@crown]x[(−)-NDI-] in 

Figure 4.6(b) shows that this broad band continues to 1.2 eV and another broad band 

appears in the range of 1.5–3.0 eV. The band in the higher-energy region is similar to that 

in the radical anions of various NDIs in solution.138,140,163,175,176 This indicates the 

presence of the (−)-NDI-Δ radical anions in the TBA salt. The band in the lower-energy 

region (0.6 eV) is characteristic of the solid-state, which is similar to that in the TBA salt 

(0.5 eV) described in Section 3.2.3. This band could have the similar origin as discussed 

in Section 3.4. 



 

Figure 4.6. IR (a) and UV-VIS-NIR diffuse reflectance spectra (b) for the neutral (−)-

NDI-Δ and [Rb@crown]x[(−)-NDI-].  
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4.4 Magnetic, Electronic, and Thermal Properties of Rb@18-crown-6 

Salt 

 

 In this section, the magnetic, electronic, and thermal properties of the present 3D 

structure are described. The magnetic susceptibility was measured for polycrystalline 

samples of [Rb@crown]x[(−)-NDI-]. Figure 4.7 shows the temperature dependence of 

the paramagnetic susceptibility. This data was fitted with the Curie Weiss law and the 

fitting parameters are estimated as C = 1.5 × 10−4 emu K g−1 and  = −7.6 K. This negative 

Weiss constant indicates an antiferromagnetic interaction. The molar Curie constant is 

estimated as 0.30 emu K mol−1 by using the ratios of (−)-NDI-Δ estimated from the 

elemental analysis in Section 4.3. This value is 80% of the theoretical one for S = 1/2 

spins with g = 2, indicating that (−)-NDI-Δ is in a mono radical state. This is nearly 

consistent with the valence of (−)-NDI-Δ suggested from the X-ray analysis. 

 

 

Figure 4.7. Temperature dependence of the paramagnetic susceptibility p for 

[Rb@crown]x[(−)-NDI-]. 
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 The temperature dependence of the conductivity for [Rb@crown]x[(−)-NDI-] 

was measured on a single crystal with a two-probe method along the c-axis (Figure 4.8). 

The theoretical fit to the experimental data with Eq. (2.1) gives an activation energy of 

0.2 eV. The insulating property is consistent with the Curie-Weiss behavior in the 

magnetic measurements. 

 

 

Figure 4.8. Temperature dependence of the conductivity for [Rb@crown]x[(−)-NDI-] 

along the c-axis in the temperature range of 250–300 K.  

 

 The magnetic and conductivity measurements indicated a localized-electron 

nature of [Rb@crown]x[(−)-NDI-]. This electron localization could cause a spin 

frustration in the present system in a similar manner as discussed in the TBA salt in 

Chapter 3. Thus, the temperature dependence of the heat capacity was measured for 

[Rb@crown]x[(−)-NDI-] to examine a gapless excitation related to spin frustration. 

Figure 4.9(a) shows the temperature dependence of the heat capacity cp
 for 

[Rb@crown]x[(−)-NDI-] in the temperature range of 2–50 K. The values of cp gradually 

decrease with decreasing temperature, and no long-range magnetic ordering is observed 

in this measurement. Figure 4.9(b) shows cp/T vs T2 plots in the low-temperature range. 
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The red line shows a linear relation between cp/T and T2 and the fitting parameters are 

estimated with Eq. (3.8) as follows:  = 0.032 mJ K−4 g−1 and = 0.074 mJ K−1 g−1. These 

values can be converted to  = 63 mJ K−4 mol−1 and = 144 mJ K−1 mol−1 by using the 

ratios of (−)-NDI-Δ estimated from the elemental analysis. This large  value indicates a 

gapless excitation in this system. It is worth noting that, although the present system 

includes a structural disorder in the void space, the contribution from such randomness 

would be negligible compared to the observed value, because the typical  values for the 

structurally glassy organic materials are lower than 0.028 mJ K−2 g−1.215 Since the present 

system is insulating, the gapless excitation could be related to the spin frustration. 

 

 
Figure. 4.9. (a) Temperature dependence of the heat capacity cp for [Rb@crown]x[(−)-

NDI-]. (b) cp/T vs T2 plots in the low-temperature range.  

 

4.5 Conclusion 

 

 Black block or black needle crystals of the radical anion salts of (−)-NDI- were 

successfully grown in the PC solutions of the alkali electrolytes and the cyclic 

multidentate ligands. The X-ray analyses for the crystals grown with the 18-crown-6 
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molecules with Rb or K ions exhibited the tetragonal space group of I41, which is different 

from that for the K4 crystals. 

 The X-ray structural analysis of [Rb@crown]x[(−)-NDI-] revealed the novel 3D 

network of the radical anions of (−)-NDI- with the helices of two different chirality 

The coordination structure of the 18-crown-6, PC, and (−)-NDI- to the Rb ions was 

solved, and the two types of chiral dimers, (P)- and (M)-helical dimers, were observed. 

The two types of chiral dimers led to the coexistence of the helices of two different 

chirality which were formed by the - interactions between the chiral (− )-NDI- 

molecules. The coordination structure of the 18-crown-6 molecules to the Rb ions is 

considered as an important factor to induce the present 3D structure. The inhomogeneous 

distribution of the Rb ions was also observed. 

 The chemical components of [Rb@crown]x[(−)-NDI-] were analyzed by the 

elemental analysis and IR, EDX, and UV-VIS-NIR measurements. The results of the 

elemental analysis indicated that 53.12% of this salt was (−)-NDI-Δ. The IR and UV-VIS-

NIR measurements indicated the presence of the radical anions of (−)-NDI-Δ and the 

broad band which was characteristic of the solid-state. 

 The temperature dependence of the paramagnetic susceptibility for 

[Rb@crown]x[(−)-NDI-] showed the Curie-Weiss behavior with an antiferromagnetic 

interaction of −7.6 K and a molar Curie constant of 0.30 emu K mol−1. This Curie constant 

roughly agreed with that of S = 1/2 spins with g = 2. The temperature dependence of the 

conductivity for [Rb@crown]x[(−)-NDI-] showed insulating properties. These 

electronic and magnetic measurements indicated the localized-electron nature of this 

system. The temperature dependence of the heat capacity for [Rb@crown]x[(−)-NDI-] 

showed no indication of magnetic ordering down to 2 K, and the presence of the linear 
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heat capacity coefficient  was revealed. Though the valence of (−)-NDI- was not clear, 

the finite  value along with the insulating properties suggested the spin frustration in this 

system. 

 

4.6 Experimental Section 

 

 Unless otherwise noted, all chemicals were used without further purification. 15-

crown-5, 18-crown-6, 2,2,2-cryptand, HClO4, Rb•Cl, Cs•Cl, and K•ClO4 were purchased 

from Waco Pure Chemical Industries, Ltd. PC was purchased from Tokyo Chemical 

Industry Co., Ltd., and was dried with molecular sieves 4A 1/16 (Waco Pure Chemical 

Industries, Ltd.) before use. 18-crown-6 and 2,2,2-cryptand were roughly dried under 

vacuum for an hour right before use. (−)-NDI-Rb•ClO4, and Cs•ClO4 were prepared 

with the same procedures as described in Section 2.8.  

 

4.6.1 Preparation of (−)-NDI- Radical Anion Salts 

 Electrolyte solutions of PC containing electrolytes and cyclic multidentate ligands 

(18-crown-6 or 15-crown-5 or 2,2,2-cryptand) were prepared. The concentration of the 

electrolyte was set to 0.1 M, and the electrolyte and the ligand were mixed with the molar 

ratios of 1:2 for 15-crown-5 and 18-crown-6, and of 1:1 for 2,2,2-cryptand. (−)-NDI- 

was placed on the cathode side of the glass cells, and the electrocrytallization was carried 

out with the same procedure as described in Section 2.8.1. The crystals used for magnetic, 

electronic, and thermal measurements were washed several times with PC in an N2 

atmosphere, and were dried under vacuum. Elemental analysis and IR, EDX, and diffuse 
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reflectance UV-VIS-NIR measurements for [Rb@crown]x[(−)-NDI-] were carried out 

with the same procedures as described in Sections 2.8.1 and 3.9.1. 

 

4.6.2 X-ray Structural Analysis 

 The X-ray diffraction data were collected on a Rigaku R-AXIS RAPID 

diffractometer equipped with a MicroMax007HF microfocus generator, a VariMax DW 

optic, and a RAPID IP detector by using Cu-Kα radiation ( = 1.54187 Å) under a cold 

nitrogen stream at 123 K. No diffraction spot was observed at high-angle regions (< 0.99 

Å) as shown in Figure 4.10.  

 

 

Figure 4.10. X-ray diffraction image of [Rb@crown]x[(−)-NDI-]. 

 

The frame data were integrated and corrected for absorption with the Rigaku RAPID 

AUTO package.190 The structure was solved by direct method (SHELXS97170) and 

standard difference map techniques, and was refined with full-matrix least-square 

procedures on F2. All calculations were performed using the crystallographic software 
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package, Crystal Structure,216 except for refinement, which was performed using 

SHELXL Version 2016/4.170 Anisotropic refinement was applied to all non-hydrogen 

atoms. A part of a disordered (−)-NDI-Δ was refined with restraints on the anisotropic 

displacement parameters (SIMU and DELU commands). A disordered PC was refined 

with restraints on the bond lengths (DFIX and DANG commands) and constraints on the 

anisotropic displacement parameters (EADP commands). All hydrogen atoms were 

placed at calculated positions and refined using a riding model. The electron densities in 

the 3D cavity were flattened, using the SQUEEZE subroutine of PLATON,157 and only 

the 3D network structure of (−)-NDI-Δ radical anions, and Rb ions, PCs, and 18-crown-

6 molecules near (−)-NDI-Δ, were refined.  

 

4.6.3 Magnetic, Electronic, and Heat-capacity Measurements 

 Magnetic and conductivity measurements were carried out with the same 

procedures as described in Section 2.8.3. Heat-capacity measurements were carried out 

in the temperature range of 2–50 K on a PPMS and the data were calibrated with copper 

as described in Section 3.9.4. 
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Chapter 5 Supramolecular Crystal Structures of Charge-

Transfer Complexes of (−)-NDI- 

 

 

5.1 Introduction 

 

 Dimensionality is one of the most important factors for molecular conductors and 

magnets, as described in Sections 1.1 and 1.2. Development of molecular conductors and 

magnets is accompanied by an increase in the dimensionality of the intermolecular 

interactions, and the radical anion complexes of C60 are successful 3D materials which 

exhibit high-Tc-superconductivity37,38 and ferromagnetism.39,40 Usual planar aromatic 

molecules tend to be stacked 1D to form face-to-face stacking columns in their crystals. 

Even though the low dimensionality can induce the unusual properties such as low-

dimensional magnetism30,31 and Peierls instability,7,8 they are not suitable to realize 3D 

interactions. One approach to control the dimensionality is proposed by Inabe et al.51,52 

They have developed the radical cation salts of axially-ligated phthalocyanines, in which 

the steric hindrance of the coordinated CN− ions induced the 1D and 2D - stacking 

structures. In their works, the different dimensionality was an important factor to govern 

the electronic and magnetic properties. 

 In the previous chapters, the excellent ability of (−)-NDI- as a building block for 

3D crystals was indicated. In addition to the 3D structures, (−)-NDI- may also form 1D 

and 2D structures by the - interactions between the triangles. Use of charge-transfer 

(CT) interactions between donor and acceptor molecules is an important approach to 
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make molecular conductors and magnets. Thus, the triangular molecule along with the 

CT interactions may result in novel crystal packings with novel functionality. 

 In Chapter 5, the author firstly describes the preparation and the X-ray analyses 

of single crystals of CT complexes of (−)-NDI-. Packing motifs of these crystals are 

much different from those of usual CT complexes due to the triangular shape of (−)-NDI-

, and the dimensionality in them is significantly affected by solvents and donor 

molecules. The diffuse reflectance spectra of the CT complexes are described to discuss 

the CT interactions between (−)-NDI- and donor molecules.  

 

5.2 Preparation and X-ray Analysis of CT Complexes of (−)-NDI-

 

 In this section, the crystal structures of the CT complexes between (−)-NDI- and 

donor molecules are described. The CT complexes of (−)-NDI- were prepared with the 

following donors, TTF, perylene, and pyrene, by slow evaporation of the solutions of the 

parent compounds. Table 5.1 lists the crystallization conditions and the obtained crystals. 

1,2-dichloroethane (DCE) and 1,2-dibromoethane (DBE) were used as solvents to control 

the structures by halogen-halogen interactions. The single crystals of the eight CT 

complexes were obtained and the X-ray analyses were carried out for these crystals. Four 

of the eight crystals were successfully analyzed, and the chemical formulae in Table 5.1 

correspond to the asymmetric units of these complexes. The structural analyses of the 

other crystals were not successful due to a significant disorder of the solvents and the 

degradation of the crystallinity caused by the solvent loss. 
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Table 5.1. Combinations of the donors and the solvents used for the crystallization of the 

CT complexes of (−)-NDI-. 

TTF 

Solvent Crystal habit Chemical Formula 

CH3CN Green block  [(−)-NDI-]2[TTF]4•6(CH3CN) 

DCE Green needle [(−)-NDI-]2[TTF]2•6(DCE) 

DBE Brown precipitation n/a 

Perylene (Pery) 

CH3CN Green needle  [(−)-NDI-]4[Pery]5•6(CH3CN) 

DCE 
Green block  

n/a 

DBE n/a 

Pyrene (Py) 

CH3CN Red needle [(−)-NDI-][Py] 

DCE 
Red block 

n/a 

DBE n/a 

 

5.2.1 TTF Complexes 

 Table 5.2 lists the crystallographic data for the TTF complexes, [(−)-NDI-

]2[TTF]4•6(CH3CN) and [(−)-NDI-]2[TTF]2•6(DCE). The electron densities 

corresponding to the disordered solvents in [(−)-NDI-]2[TTF]4•6(CH3CN) were 

flattened by using SQUEEZE subroutine of PLATON.157 These crystals belong to the 

same space group, the P1, though their crystal packings are completely different. Figure 

5.1(a) shows the asymmetric unit of [(−)-NDI-]2[TTF]4•6(CH3CN). The asymmetric 

unit consists of four TTFs, and two (−)-NDI- and six CH3CN molecules. Each (−)-NDI-

 molecule has - interactions with two TTFs, and no continuous 1D - stacking is 

observed between the donor and acceptor molecules. Figures 5.1(b) and 5.1(c) show a 

dimeric stacked structure formed between two (−)-NDI- molecules viewed along the 

stacking direction and the side view of the stacking, respectively. The C–H···O hydrogen 

bonds are observed between the dimeric (−)-NDI- molecules.  
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Table 5.2. Crystallographic data for the TTF complexes. 

 [(−)-NDI-]2 

[TTF]4•6(CH3CN) 

[(−)-NDI-]2 

[TTF]2•6(DCE) 

Formula C78H59N9O12S8 C72H48Cl6N6O12S4 

Formula weight / g mol−1 1570.86  1530.16 

Temperature / K 123 150 

Crystal dimensions / mm3 0.14 × 0.11 × 0.09 0.20 × 0.04 × 0.04 

System Triclinic Triclinic 

Space group P1 (#1) P1 (#1) 

a / Å 16.1474(13) 14.8839(3) 

b / Å 16.3258(13) 15.4960(3) 

c / Å 17.0746(13) 15.6262(3) 

/ ° 68.987(4) 99.2960(7) 

/ ° 67.837(4) 104.0400(7) 

/ ° 70.889(4) 94.5410(7) 

V / Å3 3794.1(5) 3423.99(11) 

Z 2 2 

calcd / g cm−3 1.375 1.484 

 / cm−1 3.033 (MoK) 40.022 (CuK) 

 / Å 0.71070 1.54187 

2max / ° 55.0 136.5 

Reflections collected 30597 62570 

Unique reflections (Rint) 23427 (0.0230) 22547 (0.0810) 

Number of parameters 1933 1812 

Number of restraints  16 

Final R1 [I > 2(I)] 0.0472 0.0827 

wR2 (all data) 0.1139 0.2497 

Goodness of fit 1.046 1.068 

Flack parameter 0.03(3) 0.030(12) 

Residual electron density / Å−3 1.03 e−  0.52 e− 

Void fraction 9.4%  
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Figure 5.1. Crystal structure of [(−)-NDI-]2[TTF]4•6(CH3CN). CH3CN molecules are 

omitted for clarify. (a) Asymmetric unit, (b) dimeric stacked structure of the two (−)-NDI-

 molecules, and (c) C–H···O hydrogen bonds between the (−)-NDI- molecules in the 

dimer. 

 

 Next, the crystal structure of [(−)-NDI-]2[TTF]2•6(DCE) is described. Figure 

5.2(a) shows a 1D columnar stacking formed between the (−)-NDI- molecules along the 

c axis. Along this stacking direction, the C–H···O hydrogen bonds are observed in a 

similar fashion as seen in [(−)-NDI-]2[TTF]4•6(CH3CN). Liu et al.141 discuss this type 

of 1D columnar stacking of (−)-NDI-, on the basis of the C–H···O hydrogen bonds 

between (−)-NDI- molecules and the halogen-halogen interactions between DCE or 

DBE molecules in the cavity (see Section 1.5). In the present crystal, [(−)-NDI-

]2[TTF]2•6(DCE), the 1D cavity space incorporates DCE molecules, while no short 

contact between the Cl atoms is observed. Thus, the halogen-halogen interactions may 

not be important for the 1D columnar stacking in this crystal. Regarding the - 

interactions, each (−)-NDI- molecule has - interactions with one TTF. It is notable 

that all of the NDI units don’t show the - interactions with the TTFs. This is much 

different from usual CT complexes in which all of the donor and acceptor molecules show 

- interactions. Figure 5.2(b) shows the projection of the structure along the [001̅ ] 

direction, indicating no - interaction between the 1D stacking columns.  
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Figure 5.2. 1D columnar stacking of (−)-NDI- along the c axis (a), and projection of the 

structure along the [001̅] direction (b) in [(−)-NDI-]2[TTF]2•6(DCE). 

 

 The degree of the CT  is estimated by the empirical method;217 the  values can 

be calculated by using the lengths of C=C bond, and C-S bonds next to the C-C double 

bond in TTF. Table 5.3 lists the obtained values of , which indicate that they are neutral 

CT complexes.   

 

Table 5.3. Degree of the CT  of the TTF complexes of (−)-NDI- 

 No.  

[(−)-NDI-]2[TTF]4•6(CH3CN)  

1 −0.13 

2  0.07 

3  0.08 

4  0.18 

[(−)-NDI-]2[TTF]2•6(DCE) 
1  0.25 

2  0.31 

 

5.2.2 Pyrene and Perylene Complexes 

 In this section, the crystal structures of the pyrene and perylene complexes of (−)-

NDI- are described for comparison with those of the TTF complexes. Table 5.4 lists the 

crystallographic data for [(−)-NDI-][Py] and [(−)-NDI-]4[Pery]5•6(CH3CN). The 
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electron densities corresponding to the disordered solvents were flattened by using 

SQUEEZE subroutine of PLATON.157 Figure 5.3 shows the crystal structure of [(−)-NDI-

][Py]. In Figure 5.3(a), the pyrene and (−)-NDI- molecules are alternately stacked 

along the b axis, and a 1D donor-acceptor chain is formed along this direction. The (−)-

NDI- molecules exhibit 2-way - interactions with the pyrenes. Figure 5.3(b) shows 

the projection of the structure along the [01̅ 0] direction, which indicates that the 1D 

donor-acceptor chains are packed in a herringbone manner.  

 Next, the crystal structure of [(−)-NDI-]4[Pery]5•6(CH3CN) is described. Figure 

5.4(a) shows a layer structure formed by perylene and (−)-NDI-. Two of the four non-

equivalent (−)-NDI- molecules exhibit 3-way - interactions and the others exhibit 2-

way - interactions. These interactions result in a hexagonal structure expanding to one 

direction, and there is no - interaction between the orange and red triangles. This 

structure is similar to that of graphene nanoribbons which are strips of graphene. Thus, 

the structure is not regarded as a honeycomb lattice, but as a molecule-based “graphene 

nanoribbon.” The hexagonal structure is a unique structure, which strongly reflects the 

triangle shape of (−)-NDI- Figure 5.4(b) shows the intralayer arrangement. Interestingly, 

the relative positions of the perylenes to the NDI units show three types of positions, up, 

middle, and down. Figure 5.4(c) shows the interlayer arrangement. The next layers don’t 

show eclipsed overlap; (−)-NDI- molecules in the next layer exist above the perylenes. 

A part of the perylenes with the up and down positions exist in the intramolecular cavities 

of (−)-NDI-, having short contacts with the NDI units inside the (−)-NDI- molecules.  
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Table 5.4. Crystallographic data for the pyrene and perylene complexes. 

 [(−)-NDI-][Py] [(−)-NDI-]4 

[Pery]5•6(CH3CN) 

Formula C76H52N6O12 C352H246N30O48 

Formula weight / g mol−1 1241.28  5663.99 

Temperature / K 150 150 

Crystal dimensions / mm3 0.20 × 0.08 × 0.08 0.22 × 0.10 × 0.06 

System Orthorhombic Triclinic 

Space group P212121 (#19) P1 (#1) 

a / Å 10.65206(19) 17.0594(3) 

b / Å 24.2875(4) 20.5183(4) 

c / Å 25.5866(5) 25.0511(5) 

/ °  64.9140(7) 

/ °  87.3550(7) 

/ °  85.4830(7) 

V / Å3 6619.6(2) 7916.1(3) 

Z 4 1 

calcd / g cm−3 1.245 1.188 

(MoK) / cm−1 6.994  6.528 

 / Å 1.54187 1.54187 

2max / ° 136.4 136.5 

Reflections collected 121984 145542 

Unique reflections (Rint) 12108 (0.0628) 52196 (0.0472) 

Number of parameters 847 3877 

Final R1 [I > 2(I)] 0.0496 0.0579 

wR2 (all data) 0.1138 0.1430 

Goodness of fit 1.047 0.943 

Flack parameter 0.13(8) 0.16(6) 

Residual electron density / Å−3 0.19 e−  0.20 e− 

Void fraction 20.7% 21.4% 
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Figure 5.3. Crystal structure of [(−)-NDI-][Py]. CH3CN molecules are omitted for 

clarify. (a) 1D donor-acceptor alternated chain along the b axis, and (b) herringbone 

packing of the 1D chains viewed along the [01̅0] direction. 

 

 

Figure 5.4. Hexagonal structure formed by the CT interactions between the perylene and 

(−)-NDI- molecules (a), intralayer arrangement (b), and interlayer arrangement (c) in 

[(−)-NDI-]4[Pery]5•6(CH3CN). CH3CN molecules are omitted for clarify. 
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5.3 Diffuse Reflectance Spectra of CT Complexes 

 

 In the previous chapter, the formation of the CT crystals between (−)-NDI- and 

the donor molecules were revealed by X-ray analysis. In this chapter, the diffuse 

reflectance measurements were carried out for the CT crystals to discuss the CT 

interactions between (−)-NDI- and the donor molecules. The UV-VIS-NIR diffuse 

reflectance spectra were measured for [(−)-NDI-]2[TTF]4•6(CH3CN), [(−)-NDI-][Py], 

and [(−)-NDI-]4[Pery]5•6(CH3CN). Note that the PXRD spectra of the grinded samples 

of these complexes didn’t show any signals, indicating that their crystallinity were lost 

probably due to the solvent loss. Figure 5.5 shows the UV-VIS-NIR diffuse reflectance 

spectra of these complexes. The red curves show broad absorptions which are 

characteristic of the CT interactions. Table 5.5 lists the peak wavelength and the potentials 

of the 0/+1 redox processes for the donor molecules. The CT complexes of the stronger 

donor molecules show the stronger red shifts of the CT bands, which is typical for usual 

CT complexes. TTF is the strongest donor among the three donor molecules, and the 

absorption energy for the TTF complex is ca. 1.5 eV (~ 800 nm). By considering the 

Torrance curve which is an empirical measure of the ionicity for CT complexes,220 this 

energy is far from the boundary between neutral and ionic CT complexes (~ 0.7 eV), 

indicating that these complexes are neutral CT complexes. This is consistent with the 

obtained values of CT estimated for the TTF complexes of (−)-NDI-, based on the bond 

lengths of TTFs. Thus, these CT complexes are not suitable to investigate the electronic 

and magnetic properties. 
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Figure 5.5. UV-VIS-NIR diffuse reflectance spectra for [(−)-NDI-]2[TTF]4•6(CH3CN) 

(a), [(−)-NDI-]4[Pery]5•6(CH3CN) (b), and [(−)-NDI-][Py] (c). The spectra for the 

parent compounds are also shown for comparison. 
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Table 5.5. Absorption data of the CT complexes of (−)-NDI- and the potentials of the 

0/+1 redox processes for the donor molecules.  

Donor max / nm Eox
1/2 / V vs. SCE 

TTF 808 0.40A 

Perylene 590 0.85B 

Pyrene 508 1.16B 

             A Ref. [218]. B Ref. [219]. 

 

5.4 Conclusion 

 

 The various CT crystals of the donors and (−)-NDI- were successfully grown in 

the various solvents, and their crystal structures with different crystal packings were 

solved by X-ray analysis. [(−)-NDI-]2[TTF]4•6(CH3CN) exhibited the dimeric stacked 

structure formed between the two (−)-NDI- molecules with the C–H···O hydrogen 

bonds. On the other hand, [(−)-NDI-]2[TTF]2•6(DCE) exhibited the 1D columnar 

stacking of the (−)-NDI- molecules. In these crystals, no continuous 1D - stacking 

was observed between the TTF and (−)-NDI- molecules. The degrees of the CT 

estimated for the TTF complexes indicated that they were neutral CT complexes.  

 [(−)-NDI-][Py] exhibited the 1D donor-acceptor alternated chains, which were 

packed in a herringbone manner. [(−)-NDI-]4[Pery]5•6(CH3CN) exhibited the 1D 

structures, which is regarded as a molecule-based “graphene nanoribbon.” These 

structures were characteristic of the triangular shape of (−)-NDI-, and much different 

from usual 1D alternated stacks of neutral CT complexes. The CT interactions between 

(−)-NDI- and the donor molecules were confirmed by the diffuse reflectance 

measurements for the TTF, pyrene, and perylene complexes of (−)-NDI-. The CT 
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complexes of the polyhedral -conjugated molecule showed the unique molecular 

arrangements, which are much different from those of usual planar molecules.    

 

5.5 Experimental Section 

 

 Unless otherwise noted, all chemicals were used without further purification. 1,2-

dichloroethane (DCE), and 1,2-dibromoethane (DBE) were purchased from Waco Pure 

Chemical Industries, Ltd. TTF, perylene, and pyrene were purchased from Tokyo 

Chemical Industry Co., Ltd. CH3CN was purchased from Nacalai Tesque, Inc. (−)-NDI-

 was prepared with the same procedures as described in Section 2.8.1. Diffuse 

reflectance UV-VIS-NIR spectra of CT complexes were measured with the same 

procedure as described in Section 3.9.1. Powder X-ray diffraction of CT complexes was 

carried out for the grinded samples on a Rigaku Multiflex by using Cu-K radiation.  

 The X-ray diffraction data of [(−)-NDI-]2[TTF]4•6(CH3CN) were collected on a 

Rigaku AFC-10 instrument equipped with a Saturn 70 CCD detector by using graphite-

monochromated Mo K radiation ( = 0.71075 Å) under a cold nitrogen stream at 123 

K. The X-ray diffraction data of [(−)-NDI-]2[TTF]2•6(DCE), [(−)-NDI-

]4[Pery]5•6(CH3CN), and [(−)-NDI-][Py] were collected on a Rigaku R-AXIS RAPID 

diffractometer equipped with a MicroMax007HF microfocus generator, a VariMax DW 

optic, and a RAPID IP detector by using Cu-K radiation ( = 1.54187 Å) under a cold 

nitrogen stream at 150 K. The frame data were integrated and corrected for absorption 

with the Rigaku/MSC Crystal Clear package221 or the Rigaku RAPID AUTO package.190 

The structures were solved by direct methods (SIR92,222 SHELXT Version 2014/5,223 and 

SHELXD Version 2013/2170) and standard difference map techniques, and were refined 
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with full-matrix least-square procedures on F2. All calculations were performed using the 

crystallographic software package, Crystal Structure,216 except for refinement, which was 

performed using SHELXL Version 2016/4.170 Anisotropic refinement was applied to all 

non-hydrogen atoms. DCE molecules including in [(−)-NDI-]2[TTF]2•6(DCE) was 

refined with restraints and constraints on the bond lengths (DFIX commands) and on the 

temperature parameters (EADP and SADI commands). All hydrogen atoms were placed 

at calculated positions and refined using a riding model. The electron densities 

corresponding to the disordered solvents were flattened, using the SQUEEZE subroutine 

of PLATON157 except for [(−)-NDI-]2[TTF]2•6(DCE).  
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Chapter 6 Conclusions 

 

 In this thesis, the radical anion salts and CT complexes of a triangular electron 

acceptor, (−)-NDI- were prepared and the unique crystal structures with the various 

dimensionality were revealed by X-ray analysis. Spin-frustrations in the hyperkagome 

lattices formed in the K4 crystals of (−)-NDI- were also examined to elucidate the nature 

of the 3D organic spin liquid. 

 In Chapter 2, the radical anion salts of (−)-NDI- were successfully prepared in 

the various electrolyte solutions. The X-ray analyses indicated the cubic space groups 

with the lattice constants of 29.9–30.9 Å, and the structural analysis of the Rb salt grown 

in PC revealed the K4 structure of the radical anions of (−)-NDI- formed only by the 

unique twisted 3-way - interactions. The chemical formula of Rb1.4[(−)-NDI- was 

also derived from the X-ray analysis. Further, fascinating features of the band structure 

(a metallic ground state, the Dirac cones, and the doubly degenerated flat bands) were 

predicted. However, the electronic and magnetic measurements indicated the localized-

electron nature of this system probably due to the weak intramolecular interaction. The 

obtained crystal is the first example of the organic-radical-based K4 crystals, and indicate 

polyhedral -conjugated molecules with triangular shape is a useful building block for 

making K4 crystals. 

 In Chapter 3, the spin-frustrations in the hyperkagome lattices formed in the K4 

crystals of (−)-NDI- were investigated. The structural analysis of the TBA salt grown in 

diglyme revealed the K4 structure with the chemical formula of (TBA)1.5[(−)-NDI-], 

indicating the valence of (−)-NDI- was −1.5. The determined valence along with the 

insulating ground state strongly indicated that the present system should be regarded as a 
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Mott dimer system and that the spin structure, formed by S = 1/2 unpaired electrons, 

should correspond to a hyperkagome lattice with spin frustration. The temperature 

dependences of the paramagnetic susceptibility and the 14N NMR signals indicated no 

long-range magnetic ordering down to 70 mK and 0.38 K, respectively, in spite of the 3D 

antiferromagnetic interactions with  = −15 K. The temperature dependence of the heat 

capacity indicated no magnetic ordering down to 68 mK and T0.62 dependence of the heat 

capacity for the spin liquid state. These magnetic and thermal properties strongly 

suggested the presence of spin frustration in the hyperkagome lattice and the formation 

of a spin liquid state. The theoretical understanding of the observed T0.62 dependence of 

the heat capacity in the present hyperkagome system is a future challenge. 

 In Chapter 4, the radical anion salts of (−)-NDI- were prepared in the PC 

solutions of the alkali electrolytes and the cyclic multidentate ligands. The tetragonal 

space group of I41 was observed for the crystals grown with the 18-crown-6 complexes 

of Rb or K ions. The X-ray structural analysis of [Rb@crown]x[(−)-NDI-] revealed the 

unusual 3D network of the radical anions of (−)-NDI- with the helices of two different 

chirality. The coordination structure of the 18-crown-6 molecules to the Rb ions were 

related to the structural formation. The solid-state properties suggested the presence of 

3D spin frustration in this system. 

 In Chapter 5, the CT complexes of (−)-NDI-were prepared with TTF, pyrene, 

and perylene, and the crystal structures with different dimensionality were solved by X-

ray analysis. The structures were characteristic of the triangular shape of (−)-NDI-, and 

much different from usual 1D alternated stacks of neutral CT complexes. 

 In conclusion, the crystal structures and the supramolecular chirality of the radical 

anion salts and CT complexes of (−)-NDI- were successfully modulated from 1D to 3D. 
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It is found that polyhedral -conjugated organic radicals can produce the exotic crystal 

structures with high symmetry. Development of novel polyhedral -conjugated molecules 

with strong donor (acceptor) moieties are useful to realize unusual solid-state properties 

with different dimensionality. 
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