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Chapter I  General Introduction 

Molecular spintronics, a technology developing both charge and spin degrees of freedom 

at the single-molecule scale, attracts increasing attention as a promising topic toward 

single-molecule magnets at both the fundamental and applied levels of study.1 One of the most 

promising materials in the field of molecular spintronics is single-molecule magnets 

(SMMs).2-11 SMMs can behave like nanoscale magnetic molecules in one molecule because of 

the large magnetic anisotropy. The major design strategy first employed for SMM studies was 

to use polymetallic transition-metal complexes with strong intramolecular exchange coupling. 

Longer magnetization relaxation times can be induced due to their large anisotropy and 

high-spin ground state. Since 2003, however, lanthanide-based SMMs have been getting a lot 

more attention as attractive molecules because of the extremely large anisotropy of lanthanide 

ions.12 Among many lanthanide complexes which show SMM properties, the family of 

phthalocyanine (Pc)-based TbIII double-decker compounds (TbPc2) show comparatively higher 

blocking temperatures.13  

Previously, the main topic in this field is the study to design new SMMs which show 

higher blocking temperature, and many SMMs with transition metals or lanthanide ions have 

been reported.2,4-7,11,13 As another interesting topic of SMMs, SMM behavior on a surface has 

been studied with enthusiasm,14-17 especially nanocarbon/SMM composites have great attention 

in these days.18,19 In this study, the idea of molecular spin-valve is very important and the 

magnetic state of SMMs by electrical signals has already been successfully detected. 

Nanocarbon/SMM composites seem great potential to realize future molecular spintronic 

devices like high-density memory devices. On the other hand there are a few studies about 

precise molecular alignment on a surface.20 To achieve the most appropriate molecular 

spintronic devices, investigating supramolecular structure of SMMs and controlling the SMM 

properties on a surface at molecular level is very important. 

Among many powerful tools to investigate surface structures, scanning tunneling 

microscopy (STM) is superior for measuring surface structure at single-molecule level or 
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single-atom level.21-38 In STM study, it is possible not only to observe supramolecular structure 

on a surface with high resolution image but also to manipulate the electronic state of a 

molecular at single-molecule level by injecting electrons from an STM tip.21-30 Indeed the 

electronic structure of TbPc2 on an Au(111) has already been successfully changed from an 

anionic form to a radical form at a single-molecule level precisely under ultra high vaccum 

condition by injecting tunneling electrons.39 STM is one of the very important and advantageous 

tools to investigate surface behavior of molecules including SMMs. 

On the basis of these recent SMM works, new results described from Chapter II to 

Chapter VI were obtained in my study. Through all chapters, porphyrin-based TbIII 

double-decker complexes (TbPor2) were used. Because porphyrin can be chemically modified 

easier than phthalocyanine, it is expected to find new attractive SMM functions. The main 

results in this thesis are below. 

1) Proton-induced switching of the magnetic property of SMMs in bulk state. 

2) Fabricating stable 2D supramolecular structures of SMMs on a carbon surface 

3) Molecular manipulation of a porphyrin-TbIII double-decker complex on Au(111) at 

single-molecule level. 

In previous studies, the memory function of TbPc2 SMMs was observed by detecting 

magnetic property of nanocarbon/TbPc2 SMMs composites. This study can use as a reading 

function of memory devices. On the other hand writing function is also an essential function to 

realize memory devices of SMMs although there are no reports about writing function of SMMs. 

Here I proposed one direction to realize writing function of SMMs for future molecular memory 

devices. 

In Chapter II both a protonated form and an anionic form tetraphenylporphyrin-TbIII 

double-decker complexes were isolated to realize drastic magnetic switching of SMMs. 

Magnetic switching is very important for the writings function of memory devices. In Chapter 

III a porphyrin double-decker complex with quinone dyad was designed to occur proton 

coupled electron transfer (PCET). If PCET occurs, SMM switching in solid state can be 

achieved. Energy barrier between the ground state of both before and after PCET and transition 
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state was estimated from DFT calculations. In Chapter IV, an octaethyporphyrin-TbIII 

double-decker complex with ethyl groups was designed to observe supramolecular structure of 

SMMs on a surface. Octaethylporphyrin double-decker complexes with three different 

electronic structures were synthesized and the SMM property was measured. Furthermore stable 

ordered 2D supramolecular structures of complexes with three electronics structures on a carbon 

surface were observed by STM measurement. In Chapter V, one method to fabricate new 2D 

supramolecular structure of SMMs by using a template molecule was suggested. Realizing 

many kinds of 2D supramolecular structures of SMMs is very important to find the most 

suitable 2D design for molecular spintronics devices. In Chapter VI, single molecular 

manipulation of octaethylporphyrin double-decker complexes on Au(111) was demonstrated by 

STM. The electronic state of an octaethylporphyrin double-decker complex was changed at 

sinlge-molecule level from a protonated form which does not show the SMM property to a 

radical form which show the SMM property. From this study basic perception to realize SMM 

switching on a surface was suggested. 

More detail about keywords in this thesis is described below. 
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Single-Molecule Magnets (SMMs) 

Single-molecule magnets (SMMs) seem particularly attractive and potential molecules 

because of their unique energy barrier to slow relaxation of the magnetization at low 

temperatures. SMMs have inner magnetic cores that are surrounded by organic ligands. The 

famous Mn12 cluster is the first reported SMMs by R. Sessoli et al. in 1993.8 The magnetic 

SMM magnetic properties can be written by a spin Hamiltonian below, 

Η = DS2
z + E(S2

x – S2
y) + gµBµ0S⋅H                                         (1) 

where Sx, Sy, and Sz are the spin components, D is the parameter which means the zero-field 

splitting, E is the constant number of magnetic anisotropy, and gµBµ0S⋅H means the Zeeman 

energy when the magnetic field H is applied. SMMs have D < 0 and magnetic anisotropy along 

Sz. When an energy barrier between two spin states (“spin-up” Sz = S and “spin-down” Sz = -S) 

exists, it means a double-well potential is formed by an axial zero-field splitting of the SMMs. 

The height of the energy barrier Ueff is written by Ueff = |D|S2
z. The spin must overcome Ueff to 

reverse the magnetization. Since the first SMM was reported, strongly-coupled transition metal 

clasters with high-spin were regarded as the most promising molecules and many studies are 

still reported in this field now.40 

On the other hand, first lanthanide based SMMs –TbIII based phthalocyanine (Pc) 

sandwich type complex [TbPc2] – with a higher blocking temperature was reported in 2003.12 

Since then many mononuclear complexes which show SMM property have been reported.7 
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Lanthanide SMMs 

Since 2003, SMMs based on the lanthanides tale on a growing importance that have high 

potential to realize large spin values in a well isolated ground state. In 3d transition metals, the 

main effect to ligand field is spin-orbit coupling. On the other hand bistable ground state of 

lanthanide SMMs (Ln-SMMs) is quite different from transition metal SMMs. The large and 

unquenched orbital contribution to the magnetic moment exist for lanthanide ions, and ligand 

field is considered as a small but non-negligible perturbation. In case of SMMs with transition 

metal, ground-state bistability is doped on the total spin S and the ensuring [2S + 1] mS 

substates.7 Contrary to transition metal SMMs, ground-state bistability of Ln-SMMs comes 

from the [2J + 1] mJ microstates within the spin-orbit-coupled ground term, 2S+1LJ.7,12 

Furthermore the ground state of Ln-SMMs have a large mJ value, which gives an appreciable 

magnetic moment. Because of these reasons, the most common used lanthanide ions in SMMs 

are TbIII, DyIII, ErIII, and HoIII. Especially among them, the electronic structures of TbIII and DyIII 

ions have large and strong anisotropy because 4f orbitals depend on angle strongly. Furthermore 

TbIII-SMMs show some of the larger Ueff values than that of DyIII-SMMs because magnetic 

anisotropy and ΔmJ gaps of TbIII is larger than DyIII. On the other hand, the number of reported 

TbIII-SMMs is fewer than DyIII-SMMs because TbIII is a non-Kramers’ ion. In case of 

non-Kyamers’ ion, axial anisotropy of the ligand field is very important to realize bistability of 

ground-state.7 

The very basic characterized method for most of the SMMs in bulk state is the 

measurement by SQUID magnetometers. One of the certain methods to identify an SMM is to 

investigate the variation of in-phase magnetic susceptibility (χ’) and out-of-phase magnetic 

susceptibility (χ”) with temperature at several different frequencies. When the spin flip is 

disturbed, the gradual increasing of χ” as the temperature decreases and decreasing of χ” at 

lower temperature after reaching the maximum is observed. The χ”(ν) (ν; the frequency of the 

ac field) isotherms give the most certain anisotropy energy barrier, Ueff. An average relaxation 

time τ can be gotten from each χ”(ν) curve. Moreover the relationship between τ and 

temperature is written by Arrhenius-type relationship: 
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τ = τ0 exp(Ueff / kBT)                                                     (2) 

It is possible to determine the anisotropy barrier Ueff from equation (2). The magnetization in 

the SMM relaxes through a thermally assisted mechanism. It is known that there are several 

kinds of relaxation process – Orbach process, direct process, and Raman process for Ln-SMMs 

(Figure 1).3,7 In Orbach process, energy difference between two low-lying degenerate states and 

an excited state of the lanthanide ion can be described by Ueff. (Figure 1(a)). When the 

lanthanide ion in the ground state adsorbs a phonon whose frequency is equivalent to Ueff, the 

low-lying state with mJ = + J can change to mJ = - J through the excited state. This temperature 

dependent process results in magnetic relaxation. As other possible relaxation processes, the 

direct process and the Raman process can occur. In these relaxation processes, a spin flip is 

induced by phonons within the two degenerate ground states (Figure 1 (b), (c)).  

For majority number of Ln-SMMs, the Arrhenius plots at lower temperature range often 

show a series of continuous data points and lnτ is unrelated to the temperature. To take terbium 

as an example, the zero gradient in an Arrhenius plot prove for the direct magnetic relaxation 

form mJ = + 6 to mJ = - 6, through quantum tunneling of magnetization (QTM). Sometimes 

Arrhenuis plot shows two processes in the plot region and it means the thermal relaxation 

processes and the QTM mechanisms can happen simultaneously. 

It is common matter that same SMM shows a number of thermally activated mechanisms 

and it can also happen that almost all magnetic relaxation processes occur via QTM. 

 
Figure 1. Mechanisms of three kinds of magnetic relaxation processes caused by 

spin-phonon coupling and their temperature dependence. 
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Investigating multiple relaxation process of SMMs is comparatively easy by fitting of the ac 

magnetic susceptibility data including χ’ vs. χ” (Cole-Cole plot). 
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Phthalocyanine (Pc) based TbIII double-decker complexes (TbPc2) 

The family of mononuclear complexes [TbPc2]n, [DyPc2]n, [HoPc2]n (n = -1, 0, +1) was 

reported as first lanthanide SMMs, especially TbPc2 and its derivatives remain show the highest 

anisotropy barriers (Figure 2(a)).12,41 The double-decker structure with [LnPc2]n usually shows a 

D4d-symmetric square-antiprismatic phthlocyaninate ligand or substituted analogue. The 

possible electronic state of the molecule can be an anion, uncharged, and a cation by the specific 

redox active properties.12,13 

The in-phase and the out-of-phase magnetic susceptibility of polycrystalline powder 

sample of [TbPc2]- showed temperature dependence in a small ac magnetic field of 3.5 G 

oscillating at 10, 100, and 997 Hz. To prove an intrinsic molecular property of the slow 

magnetization relaxation, sample of [LnPc2]- doped in diamagnetic host [YPc2]- with the molar 

ratio, [TbPc2]- : [YPc2]- = 1 : 4 was also measured.42 Yttrium(III) with very similar ionic radius 

to that of the midlate lanthanides was selected because the slow dynamics of the magnetization 

can be lead by diamagnetic host lattices. In dilute sample, the susceptibility curves was shifted 

to higher temperatures. It means the dipolar interactions between nearest neighbor TbIII ions is 

removed and a slowing of the magnetization reversal rate occurs. This indicates that the slow 

magnetic relaxation in [TbPc2]- is a specific property of this molecule. 

Low-lying electronic structure of [LnPc2]- was determined by the simulataneous least 

squares fitting of both paramagnetic 1H-NMR shifts (Δδ) and magnetic susceptibility data (χM). 

In the [TbPc2]-, it was assigned that Jz = ± 6 was the lowest substates. The values of Jz = ± 6 are 

 
Figure 2. (a) Structure of [TbPc2]-. (b)Energy diagram for the ground multiplets of [TbPc2]-. 
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the maximum (“spin-up” state) and minimum (“spin-down” state) values in the J = 6 ground 

multiplet (Figure 2).43 There are more than 400 cm-1 energy separation between J = 6 ground 

multiplet and the rest of the substates. In case the relaxation process occurs one by one from Jz 

to Jz = ± 1 states, transition from the ground state of Jz = 6 to the next energy state of Jz = 5 (or 

from -6 to -5), can be the “rate-determining step” because of the large energy barrier (Figure 

2(b)). Arrhenius analysis of [TbPc2]- revealed Orbach process was dominant from 25 K to 40 K. 

Estimated value of the energy barrier of [TbPc2]- which the Orbach process occurs was 2.6 × 

102 cm-1. This value can be a support data that the Orbach process is the dominant relaxation 

process because it is close to the magnitude of the energy barrier between Jz = 6 and Jz = 5. 
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Molecular Spin-Valve 

Recently molecular spintronics using SMMs shows a significant improvement that make 

a suggestion to manipulate the magnetic and quantum information stored in these 

molecules.1,18,19,44,45 One of the interesting researches in this field is investigation of electrical 

conductivity of TbPc2 derivatives on a surface at the single-molecule level by nanogap 

electrodes and scanning tunneling spectroscopy (STS).39,44 Other attractive approach in the 

study of molecular spintronics of SMMs is the ideas of molecular spin-valve.19,20,45 Figure 3 

shows the image of molecular spin-valve. If only one molecular magnet exist between gold 

electrodes, detecting spin state (up-spin or down-spin) of magnetic molecule is difficult (Figure 

3(a)). Figure 3(b) shows parallel configuration of the two molecular magnets between gold 

electrodes. Molecular magnetization does not affect most of the spin-up carriers, on the other 

hand a few spin-down carriers are partially reflected back. This configuration leads to higher 

conductance. Figure 3(c) shows anti-parallel configuration of the two molecular magnets 

between gold electrodes. When electrons transmit from a left gold electrode to a right gold 

electrode, the different poralized molecule disrupts the transmission of most parts of spin-up 

electrons. In case of transmission of spin-down electrons is totally the opposite. This 

configuration results in lower conductance. 

 
Figure 3. Spin valve systems of molecular magnets. Blue and red arrows is the 

magnetizations of molecules. 
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The attractive spin-valve materials in spintronic field recently is nanocarbon/SMM 

composites (Figure 4). Nanocarbon/SMM composites –TbPc2 derivatives on nanocarbon 

materials like graphene sheet or carbon nanotube- contain at least two SMM centers on the 

graphene sheet or carbon nanotube; the relative direction of the SMM magnetic moments 

strongly affect the conductance of the electrons passing through the nanocarbon material. 

Indeed nanocarbon/SMM composites have received considerable attention in recent years and 

the magnetic state of SMMs by electrical signals have already been successfully detected. Thus 

the idea of molecular spin-valve has great potential for future spintornic devices, especially 

high-density data storage and so on. 

 

  

 
Figure 4. Schematic representation of nanocarbon/SMM composites. (a) With increasing 

magnetics field, it leads to a parallel configuration of the spinvalve, and this configuration 

leads to high conductance. (b) When one molecule switches, this leads to an antiparallel 

configuration of the spin valve with highest conductance. 



 15 

Scanning Tunneling Microscopy (STM) 

Scanning tunneling microscopy (STM) was devised by Binnig and Rohrer et al. in 

1982.22 A STM can draw topography mapping and the DOS of a surface. A detailed 2 

dimensional (2D) supramolecular structure on a surface at single molecular level or single atom 

level can be observed by high-quality STM. Figure 5 shows a schematic of STM measurement 

setup. In STM measurement, we use very sharp metal tip to probe a surface. The tunneling 

current between tip and surface substrate is detected as physical quantity. The position of a tip is 

controlled to keep the current value is constant and scan the surface. By this mechanism it is 

possible to draw topography of a surface and we can observe supramolecular structures on a 

surface.  

In case of the sample bias is sufficiently small, the tunneling current is described by 

following equation, 

It ∝ V ⋅ nt (Ef) ⋅ exp (2κ R) ns (Ef, r0)                                         (3) 

Here, nt (Ef) is density of states (DOS) of Fermi energy of STM tip. ns (Ef, r0) means DOS of 

sample side when the position of the tip is r0 and it can be described by following equation, 

ns (Ef, r0) = Σ |ψν (r0)|2δ (Eν - Ef) 

κ is the decay of the wave function in the potential barrier and described by κ = 2mφ /ℏ, and φ is 

the potential barrier. These equations show that the tunneling current describes DOS 

distribution around Fermi level of a sample at the center position of a tip. Figure 6 shows the 

energy state of tip-sample junction. When the bias voltage is applied to the sample, the Fermi 

 
Figure 5. Schematic of STM measurement setup. 
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level of a sample shifts against the Fermi level of a tip. When zero bias is applied to a sample 

(Vs = 0, equilibrium state) in Fig. 6 (a), the tunneling current is zero. When the positive sample 

bias is applied to a sample (Vs < 0) in Fig. 6 (b), tunneling electrons flow from the highest 

occupied molecular orbital (HOMO) state of a sample into the unoccupied state (LUMO state) 

of a tip. On the contrary, when negative sample bias is applied to a sample (Vs > 0) in Fig. 6 (c), 

tunneling electrons flow from the LUMO state of a sample into the occupied state (HOMO 

state) of a tip. In this way STM can draw the precise 2D space distribution image of HOMO 

state or LUMO state of a surface. 

Scanning tunneling spectroscopy (STS) 

STM measurement can obtain the information of electronic states of molecules on a 

surface by sweeping the bias voltage and measuring the corresponding tunneling current. The 

high resolution of STM can reveal the electronic states of the local structures and vibrational 

modes of single molecule on a surface. Such attractive measurement can be achieved only by 

using STM. 

Here we use a model of the tunneling junction depicted in Fig. 6. In this model, a vacuum 

gap exists between a tip and a metallic substrate, and tip-substrate distance “d” is less than 1 nm. 

When molecules are adsorbed on a metal substrate, hybridization of molecular orbitals and 

conduction electrons of a metal surface was observed. This hybridization causes resonant states 

and the states lead to a broadened DOS of molecules. When a negative bias voltage Vs is applied 

to the sample, the Fermi level of the sample increase against the Fermi level of the tip (Figure 

6(c)). In this case the tunneling current is written by the following equation, 

I(V) ∝ ! ! dE!!!  !"!
!!

 

Here, ρ(E) means the DOS of the sample and we can know the tunneling current is proportional 

to the integral of the DOS of the sample between the Fermi level (E = 0) and E = eVs. 

Furthermore there is a proportional relationship between dI/dV and the DOS of the resonant 

states of the sample as shown in following equation, 

dI/dV ∝ ρ(E) 
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 If molecules exist under the tip, it is expected that specific dI/dV can be observed, which is 

attributed to the molecular orbitals. This is called scanning tunneling spectroscopy (STS) and 

can detect the molecular orbitals of individual molecules on a surface.46-49 

Inelastic tunneling spectroscopy (IETS) 

Inelastic electron tunneling spectroscopy (IETS) is basically one of the electron 

spectroscopy measurement same as STS measurement. Vibrational spectrum of molecules 

between tip-substrate junction can be detected by IETS.50-54 

An elastic tunneling shows a linear relationship between the tunneling current  (I) and 

the bias voltage (V) on metallic surface. In case an electron passes through a molecule, a phonon 

or a molecular vibration with the energy of ℏω may be excited and finally the electron loses its 

energy (Figure 7(a)).55 This process occurs only when the energy of electrons exceeds the 

vibrational energy ℏω because of the dissipation of its energy. The appearance of the new 

channel by this inelastic process leads to the increment of the conductance. The change of this 

conductance is usually very small and it is difficult to detect it directly in I-V curves. On the 

other hand peaks with the Gaussian shape can be observed in the second derivative d2I/dV2. The 

simplified schematic of the tunneling spectrum is shown in Figure 7(b). 

 
Figure 6. Energy state of tip-sample junction. (a) No bias is applied (Vs = 0)., (b) Positive 

sample bias is applied (Vs > 0)., (c) Negative sample bias is applied (Vs < 0). 
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Figure 7. (a) Energy diagram of inelastic process by STM. (b) A typical tunneling spectra. 
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Kondo Effect 

We can observe an exceptional phenomenon that an increase in resistance of some metals 

with the presence of magnetic impurities at low temperatures.56 This phenomenon was 

discovered in 1930s and Jun Kondo successfully explained this resistance anomaly and reported 

the theory in 1964.57 Today this theory is well known as the Kondo effect. The s-d exchange 

interaction between the magnetic moments of the impurity and conduction electrons is the cause 

of Kondo effect. At low temperature, the magnetic moments of the impurity are hampered by 

many conduction electrons around the impurity which are called Kondo cloud and singlet 

ground state (Kondo singlet) is formed (Figure 8 (a), (b)).58 Because of this, the magnetic 

moments of the impurity disappear. 

A spin singlet is the ground state of the conjugation system of the magnetic impurity and 

conduction electrons. The Kondo effect is based on strong electron-electron repulsion and Pauli 

exclusion principle. When a spin- 1/2 of impurity exists, conduction electron and the spin of the 

local moment make one pair, and this pair forms a singlet. Higher order tunneling processes 

have a potential to cause quenching of localized magnetic moment by a polarization of the 

delocalized conduction electrons. By these higher order processes, the quenching of the 

magnetic moment forms a new state whose total spin 0. 

Only when a spin 1/2 of impurity and delocalized conduction electrons are coupled, the 

Kondo effect is observed. The detailed system of Kondo effect can be explained by the 

Anderson single-level impurity model. In this model one energy level is occupied by the 

magnetic impurity and this level exists at ε0 (Figure 8(c)). Both the levels above (unoccupied 

state) and below (fully occupied with electrons) ε0 do not contribute to the Kondo resonance. 

When the energy level of ε0 exists under the Fermi level, the unpaired electron of the magnetic 

impurity is trapped. If additional energy does not exist, put the electron out of the impurity is 

impossible. However there are some possibilities that this transition of electron can occur 

through an exchange coupling by the uncertainty principle. By this, getting out of the impurity 

of the electron can occur and electron can move to the energy level of an electrode  (Figure 

8(d)). During the process, another conduction electron must come into the impurity to cover the 
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vacant (Figure 8(e)). The direction of the spin of this new electron has two possibilities of both 

spin-up and spin-down. The shielding of the local spin is caused by the coherent superposition 

and it produces the Kondo resonance.58 We can use Kondo resonance to detect molecular spin 

on a surface.39,59-62 

 

  

 

Figure 8. The relationship between the magnetic impurity and a sea of conduction electrons 

(a) T > TK. (b) T < TK (Kondo cloud is formed). Mechanism of the observation of the Kondo 

resonance: (c) initial state, (d) intermediate state, (e) final state. 
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Chapter II  Switching of Single-Molecule Magnetic Properties 
Tanaka, D.; Inose, T.; Tanaka, H.; Lee, S.; Ishikawa, N.; Ogawa, T. Chem. Commun. 2012, 48, 

7796. 

2-1     Introduction 

Single-molecule magnets (SMMs) have attracted wide scientific attention owing to their 

unique energy barrier to magnetic relaxation and their application to molecular spintronics.1,2 In 

the last two decades, polymetallic transitionmetal complexes with strong intramolecular 

exchange coupling have been the typical research target because their high-spin ground state 

and large anisotropy may give rise to a higher energy barrier than single metal ion complexes.2-4 

Since one of the authors reported single lanthanide ion based SMMs in 2003, many mono 

nuclear complexes showing slow magnetic relaxation have been reported.5-13 In particular, the 

family of phthalocyanine (Pc) based TbIII double-decker compounds displays a higher blocking 

temperature, below which the magnetic relaxation becomes slow.9 Moreover, the magnetic 

relaxation behavior of the double-decker complexes is sensitive to their coordination mode, 

which can be tuned easily due to their flexible structures. This variation in their coordination 

modes makes it possible to control their magnetic properties by some external stimulus such as 

with a redox reaction or pulse current from a STM chip, resulting in unique switching 

properties.14,15 

One of the origins of the coordination variety is the stability of various valence states. It 

is known that some tetrapyrrole (mainly, Pc or porphyrin) based MIII double-decker complexes 

are stable with an unpaired electron in their ligand π-orbital. Because the complexes are 

composed of one MIII ion and two dianions of tetrapyrrole rings (total net charge -1), one 

electron oxidation of the ligand is required for neutralization, providing the redox active 

property. On the other hand, since protonation also makes anionic MIII double-decker complexes 

neutral, protonation and deprotonation can alter the properties of a double-decker complex as 

well.16 Theoretical research and NMR study have suggested that the proton would exist on the 

nitrogen of a pyrrole ring and the coordination mode would be changed by protonation and 

deprotonation.17-19 However, the position of the proton has not yet been determined by crystal 
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structure analysis and the effect of a proton on a double-decker complex is still unclear. Herein, 

we synthesized a tetraphenylporphyrin (TPP) based TbIII double-decker complex and the crystal 

structures of both the protonated form {[TbIIIH(TPP)2], (1)} and the anionic form 

({[TbIII(TPP)2](H-DBU)}, DBU = 1,8-diazabicyclo[5.4.0] undec-7-ene, (2)) were determined by 

single crystal structure analysis. The crystal structure analysis revealed that the proton in 1 is 

located on the nitrogen atom of the TPP pyrrole ring, leading to a hepta-coordinated TbIII. In 

contrast, the anionic complex 2 has a symmetric squareantiprism octa-coordination. The 

alternating current (ac) magnetic susceptibilities on 1 and 2 demonstrated that 2 showed a slow 

magnetization relaxation, whereas 1 did not. To the best of our knowledge, this is the first report 

on double-decker type complexes whose magnetic relaxation behavior is changed by a single 

proton. 

2-2     Experiments 

Synthesis of [TbIIIH(TPP)2] (1) 

Tetraphenylporphyrin (H2TPP) was prepared according to literature procedures.1 The powder 

crystalline sample of 1 was prepared by treating TbIII(acac)3·xH2O (0.276 g), H2TPP (0.124 g) 

in 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 500 µL) at 350 ˚C for 1.5 h. The obtained residue 

was purified by passing it through an alumina column (CH2Cl2) to give a dark purple solid 

(0.174 g, 62.1%). The powder sample for magnetic measurements was obtained by the same 

procedure. Crystals suitable for single-crystal X-ray crystallography were obtained by 

recrystallization from CHCl3/MeOH. MALDI-TOF MS (m/z): M+ calcd for C88H57N8Tb, 

1384.4960; found 1385.7; Anal. Calcd for [TbIIIH(TPP)2(CH2Cl2)2]: C, 69.50; H, 3.95; Cl, 9.12; 

N, 7.20; Tb, 10.22. Found C, 69.09; H, 4.02; N, 7.08. 

Synthesis of {[TbIII (TPP)2](H-DBU)} (2) 

DBU (60 µL, 4x10-4 mol) was added to a solution of 1 (9.5 mg, 6.9x10-6 mol) in CHCl3 (10 mL). 

Then, methanol was slowly added to the solution resulting in crystalline powder 2. Crystals 

suitable for single-crystal X-ray crystallography and the powder sample for magnetic 

measurements were obtained by the same procedure. MALDI-TOF MS (m/z): M+ C88H56N8Tb, 
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1383.39; found 1385.3; Anal. Calcd for {[TbIII(TPP)2](H-DBU)(CHCl3)2}: C, 66.94; H, 4.26; Cl, 

11.97; N, 7.89; Tb, 8.95. Found C, 66.58; H, 4.32; N, 7.83. 

Synthesis of {[TbIII(TPP)2](nBu4N)} (3).  

A solution of 1 (32.6 mg, 2.4×10-5 mol), nBu4NBr (9.3 mg, 2.4×10-5 mol) and triethylamine (1 

mL, 7.2×10-3 mol) in acetone (10 mL) was evaporated and the dark purple precipitate of 3 was 

recrystallized in Acetone/Methanol. MALDI-TOF MS (m/z): M+ C88H56N8Tb, 1383.39; found 

1385.3; Anal. Calcd for {[TbIII(TPP)2](nBu4N)(H2O)}: C, 75.94; H, 5.76; Cl, 11.97; N, 7.66; Tb, 

9.66. Found C, 75.82; H, 5.49; N, 7.79. 

Single Crystal X-ray Diffraction. 

X-ray structure determination was conducted on a Rigaku VariMax RAPID / FR-E system with 

MoKα radiation. In all cases, the structure was solved by direct methods (SHELXS-97)2 and 

refined by full-matrix least-squares techniques on F2 (SHELXL-97).3 

Crystal data for 1, C92 H61 Cl12 N8 Tb, Mr = 1862.81, monoclinic, space group P21/c, (#14), a 

= 16.0300(5) Å, b = 17.0927(5) Å, c = 30.0170(8) Å, β = 91.7771(8), V = 8220.6(4) Å3, Z = 4, T 

= 150 K. ρcalcd = 1.505 g/cm3, µ(MoKα) = 1.304 cm-1, 2θmax = 50˚, λ(MoKα) = 0.71075 Å, 62010 

reflections measured, 14442 unique, 9945 > 2σ(I) were used to refine 1010 parameters, 12 

restraints, R(Rw) = 0.0800 (0.2367), GOF = 1.034. 

Crystal data for 2, C99 H75 Cl6 N10 Tb, Mr = 1776.31, tetragonal, space group I4/mmm, 

(#139), a = 14.6111(12) Å, c = 19.3957(16) Å, V = 4140.7(6) Å3, Z = 2, T = 150 K. ρcalcd = 

1.425 g/cm3, µ(MoKα) = 1.104 cm-1, 2θmax = 55˚, λ(MoKα) = 0.71075 Å, 20354 reflections 

measured, 1377 unique, 1376 > 2σ(I) were used to refine 114 parameters, 6 restraints, R(Rw) = 

0.0373 (0.1074), GOF = 1.125. 

We obtained a non-disordered model of 2 in the space group of I/422. However, in the 

non-disorderd model, inter-molecular distance is too short and unreasonable inter-atom distance 

was found (H-H distance is 1.42Å). To avoid such unexplainable crowding, we employed the 

disordered model. 
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2-3     Results and Discussions 

Protonated complex 1 was synthesized by the reaction of H2TPP, [TbIII(acac)3], and DBU 

at 350 °C for 1.5 h. The single crystal structure analysis revealed that 1 has a TbIII ion 

sandwiched between two TPPs as shown in Fig. 1a and b. Seven Tb–N bond distances (Tb–N1, 

N2, N3, N4, N6, N7, and N8) in 1 varied in the range of 2.430(7)–2.627(7) Å, which are similar 

to those of reported tetrapyrrole double-decker complexes. However, the distance between Tb 

and N5 is 2.840(6) Å, which is longer than any other reported distances in tetrapyrrole based 

double-decker TbIII complexes. Since the distance is even longer than the sum of the ionic 

radius of TbIII (1.18 Å) and van der Waals radius of N (1.55 Å), no significant interaction 

between N5 and TbIII exists. The pyrrole ring with N5 is almost parallel to the plane formed 

from the four meso-carbons. The dihedral angle between the pyrrole ring with N5 and the plane 

from the four meso-carbons (4.1°) is smaller than that of the other pyrrole rings (9.4°–19.0°). 

Although there are several reports on crystal structures of protonated tetrapyrrole double-decker 

complexes, the proton is delocalized and no one has yet located the hydrogen atom of the proton 

 
Figure 1. Crystal structures of 1 viewed from the side (a), and from above (b). The proton 

locates on N5, highlighted with a red circle in (b). Crystal structures of 2 viewed from the 

side (c), and from above (d). The gray, purple and pink colors represent C, N, and Tb, 

respectively. Protons are omitted for clarity. Reprinted with permission from ref. 25. 

Copyright 2012, Royal Society of Chemistry. 
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by crystal structure analysis.16,20,21 Because the crystal structure analysis and the elemental 

analysis of 1 demonstrated that an organic cation, such as protonated DBU (H-DBU), is not  

included in 1, we believe that a proton is localized on N5 for charge balance. Moreover, the 

twisted angle between the two rings was determined to be 35° . Due to the twisted angle and the 

longer bond distance between TbIII and N5, 1 crystallized in the low symmetry space group, 

P21/c. 

When the organic proton acceptor, DBU, is added to a solution of 1, deprotonation occurs 

to produce the anionic form, 2. Fig. 2(a) shows the results of the titration of 1 with DBU in 

CH2Cl2. The UV-vis spectra are changed with isosbestic points at 528, 559, 578, 604, and 656 

nm, indicating the formation of a deprotonated anionic complex. In addition, the original 

absorption peak of 1 reappears when acetic acid is added to the anionic complex solution, and 

thus the protonation/deprotonation process is reversible (Fig. 2(b)). The anionic complex was 

crystallized with (H-DBU)+ in CHCl3–MeOH solution, and single crystals suitable for X-ray 

crystal structure analysis were obtained. The crystal structure analysis demonstrated that 2 

crystallized in a higher symmetric space group, I4/mmm. Although H-DBU is highly disordered 

 

Figure 2. (a) UV-visible spectral changes of 1 during a titration with DBU in CH2Cl2. (b) 

UV-visible spectra of 1 (black), 2 (red) and 2 re-protonated with acetic acid (blue) in CH2Cl2. 

The absorbances are normalized to the maximum peaks. The original absorption peak of 1 

reappears upon adding acetic acid to the solution of anion complex, 2. Reprinted with 

permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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and the position cannot be determined, the crystal structure of the anionic form of the 

double-decker complex was determined. The TbIII in the complex exists in a square antiprism 

coordination environment (Fig. 1c and d). The twisted angle between the two TPP rings is 45° . 

The eight Tb–N coordination bonds in 2 are crystallographically identical and the bond length is 

2.513(4) Å , which is longer than that of a Pc based anionic double-decker complex (2.42–2.45 

Å ).22 Considering the low symmetric hepta-coordination mode in 1, our results showed that a 

single proton can induce drasticchange in the coordination environment of the TPP based 

double-decker complex. 

Although the crystal structure analysis indicates that the proton in 1 is located on a 

pyrrole ring, the results of the spectroscopic studies are even more striking. We collected 

infrared (IR) spectra of 1, 2, and an anionic complex with tetrabutylammonium cation (3, 

{[TbIII(TPP)2](nBu4N)}) prepared by cation exchange. The IR spectra of 1 and 2 in Fig. 3 

exhibited strong νN–H absorptions at 3290 cm-1 and 3400 cm-1, respectively. These absorption 

bands are assigned to the N–H bond of a pyrrole ring of 1 and that of a (H-DBU)+ cation of 2, 

respectively. In contrast, the νN–H absorption disappeared in 3, which is consistent with the 

proton free structure of 3.  

 
Figure 3. IR spectra of 1 (black), 2 (red), and 3 (blue). The peaks between 2900 and 3150 

cm-1 are due to C-H stretching of TPP and organic cation. The peaks at 3290 cm-1 and 3400 

cm-1 are from N-H stretching of TPP and [H-DBU]+, respectively. Reprinted with 

permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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Cyclic voltammetric (CV) studies of 1, 2 and 3 in CH2Cl2 showed that a multi-step 

oxidation process occurs for both the protonated and deprotonated complexes (Fig. 4). The 

detailed analysis demonstrated that six oxidation peaks (E=0.073, 0.42, 0.59, 0.88, 1.29, and 

1.62 V vs. SCE) appeared in 1 although in the case of anionic complexes 2 and 3, only four 

peaks were observed (2: E = 0.01, 0.34, 1.21 and 1.58 V vs. SCE, 3: E = 0.16, 0.49, 1.37 and 

1.72 V vs. SCE). Previous work has indicated that the missing peaks at E1/2 = 0.59 and 0.88 V vs. 

SCE can be attributed to the oxidation process of the protonated double-decker complex.14 This 

result confirms the presence of the protonated complexes even in solution and the effect of the 

protonation on the electrochemical properties.  

To estimate their magnetization relaxation behavior, alternating current (ac) magnetic 

susceptibility measurements were carried out on a Quantum Design MPMS-XL7AC SQUID 

magnetometer. Fig. 5a and b show temperature dependences of ac susceptibilities of a 

polycrystalline powder sample of protonated compound 1. Frequency dependence on in-phase 

(χ’M) and out-of-phase (χ”M) signals for 1 was not observed at frequencies up to 1000 Hz and 

temperatures down to 2 K, demonstrating that the protonated complex does not act as an SMM. 

In contrast, the deprotonated complex 2 exhibited a clear temperature and frequency 

dependence on ac magnetic susceptibilities as shown in Fig. 5c and d. There was a sharpdrop in 

χ’M and χ”M peaks observed at 18, 21, and 24 K with ac frequencies of 10, 100, and 1000 Hz, 

respectively, indicating that 2 is an SMM. The χ”M peak temperature for an ac field of 1000 Hz 

(24 K) is about the same order of magnitude as that of previously reported TbIII double-decker 

 
Figure 4. Cyclic voltammograms of (a) 1 in CH2Cl2, (b) 2 in CH2Cl2, and (c) 3 in CH2Cl2 

recorded at room temperature (0.10 M n-Bu4NPF6, scan rate = 0.10 V/s). Reprinted with 

permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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complexes. The deprotonated complex 3 also showed a clear temperature and frequency 

dependence although the peaks in the lower temperature region are not clear (Fig. 5e and f). 

These results have demonstrated that the existence of a proton induces the SMM property 

switching. 

When the dc magnetization of 2 is measured at 1.8 K within ±20 kOe, a butterfly shape is 

observed (Fig. 6). The butterfly-shaped loop should be attributed to the fast magnetization 

tunneling process occurring near zero field assisted by nuclear spin I = 3/2 of terbium, which 

was first observed for the structurally analogous [TbIII(Pc)2]-.23 

Generally, application of a dc magnetic field can suppress a quantum tunneling relaxation 

process. The ac magnetic susceptibility measurements of 1 under an applied field of 2000 Oe, 

however, showed no out-of-phase signal (χ”M) (Fig. 7). This result indicates that there are other 

 

Figure 5. Plots of (a) in-phase (χ’M) and (b) out-of-phase (χ”M) signals against temperature T 

for a powder sample of 1, and plots of (c) χ’M and (d) χ”M against T for a powder sample of 

2, and plots of (e) χ’M and (f) χ”M against T for a powder sample of 3. All are measured in 

zero dc magnetic field with a 3.9 G ac field oscillating at the indicated frequencies. 

Reprinted with permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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factors causing the fast relaxation of 1 than the quantum tunneling process, which dominates the 

relaxation in the low magnetic field region. In contrast, application of the 2000 Oe dc magnetic 

field can change the relaxation dynamics of 2, especially in the measurement with low 

frequency; the χ”M signal showed sharper peaks. A similar tendency was observed in the case of 

3. These results suggest that the tunneling process is dominant in the low temperature range at 

zero dc field. The Argand plot for 2 shows a near-semicircle shape, which is reproduced by the 

generalized Debye model with a smaller value (Figure 8). This indicates that the magnetic 

relaxation is dominated by one process. The data for 2 measured under the 2000 Oe dc field 

were fit to the Arrhenius law to give an effective barrier height for reversal of the magnetic 

moment of Ueff = 283 cm-1 and a lifetime of τ0 = 6.8 ×  10-12 s, which is similar to the value 

estimated from the data under zero dc field with 100 and 997 Hz (Ueff = 269 cm-1 and τ0 = 1.6 ×  

10-11 s, see Fig. 9).  

The SMM behavior of TbIII ion in the double-decker complexes is due to the strong 

Ising-type magnetic anisotropy, which is generated by the axial symmetry of the 

eight-coordinate environment.5,6,24 If the local environment of the TbIII ion has an ideal D4d 

symmetry, the ligand field potential gives no off-diagonal term that would mix the Jz = + 6 and 

Jz = - 6 states.24 The SMM behavior of 2 is well understood assuming that it has a similar 

ground multiplet structure as the analogous [TbIII(Pc)2]- in which the Jz = ± 6 states are the 

lowest. In contrast, the protonated complex 1 adopts the heptacoordinated environment with a 

 
Figure 6. Hysteresis loop for 2 at 1.8 K. Reprinted with permission from ref. 25. Copyright 

2012, Royal Society of Chemistry. 
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lowered symmetry, which gives substantially large off-diagonal ligand field terms. These terms 

mix the Jz = + 6 and Jz = - 6 states, leading to an acceleration of the magnetic relaxation.23 

Another factor is that the energetic order of the sublevels of the ground multiplet may be 

significantly different than the eight-coordination environment. The substrates composed of Jz = 

± 6 can no longer be the lowest in energy, which should lead to a loss of Ising-type magnetic 

anisotropy and SMM behavior.  

 

 

 

 

 
Figure 7. AC susceptibility measured in 2000 Oe dc magnetic field with a 3.9 G ac field 

oscillating at the indicated frequencies. Plots of (a) in-phase (χM′) and (b) out-of-phase 
(χM′′) against temperature T for a powder sample of 1, plots of (c) χM′ and (d) χM′′ against T 

for a powder sample of 2, and plots of (e) χM′ and (f) χM′′ against T for a powder sample of 3. 

Reprinted with permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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2-4     Conclusions 

Our results demonstrate that a single proton is able to delete the stored information on 

SMM. We expect that our protondriven SMM system will provide us with a new design strategy 

for SMM based molecular devices.

 
Figure 8. The Argand diagram at 16 K under 2000 Oe for 2. The solid line represents the 

least-squares fit obtained with a generalized Debye model with α = 0.19. Reprinted with 

permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 

 

 

Figure 9. The relaxation time (τ) of 2 under represented dc magnetic field. Black line 

represents the least-square fit of the data under 2000 Oe dc field to Arrhenius equation. 

Reprinted with permission from ref. 25. Copyright 2012, Royal Society of Chemistry. 
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Figure 1. Single-molecule magnetic property switching in porphyrin–Tb double-decker 

complex. Reprinted with permission from ref. 26. Copyright 2012, The Japan Institute of 

Heterocyclic Chemistry. 

Chapter III  Controlling of Single-Molecule Magnetic Properties by 
Proton-Coupled Electron Transfer 

Inose, T.; Tanaka, D.; Ogawa, T.; Heterocycles 2012, 86, 1549. 

3-1     Introduction 

Single-molecule magnets (SMMs) are a unique class of compounds that show 

superparamagnetic behavior on the single-molecule scale.  They have been attracting much 

attention because of the potential they have for applications such as nanoscale memory devices 

or quantum computers.1-5 In particular, a family of phthalocyanine (Pc)-based TbIII 

double-decker compounds is known to have a high blocking temperature (~50 K) and these 

compounds are therefore regarded as the most promising set of molecules.6-13  

We have previously reported the synthesis of protonated and deprotonated (anionic) 

forms of porphyrin–TbIII double-decker complexes.  Their X-ray crystallographic structures 

were determined for the first time, and their SMM properties were studied.14 The essential 

coordination structure of a porphyrin double-decker complex is similar to that of the Pc analog.  

The most significant finding is that only the deprotonated form of the porphyrin double-decker 

complex showed single-molecule magnetism (Figure 1). This result indicates that the SMM 

property can be controlled by merely manipulating a single proton. 

Here, the porphyrin–quinone dyad shown in Figure 2 is proposed for achieving 

photo-stimulated SMM switching by forming a double-decker complex with Tb.  In this dyad,  
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the porphyrin is an electron donor and the quinone works as an acceptor, therefore 

photo-induced electron transfer from the porphyrin to the quinone occurs.15-17 In addition, there 

is the possibility that proton-coupled electron transfer (PCET) or excited-state intramolecular 

proton transfer (ESIPT) can result.18 19-24 If ESIPT is possible in the porphyrin–quinone dyad, 

SMM switching in the corresponding Tb double-decker complex can be expected.  

3-2     Experiments 

In the excited state, CI-Singles (CIS) calculations were performed and their S1 states 

were revealed. For both in the ground and excited states, time-dependent density functional 

theory (TDDFT) method was used to calculate vertical excitation energy with the B3LYP 

parametrization and 6-311G++ basis set. Furthermore	
 the likelihood of ESIPT is discussed 

based on these results.The DFT calculations were performed using the Gaussian09 software 

package, and the graphics were generated with the help of the Gauss View software. 

3-3     Results and Discussions 

For double-decker complex, to have a D4d symmetry for the local environment of the 

TbIII ion is important to show SMM property so the designed molecule can show SMM property.  

Although there are several experimental and theoretical papers reporting on ESIPT,21 its 

 
Figure 2. Energy level diagram before (porH-Q) and after (por-QH) ESIPT and the 

transition state (por···H···Q) of the porphyrin–quinone dyad. Reprinted with permission 

from ref. 26. Copyright 2012, The Japan Institute of Heterocyclic Chemistry. 
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occurrence in the molecular system proposed here has so far been unconfirmed.  

In this work, density functional theory (DFT)-based calculations were performed relating 

to the molecular system shown in Figure 2, in the ground state. 

Five structures were optimized with (U)B3LYP/6-311G++, and are shown in Figure 2, 

along with the corresponding energies.  PorH-Q and por-QH indicate the ground states before 

and after ESIPT, respectively, and *porH-Q and *por-QH represent the excited states before 

and after ESIPT, respectively.  Por···H···Q indicates the transition state between porH-Q and 

por-QH, which was obtained by the QST2 procedure in the Gaussian0925 program package, and 

optimized for the transition state.  The assignment of the transition structure was confirmed by 

the presence of one imaginary harmonic frequency in the force calculation. 

Figure 3 shows the calculated optimized structure of the transition state.  As shown, the 

N–H distance is 2.20 Å, the O–H distance is 1.01 Å, and the angle formed by N–H–O is 157°.  

This structure indicates that the transition state is more similar to por-QH than to the starting 

porH-Q. 

 

Figure 3. Structure of the optimized transition state in the ground state obtained by 

UB3LYP/6-311G++. Reprinted with permission from ref. 26. Copyright 2012, The Japan 

Institute of Heterocyclic Chemistry. 
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Figure 4 illustrates the highest occupied molecular orbitals (HOMOs) and lowest 

unoccupied molecular orbitals (LUMOs) of the four states of the porphyrin–quinone dyads.  

Figure 4(a) shows the ground state before ESIPT (porH-Q).  The HOMO can be assigned to 

the p-orbital located mostly on the porphyrin of the dyad, and the LUMO to the p-orbital 

located entirely on the quinone of the dyad.  Figure 4(b) shows the excited state before ESIPT 

(*porH-Q).  Here, the HOMO p-orbital was located entirely on the porphyrin of the dyad, but 

the LUMO p-orbital was partially placed on the quinone.  Figures 4(c) and (d) show the 

ground and excited states after ESIPT has occurred (por-QH and *por-QH).  The electron was 

spread over the entire porphyrin–quinone dyad. 

In the ground state, the structure after the ESIPT (por-QH) is 59.7 kcal/mol less stable 

than the starting structure (porH-Q).  However, in the excited state, the energy difference 

decreases to only 1.26 kcal/mol, which can be easily overcome by thermal activation at room 

temperature.  The activation energy for the backward reaction in the ground state was 

 
Figure 4. B3LYP/6-311G++ calculated frontier HOMO and LUMO orbitals of (a) ground 

state of porH-Q, (b) excited state of porH-Q, (c) ground state of por-QH, and (d) excited 

state of por-QH. Reprinted with permission from ref. 26. Copyright 2012, The Japan Institute 

of Heterocyclic Chemistry. 
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estimated from the energy of the transition state (por···H···Q) to be 1.90 kcal/mol.  From the 

TDDFT calculations, the excitation energy of porH-Q was 824 nm (34.7 kcal) and por-QH was 

1022 nm (28.0 kcal) in the ground state. In the excited state, the energy of *porH-Q was 1390 

nm (20.6 kcal) and *por-QH was 2310 nm (12.4 kcal).  

The above energy estimations mean that although the por-QH is less stable than the 

starting porH-Q, the proton transfer reaction can readily proceed as a result of photo-excitation, 

and the ground state of por-QH has some life-time because of the activation energy of 1.90 

kcal/mol. If this activation energy can be increased by molecular design, the por-QH state could 

have a long enough life-time to be used as an optical memory molecule. In this calculation, we 

couldn’t clear whether only proton transfer occurred or electron transfer also occurred because 

there were no differences between α spin and β spin. Moreover, in our previous research, using 

infrared (IR) spectroscopy, it was shown that the strength of the N–H bond of the porphyrin 

double-decker was weaker than that of a single porphyrin molecule.14 In combination, these 

results suggest that SMM switching in the solid state can be expected for this TbIII–porphyrin 

double-decker complex using a porphyrin–quinone dyad. 

3-4     Conclusions 

In this study a porphyrin double-decker complex with quinone dyad was designed to 

achieve the SMM switching in solid state. In this molecule it is expected to occur PCET. To 

confirm the possibility to occur PCET, energy barrier between the ground state of both before 

and after PCET and transition state of a porphyrin with quinone dyad was estimated from 

TD-DFT calculations. From the calculation results, it was suggested the possibility of PCET in 

this double-decker complex. 
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Chapter IV  Observation of the Supramolecular Structure of 
TbIII-octaethylporphyrin Double-Decker Complexes 
with Three Different Electronic Structures 

Inose, T.; Tanaka, D.; Tanaka, H.; Ivasenko, O.; Nagata, T.; Ohta, Y.; De Feyter, S.; Ishikawa, 

N.; Ogawa, T.; Chem. Eur. J. 2014, 20, 11362. 

4-1     Introduction 

Molecular spintronics, a technology exploiting both charge and spin degrees of freedom 

at the single-molecule scale, has emerged as a promising topic toward single-molecule magnets 

at both the fundamental and applied levels of study.1 Some of the more promising materials in 

the field of molecular spintronics are single-molecule magnets (SMMs).2-11 SMMs behave like 

nanoscale magnetic molecules because of the slow relaxation of magnetization under blocking 

temperature. Since 2003 it has been expected that lanthanide-based SMMs are one of the most 

attractive materials due to the intensely large magnetic anisotropy of lanthanide ions although 

many transition metal SMMs have been reported.12 One of the most famous and attractive 

SMMs is the family of phthalocyanine (Pc)-based Tb(III) double-decker compounds (TbPc2) 

because this compounds show higher blocking temperatures, among many mono- or 

multinuclear lanthanide SMMs, and many studies of TbPc2 SMMs have been reported.13-18 

Designing of SMMs as active units is one of the interesting themes for spintronic devices 

recently. Scanning tunneling spectroscopy (STS) techniques and nanogap electrodes has high 

potential to reveal the electric property of molecules at the single-molecule level and used to 

detect electrical conductance of TbPc2 derivatives recently.19-23 Further, another interesting 

research to detect the magnetic state of SMMs is using TbPc2 derivatives on nanocarbon 

materials and the magnetic state is detected by electrical signals.24,25 Spin-valve effects is an 

essential tool on magnetization in nanocarbon/SMM composite materials, and the electrical 

detection of the magnetization reversal of TbPc2 has been demonstrated. Nanocarbon/SMM 

composites contain at least two SMM centers on the graphene sheet or carbon nanotube; the 

relative direction of the SMM magnetic moments strongly affect the conductance of the 

electrons passing through the nanocarbon material. This composite spin-valve system is very 
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attractive for future spintronics devices; however, the relationship between the supramolecular 

structure of SMMs on carbon materials and the resultant magnetoresistance remains unknown. 

Moreover, although previous reports strongly suggest that an organic π radical on 

phthalocyanine plays a crucial role in charge–spin coupling, double-decker complexes without π 

radicals such as reduced anionic forms have not been studiedin such composite systems, and 

thus the effect of the π radical on the charge–spin coupling remains unclear. We reason that the 

control of these two parameters – namely the 2D supramolecular structure and the oxidative 

state of the ligand – is critically important for fabrication of nanocarbon/SMM composites. 

Suitable design strategies for 2D supramolecular structure of SMMs on carbon materials 

have not been proposed, on the other hand the attention is currently focused on the SMM 

properties on surfaces.3,9,26-30 We thought studying about the 2D supramolecular structures of 

SMMs on carbon materials is important to establish SMMs as reliable spin-valve devices. 

Generally, it regarded fabrication of a 2D structure on solid surfaces based on self-assembly is a 

very interesting subject owing to the perspective of many applications in the field of 

nanoscience and nanotechnology.31-35 Scanning tunneling microscopy (STM) has high potential 

to observe controlled 2D supramolecular structure on a surface at single-molecule level.36-46 

Many STM studies used HOPG as a substrate have been reported because it is known that alkyl 

chain can interact with carbon materials strongly. So it is expected that introducing many alkyl 

groups can fabricate well-ordered 2D supramolecular structures on HOPG. Desired 2D surface 

structures of SMMs on carbon materials will be achieved by designing SMMs with alkyl 

groups. 

Another important factor to design active units for molecular spin-valve system is the 

difference of the electronic structures of TbIII double-decker complexes. Radical form 

phthalocyanineato or porphyrinato MIII based double-decker complexes has a spin of a π radical 

and these molecules exist in stable state. Neutral complexes can be obtained by one-electron 

oxidation of the ligand. The double-decker complexes show redox-active properties because 

total net charge of the summing of one MIII ion and two tetrapyrrole rings as dianions is -1. 

Additionally, the electronic structures of double-decker complexes can be changed by 
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protonation and deprotonation, because protonation of the anionic form double-decker 

complexes also can occur neutralization of the double-decker complexes. Moreover their 

magnetic relaxation behaviors can be affected by the electronic states of double-decker 

complexes. In our past study it was revealed that isolating both protonated and anionic form 

tetraphenylporphyrin (TPP)-TbIII double-decker complexes induced drastic switching of the 

SMM property.47 Moreover, it is suggested suggested that the TbIII magnetic moment and the 

organic π radical is coupled weakly, and the conductive electron through coupling can be 

affected by the magnetic information on the TbIII ion. Although there are a few reports about 2D 

supramolecular structures of radical form double-decker complexes, it is strongly expected to 

achieve controlling of electrical structures of double-decker complexes in 2D supramolecular 

structures for well-designed systems of molecular spin-valve. 

Previously, we have paid attention on porphyrin–TbIII double-decker SMMs due to their 

high designability and unique properties of their proton-induced magnetic switching.47,48 Here, 

we show the synthesis of a 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP)-TbIII double-decker 

complex (Tb(oep)2) because it is expected that ethyl groups of this molecule can enhance the 

interaction between a carbon surface and the molecule. We chose HOPG as a substrate and 

revealed the 2D surface structures of each molecule on HOPG by STM. HOPG is an ideal 

substrate for use in STM measurements because the surface structure is identical with that of 

graphene. Tb(oep)2 of protonated (1), anionic (2), and radical (3) forms were prepared (Scheme 

1).48 

 We measured the magnetic properties of all Tb(oep)2 and revealed drastic magnetic 

 
Scheme 1. Molecular structures of Tb(oep)2 double-decker complexes with three different 

electronic states. Copyright 2014, Wiley. 
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switching was possible by changing the electronics structures. Moreover we have successfully 

observed the 2D surface structures of Tb(oep)2 with different electronic structures. 

4-2     Results and Discussions 

Synthesis.  

First we got a protonated complex 1 in yield 37.4 % by mixing H2OEP, [TbIII(acac)3] 

(acac = acetylacetonate), and DBU and heating at 330 ºC for 1.5 h. To get an anionic form 

double-decker complex 2, DBU was added as a base to a solution of 1 in chloroform. The 

objective was obtained in yield 86.9 %. Moreover radical form double-decker complex 3 was 

synthesized by adding NOBF4 as an oxidation agent to a solution of 2 in distilled 

dichloromethane under nitrogen, in yield 55.2 %. The colors of all powder samples were dark 

red-purple and it is stable under ambient conditions. 

We could also get a protonated complex 4 by mixing H2BDP, [TbIII(acac)3] and DBU, 

and heating at 300 ºC for 1.5 h, it is almost the same reaction condition compared to protonated 

form complex 1. The pure powder sample of 4 with red-brown color was gotten in yield of 

50 %. 

UV-Visible Spectroscopy.  

Figure 1 shows the UV-vis spectra of each double-decker complex. The Soret bands of 

three double-decker complexes were compared. Radical complex 3 (374.0 nm) was blue shifted 

compared to that of a protonated complex 1 (386.0 nm) and an anionic complex 2 (387.0 nm). 

Additionally complex 3 also showed near-infrared absorption band (1190 nm). The blue shifts 

of the Soret band are discussed in terms of “excitonic interactions”. Because an electron of 

radical complex 3 was removed from an antibonding orbital of the highest occupied molecular 

orbitals (HOMO), it is expected that this leads to an enhancement in the electronic ground state 

π−π interaction of the sandwich complexes, to diminish the cofacial distance between two π 

electronic systems.49-53 Consequently, the increasing of excitonic interaction causes the 

observed blue shifts of the Soret band. 



 48 

 

 
Figure 1. UV-vis spectra of a protonated form 1, an anionic form 2, and radical form 3 in 

dichloromethane. Reprinted with permission from ref. 60. Copyright 2014, Wiley. 

 
Figure 2. A partial energy diagram for anionic form 2 and radical form 3 double-decker 

complexes. Reprinted with permission from ref. 60. Copyright 2014, Wiley.  
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Figure 2 shows a part of molecular orbital diagrams to explain the NIR absorption feature 

of 3. In this figure, transition of an electron from the filled bonding orbital of b1 to the half-filled 

antibonding orbital of a2 occurs and it leads the NIR absorption. 

Electrochemistry.  

Cyclic Voltammetric (CV) measurements of a protonated form 1 and an anionic form 2 in 

CH2Cl2 was shown in Figure 3. A number of steps of oxidation process which occured for both 

the protonated form and anionic form complexes were observed. The detailed analysis showed 

that a protonated complex 1 showed six oxidation peaks (E = -0.49, -0.11, 0.058, 0.63, 1.04 and 

1.40 V vs. ferrocene/ferrocenium (Fc/Fc+)). On the other hand, an anionic complex 2 showed 

only four peaks (E = -0.44, -0.10, 1.03, 1.40 V vs. Fc/Fc+). From the past study, redox status of 

the protonated form double-decker complex shows two specific oxidation peak and it 

corresponds to peaks of E = 0.058 V, 0.63 V in a protonated complex 1. This result can be one 

proof that the protonated complexes can exist stable even in solution state and the protonation 

affects the electrochemical properties. 

In the past study, the CV data display freebase octaethylporphyrin (OEP) is oxidized 

easier than that of freebase tetraphenylporphyrin (TPP).54,55 The first oxidation potential of a 

 
Figure 3. Cyclic voltammograms of (a) protonated form 1, and (b) anionic form 2 in CH2Cl2, 

measured at room temperature (0.10 M n-Bu4NPF6, scan rate = 0.10 V/s). Reprinted with 

permission from ref. 60. Copyright 2014, Wiley. 
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freebase OEP is 0.29 V (vs. Fc/Fc+). On the other hand, the first oxidation potential of TPP is 

0.49 V (vs. Fc/Fc+) and the value is 0.20 V higher than that of freebase OEP. In double-decker 

complex, it can say the same thing for an anionic form double-decker complex, that is, -0.44 V 

(vs. Fc/Fc+) of the first oxidation potential is also more susceptible to that of -0.37 V (vs. 

Fc/Fc+) of oxidation than an anionic form TPP double-decker complex.47 

Magnetic measurement.  

Alternating current (ac) magnetic susceptibility measurements of three kinds of 

complexes revealed their magnetization relaxation behavior (Figure 4 and Figure 5). Figure 4(a) 

and (b) shows temperature dependence of ac susceptibility of a protonated complex 1 in powder 

sample under zero dc field and frequency dependence of in-phase (χM’) and out-of-phase (χM”) 

for 1 were not observed at frequencies up to 1000 Hz and temperatures down to 2 K. From this 

result it was revealed that a protonated complex 1 was non-SMM. Even magnetic field of 2000 

Oe was applied in the measurement of ac magnetic susceptibility of 1, out-of phase signal (χM”) 

was not observed as shown in Figure 5 (a), (b). These results indicate that there are another 

factors which cause the fast relaxation process of a protonated form double-decker complex 

 
Figure 4. Temperature dependence of the in-phase (χM’) and out-of-phase (χM”) ac 

susceptibility of (a, b) protonated form 1, (c, d) anionic form 2, and (e, f) radical form 3 

under zero dc magnetic field. Reprinted with permission from ref. 60. Copyright 2014, 

Wiley. 
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except for the quantum tunneling process.  

Previously, we showed the non-SMM property of the protonated form 

tetraphenylporphyrin-TbIII double-decker complex because its symmetric coordination 

environment was low.47 It is expected that the distortion of 1 shows almost same as that of 

tetraphenylporphyrin-TbIII double-decker complex although to determine the molecular 

structure of 1 from the X-ray single crystal analysis was difficult. And it seems the same reason 

of the case of a tetraphenylporphyrin-TbIII double-decker complex that non-SMM property of 

protonated complex 1. In contrast, Figure 4  (c) ~ (f) showed a clear frequency dependence of 

an anionic form 2 and a radical form 3 by the measurement of ac magnetic susceptibility. A 

sharp drop in the in-phase (χM’) and out-of-phase (χM”) peaks in different temperature ranges 

dependent on the frequency was observed, and it indicates that these two complexes 2, 3 act as 

an SMM. The χM” peak was observed for an field of 1000 Hz at 23 K in an anionic complex 2 

and at 24 K in a radical complex 3, respectively. These values seem almost same value of the 

magnitude of an anionic tetraphenylporphyrin-TbIII double-decker complex whose χM” peak 

was observed at 24 K. In the past study it was reported that the strength of the ligand field (LF) 

 

Figure 5. Temperature dependence of the in-phase (χM’) and out-of-phase (χM”) ac 

susceptibility of (a, b) protonated form 1, (c, d) anionic form 2, and (e, f) radical form 3 under 

2000 Oe magnetic field. Reprinted with permission from ref. 60. Copyright 2014, Wiley. 

 



 52 

effected the blocking temperature.14 As mentioned previously in section of UV-vis spectra, 

removal of an electron of a radical form 3 from an antibonding orbital of HOMO occurs 

diminishing the cofacial distance between two π electric systems, and it results in LF potential 

of 3. The higher blocking temperature compared to anionic form is attributed to this stronger LF 

potential of radical form 3. Figures 5 (c) ~ (f) show results of the measurements of ac magnetic 

susceptibility of an anionic form complex 2 and a radical form complex 3. 2000 Oe magnetic 

field was applied in the measurement and this magnitude of the magnetic field can change the 

relaxation dynamics of the sample. These results suggest that the dominant relaxation process of 

2 and 3 at low temperature under zero dc magnetic field is the tunneling process. 

Variable-frequency ac magnetic susceptibility can reveal the detail of the SMM 

properties and Figure 6 shows the results of both 2 and 3 under zero dc magnetic field and 2000 

Oe dc magnetic field. In the temperature range of this measurement, both complex 2 and 3 

showed the decreasing of the in-phase (χM’) element of the ac susceptibility, and peaks in the 

out-of-phase (χM”) element appeared at the same time, which mean clear slow magnetic 

relaxation. Figure 7 shows Argand plots of anionic complex 2 and radical complex 3, and the 

generalized Debye mode was used for their fitting. Figure 7 (a) and (b) show semicircular plots 

for complex 2 which were gotten below 24 K and (a) is the result under zero dc magnetic field 

and (b) is under 2000 Oe dc magnetic field. The α parameter of 2, which was obtained in the 

fitting of extended Debye model and quantifies the width of the relaxation time (τ) distribution, 

was in the range of 0.16 – 0.29 at zero dc field (from 10 K to 24 K) and 2000 Oe dc field (from 

14 K to 24 K). Figure 7 (c) shows semicircular plots of complex 3 which are gotten below 24 K 

(Figure 7 (c)) with the α parameter in the range of 0.22 – 0.29 under zero dc field (from 6 K to 

24 K) and 2000 Oe dc field (from 12 K to 24 K). Here, extended Debye model is written by 

following equations. 
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χ(ω) = χs + !!!!!
!!(!"#)!!!

 

χ’(ω) = χs + (χt-χs)
!!  (!")!!  ! !"#(!" !)

!!!(!")!!  ! !"#(!" !)!  (!")!!  !!  
 

χ”(ω) = (χt-χs)
!" !!  ! !"#(!"/!)

!!!(!")!!  ! !"#(!" !)!  (!")!!  !!  
 

Here χs is the value of the left edge of the semicircular (frequency ω → ∞) and χt is the value of 

the right edge of the semicircular (frequency ω → 0),56 α the relaxation time distribution factor, 

and τ the relaxation time. In Figure 7 (c), both the values of χs and χt for complex 3 is gradually 

 

 

Figure 6. Frequency dependence of in-phase (χM’) and out-of-phase (χM”) signals of the ac 

magnetic susceptibility for a crystalline powder sample of 2 in (a) zero dc magnetic field 

and (b) 2000 Oe dc magnetic field and powder sample of 3 in (a) zero dc magnetic field and 

(b) 2000 Oe dc magnetic field with a 3.9 G ac field amplitude.The solid lines were fitted by 

using an extended Debye model. Reprinted with permission from ref. 60. Copyright 2014, 

Wiley. 
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increasing with increasing of the temperature although χt for complex 2 does not show the 

temperature dependency. Figure 8 shows that the χsT values of radical complex 3 are almost 

constant. This means that the shift of the χs in radical complex 3 is caused by a paramagnetic 

 
Figure 7. Argand plots for a crystalline powder sample of anionic form 2 in (a) zero dc 

magnetic field and (b) 2000 Oe magnetic field, and for a powder sample of radical form 3 in 

(c) zero dc magnetic field and (d) 2000 Oe magnetic field. The solid lines were fitted by a 

generalized Debye model. Reprinted with permission from ref. 60. Copyright 2014, Wiley. 

  
Figure 8. a) χsT vs. T plots and b) χtT vs. T plots of radical complex 3 under zero dc magnetic 

field. Here χs is the adiabatic susceptibility (high frequency regime) and χt is the isothermal 

susceptibility (low frequency regime). Reprinted with permission from ref. 60. Copyright 

2014, Wiley. 
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component whose magnetization reversal occurs without the thermal energy barrier. The dc 

magnetic susceptibility measurement of anionic complex 2 and radical complex 3 was shown in 

Figure 9. As shown in Figure 9 the χMT values are constant at high temperatures, and the value 

of a radical form 3 is higher than that of complex 2. The difference of the value is 0.7 emu K 

mol-1 which attributes to the presence or absence of single-electron π radical. It is expected that 

the π radical on the porphyrin ligands form the main paramagnetic component for χs. Two 

different kinds of relaxation process of 3 were suggested from the Argand plot under 2000 Oe 

dc magnetic field (Figure 7 (d)). On the other hand, an anionic complex 2 showed only one 

process. The unpaired π electrons which could interact with the magnetic moment of TbIII center 

at the low temperature region might be attributed to the based species of the slow relaxation 

process of 3 under a dc magnetic field. The relaxation time (τ) was determined by the results of 

both Figure 6 and Figure 7. The estimated energy barrier between up spin state and down spin 

state by an Arrhenius equation τ-1 = τ0
-1exp(-Δ/kBT) for 2 (Figure 10 (a)) was 207 cm-1 with a 

frequency factor (τ0) of 2.38 × 10-10 s, and those for 3 were 215 cm-1 and 3.39 × 10-10 s (Figure 

10 (b)). These values show a good agreement with the value of reported anionic form 

tetraphenylporphyrin double-decker complex (Ueff = 283 cm-1, τ0 = 6.8 × 10-12 s). 

Figure 11 shows typical butterfly shaped hysteresis which was observed by the dc 

magnetization measurement of both complexes 2 and 3. The measurement condition was at 1.8 

K within ± 20 kOe. The radical complex 3 showed more opened butterfly loops compared to 

   
Figure 9. Temperature dependence of χMT for a) anionic 2 and b) radical 3 complexes. 

Reprinted with permission from ref. 60. Copyright 2014, Wiley. 
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that of the anionic complex 2. From the Arrhenius plot, 3 has higher energy barrier than that of 

2. This means that the relaxation time of 3 is slower than 2, and this attributed to the shape of 

hysteresis.  

 

Figure 10. Arrhenius plots for (a) anionic form 2 and (b) radical form 3. Reprinted with 

permission from ref. 60. Copyright 2014, Wiley. 

 

 
Figure 11. Hysteresis loops of the (a) anionic form 2 and (b) radical form 3 at 1.8 K. 

Reprinted with permission from ref. 60. Copyright 2014, Wiley. 
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Molecular geometry and Surface self-assembly 

Fabricating homogeneous molecular thin films and controlling 2D supramolecular 

structures of SMMs on a surface are one of the important subjects for the future molecular 

spintronic devices.57 HOPG was chosen as a substrate for the measurement in this time because 

the properties of HOPG are simiar to the classical nanocarbon materials, like graphene and 

carbon nanotubes. First, we used tetraphenylporphyrin (TPP) based double-decker complex47 to 

make ordered monolayers on HOPG by the dropcasted method. However, so far we have not 

seen any self-assembly. There are two main conceivable factors: 1) effective adsorbate-substrate 

contact is reduced by non-planarity of TPP (and the adsorption strength, as a consequence), 2) 

gear-like topology of complex also induce further island-type growth,47,58 especially for the 

protonated form (TbIIIH(TTP)2), because of the low molecular symmetry of its double-decker 

core.47 By changing Tb(oep)2 as adsorbate, it is expected that realizing ordered 2D 

supramolecular structure of porphyrin double-decker copmlexes because 16 alkyl chains of 

Tb(oep)2 as shown in Figure 12 would give multiple weakly-directional van der Waals 

interactions. This design was consequently suitable. Here we successfully observed nicely 

ordered molecular thin films of all three Tb(oep)2 on HOPG by simple dropcasting from 

dichloromethane solutions. (Figure 13). 

 

 
Figure 12. Molecular models of (a) differences of the double-decker cores of the protonated 

(red) and anionic (green) TPP-TbIIIdouble-decker complexes as dound in X-ray single 

crystal analysis, (b) shell of the alkyl chains in 1. Reprinted with permission from ref. 60. 

Copyright 2014, Wiley. 
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In STM images, 1-3 commonly appear as deformed ~1nm rings, whose shape and 

dimensions are good agreement with the size of one molecule and the alkyl chains. It was 

difficalt to recognize the difference between 1-3 from STM images because the appearance of 

these molecules are affected by the alkyl chains. Furthermore the counter ion of an anionic 

complex 2, -protonated DBU- was not observed. However, from our solution and solid-state 

experiments we know that 1-3 are stable at ambient conditions. Raman spectroscopy also 

confirmed that the complex 2 exist stably in thin films (Figure 14). 

 
Figure 13. STM images of a), b) protonated form 1 in 7.82 × 10−5 M anhydrous CH2Cl2 (I = 

0.200 nA, Vsample = −0.550 V); c), d) anionic form 2 in 5.43 × 10−5 M anhydrous CH2Cl2 (I = 

0.220 nA, Vsample = 0.400 V); e), f) radical form 3 in 2.04 × 10−4 M anhydrous CH2Cl2 (I = 

0.200 nA, Vsample = −0.400 V). Figures b), d) and f) also show tentative molecular models of 

1, 2 and 3, respectively. Element color: hydrogens-white, carbons- light blue, nitrogens-dark 

blue, terbium-violet. Reprinted with permission from ref. 60. Copyright 2014, Wiley. 
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Table 1 shows the unit cells of these assemblies and 1-3 show essentially identical value 

and show close packing, because of multiple non-directional van der Waals interactions. The 

differences of symmetry, molecular geometry and electronic structure of the double-decker 

complexes are cusioned by the conformationally mobile alky chains (Figure 12). 

Table 1. Lattice parameters of Tb(oep)2 double-decker complexes on 
HOPG. 

 Protonated, 1 Anionic, 2 Radical, 3 

a, nm 1.41 ± 0.03 1.37 ± 0.08 1.39 ± 0.04 
b, nm 1.46 ± 0.05 1.41 ± 0.04 1.45 ± 0.06 

γ, ° 66 ± 3 64 ± 4 65 ± 3 

As shown in Figure 15, it was revealed large domains of monolayers with some holes or 

isolated molecules in the second layer was contained in the films. Boundaries between two 

neighbor domains were rarely observed, and step edges or sub-monolayer coverage and defects 

of the underlying HOPG are the main reasons why domain borders were observed (Figure 16). 

Furthermore, even when we deposited mixture sample of 1 and 2, interdomain boundaries were 

not observed (Figure 17). 

Not only simple close packing 2D supramolecular structure of SMMs, but also other 

surface structures are also possible as long as strong interactions between substrate and 

 
Figure 14. Raman spectra of anionic form double-decker complex measured a) in bulk state 

and b) on HOPG surface. Reprinted with permission from ref. 60. Copyright 2014, Wiley. 
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molecules are maintained. One example is designed molecule 4 which has long alkyl chains 

(Figure 18(a)). Destabilizing possible porous packing of this can remove the possibility of 

polymorphism.59 Figure 18b and c shows ordered monolayers of 4 which was observed by 

dropcasting from dilute DCM solutions. Here self-assembly on HOPG was stabilized by long 

alkyl chains. Furthermore, the long alkyl chains also play an important role as a spacer to 

separate neighbor TbIII sites.  

 

 

Figure 15. Representative STM image of single-molecule defects in monolayers of OEB-Tb 

complexes. This is self-assembly of 1 (I = 0.05 nA, Vsample = −0.600 V). Black and yellow 

arrows point to a hole and second-layer molecules, respectively. Reprinted with permission 

from ref. 60. Copyright 2014, Wiley. 

 

 
Figure 16. Rare observation of interdomain boundary (marked with blue dotted line) and 

multiple domain borders formed as a consequence of submonolayer coverage in OEB-Tb 

assemblies. This is self-assembly of 1 (I = 0.15 nA, Vsample = −0.800 V). Reprinted with 

permission from ref. 60. Copyright 2014, Wiley. 
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Figure 17. Very large domain of 1:1 mixture of protonated (1) and anionic (2) complexes (I 

= 0.15 nA, Vsample = −0.800 V). There is no aparent phase separation. Reprinted with 

permission from ref. 60. Copyright 2014, Wiley. 
 

 
Figure 18. a) Molecular structure of BDP-TbIII double-decker complex 4. STM images of b), 

c) protonated BDP-TbIII double-decker complex 4 in 9.26 × 10−5 M anhydrous CH2Cl2 (I = 

0.080 nA, Vsample = 1.000 V). The lattice parameter is a = 2.16 ± 0.03 nm, b = 1.22 ± 0.02 

nm and γ = 85 ± 3°. Molecular models of freebase BDP are superimposed on the image. The 

actual angle between upper and lower porphyrin plane is not clear, so molecular models of 

freebase porphyrin are shown. Reprinted with permission from ref. 60. Copyright 2014, 

Wiley. 
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4-3     Conclusions 

In this report, the synthesis method and magnetic property of Tb(oep)2 with three 

different electronic structures were performed. It was revealed that non-SMM properties of the 

protonated form of the Tb(oep)2 from the ac magnetic susceptibility measurement. The reason 

of the non-SMM properties of Tb(oep)2 contributes to the molecular symmetry of a protonated 

form double-decker complex was lower. To the best of our knowledge, such a drastic magnetic 

switching among three different electronic structures was reported for the first time. 

As the next step towards the development of actual spintronic devices, we have studied 

surface self-assembly of several Tb complexes as a way to form thin films with different 

patterned arrangement of SMM active sites. Furthermore, rich chemistry (acid-base, redox) and 

close similarity between the packing of Tb(oep)2 set promising foundation for the development 

of multifunctional and morphologically stable SMM switches and sensors. Currently, we are 

exploring chemical reactivity of monolayers and ultrathin films of these and other Tb 

complexes aiming at the in-situ interconversion (switching). 

Finally, from the above results it is expected that our approach in this time can affect the 

study for future molecular spintronic devices including SMM/nanocarbon material composites. 
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Chapter V  Fabricating the New 2D Supramolecular Structure of 
Single-Molecule Magnet on a Carbon Surface 

5-1     Introduction 

Single-molecule magnets (SMMs) are one of the very attractive functional molecules 

because of their unique energy barrier to magnetic relaxation and their high possibility to apply 

to molecular spintronics.1-5 In particular, the family of phthalocyanine (Pc)-based TbIII 

double-decker complexes (TbPc2) displays higher blocking temperatures and a number of 

studies on Pc double-decker SMMs have been reported.6 One of the interesting researches in 

this field in recent years is attractive nanocarbon/SMM composites -TbPc2 derivatives on 

nanocarbon materials- for spintronic devices.7,8 In these studies spin valve effects play an 

important role and the magnetic state of SMMs on nanocarbon materials by electrical signals 

has already been successfully detected. Thus the research of nanocarbon/SMM composites is of 

great interest to realize any technological application of SMMs like high-density data storage. 

Controlling two-dimensional (2D) supramolecular structure on a surface seems very important 

for such nanocarbon/SMMs composites, although there are few reports about 2D structure of 

SMM at one molecular level.9,10 Fabricating 2D supramolecular organizations properly is very 

important for a next step to realize SMM application. 

In our past study we have focused on porphyrin-TbIII double-decker (Por-DD) SMMs 

because of their high functional group tunability and unique proton-induced magnetic switching 

properties.11 Previously we have been succeeded in making both regular 1D and 2D 

supramolecular structure of Por-DD complexes with such attractive magnetic switching 

property on highly oriented pyrolytic graphite (HOPG) surface by introducing alkyl groups to 

porphyrin to enhance the interaction between the molecule and HOPG surface.12 In the previous 

study surface-confined 2D supramolecular structure of Por-DD on HOPG was measured by 

scanning tunneling microscopy (STM) under an ambient condition. STM is one of the very 

powerful tools to investigate 2D molecular networks for structural evaluation at submolecular 

level and many 2D supramolecular structures have been measured by STM under several 

measurement environments.13-22 From the viewpoint of realizing new 2D supramolecular 
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structure on a surface, using two-component on a surface is one of the very attractive 

methods.13,14,19,23-26 

Here we demonstrate new supramolecular structure of SMM on HOPG. We propose 

alkoxylated dehydrobenzo [12] annulene (DBA) derivatives as an attractive molecule to realize 

new 2D surface structure of SMM on HOPG.23-26 A part of authors reported that DBA 

derivatives showed a unique porous network formation at the liquid-solid interface based on 

alkyl chain interdigitation interaction (van dear Waals interaction) between adjacent molecules. 

These 2D porous networks give the potential to immobilize functional units as guest molecules 

in a repetitive and spatially ordered arrangement. So two-component of SMMs and DBA 

molecules with appropriate alkyl chain length can make a new 2D structure on a surface. In this 

paper we used a radical form 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP)-TbIII double-decker 

(TbIII(oep)2) SMM as a guest molecule and demonstrate a method to realize new 2D 

supramolecular structure of SMM on a surface by using a DBA molecule. Concentration 

dependence of TbIII(oep)2 co-adsorbed with DBA cores on a surface was also observed and such 

results will be one possibility to control SMM density on carbon materials. 

5-2     Experimental 

Radical form 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP)-TbIII double-decker complex 

was synthesized by previously reported procedure.12 

All STM measurements were performed at room temperature using a Multimode 8 setup 

equipped with a NanoScope V controller (Bruker Nano Inc., Nano Surfaces Devision, Santa 

Barbara, CA, USA). The experiments were operated in constant-current mode with the tip 

immersed in the supernatant liquid. STM tips were prepared by mechanical cutting of Pt/Ir wire 

(80%/20%, diameter 0.25 nm). 

Prior to imaging, the complexes under investigation were dissolved in 1-Phenyloctane 

(Wako) at each concentration, and 20 ml of this solution was casted on a freshly cleaved surface 

of HOPG (grade ZYB, GE Advanced Ceramics). All STM images were taken in 

constant-current mode. The bias voltage was applied to the sample in such a way that at positive 
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bias voltage, electrons tunnel from the tip to the sample. All images were filtered by using 

NanoScope Analysis. 

To investigate host-guest systems, the solution of the host molecules in 1-Phenyloctane 

(20ml, 3.7 × 10-5 M) was first measured to confirm the network structure, and then a 20 ml of 

the solution of a guest molecule (4.5 × 10-6 M, 1.3 × 10-5 M, 2.1 × 10-5 M, 2.7 × 10-5 M, 3.5 × 

10-5 M) of each concentration was added to the sample. For each concentration of a guest 

molecule, around ten large-scale STM images (100 × 100 nm2) were measured to obtain a 

percentage of the guest molecule to the total number of the host molecule in the area. 

5-3     Results and Discussions 

The systems presented here consist of combinations of DBA with octyloxy (DBA-OC8) 

chains and a radical form TbIII(oep)2 as a guest molecule at the liquid/solid interface on HOPG 

(see Scheme 1(a), (b) for molecular structures). In our previous study it was revealed that an 

anionic form and a radical form TbIII(oep)2 showed similar SMM property compared to other 

reported porphyrin double-dekcer SMMs in bulk state, and these complexes also showed unique 

proton-induced magnetic switching.12 A STM study of TbIII(oep)2 with three different electronic 

 
Scheme 1. Chemical structure of (a) DBA-OC8 and (b) radical form TbIII(oep)2. (c) 

Tentative models of the surface patterns. Left; one component (only DBA-OC8), Right; two 

components (DBA-OC8 and TbIII(oep)2). 
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structures revealed that these complexes showed stable pseudo-hexagonal packing structure 

with almost same lattice parameter under an ambient condition (the lattice parameter of a 

radical form TbIII(oep)2; a = 1.39 ± 0.04 nm, b = 1.45 ± 0.06 nm, g = 65 ± 3°) on HOPG. From 

the previous study it is expected that the radical form TbIII(oep)2 can be one of the appropriate 

SMMs as a guest molecule for DBA networks because TbIII(oep)2 is planar and neutral molecule. 

We selected a DBA molecule with octyloxy chains because the molecular modeling calculation 

expected that the porous size formed by a hexamer of DBA-OC8 (edge to edge distance) is 

18.08 Å. This size seems to be best fitted to the size of one radical form TbIII(oep)2 molecule 

whose size on HOPG is estimated around 15 Å.12 From the tentative model of the honeycomb 

structure of DBA-OC8, one radical form TbIII(oep)2 molecule can fit in one pore (Scheme 1(c)). 

First only the solution of DBA-OC8 molecules in 1-Phenyloctane (20 ml, 3.7 × 10-5 M) 

was casted on HOPG (5 × 5 nm2) and the 2D structure at the solid/liquid interface was measured 

to confirm the formation of the nanoporous network structure. Figure 2(a) shows the STM 

image of only DBA-OC8 on HOPG. The DBA moieties appear as bright features due to the 

unsaturated annulene core, and alkoxy chains appear as darker lines between adjacent DBA 

cores. The observed honeycomb-type network structure is similar to the one which has been 

observed in TCB and other solvent in the past study. Through all experiments here the 

concentration of DBA-OC8 solution was constant 3.7 × 10-5 M. After confirmation of 

honeycomb structure of DBA-OC8 on HOPG the five different kinds of concentration of a 

radical form TbIII(oep)2 in 1-Phenyloctane (guest molecule) was dropped on DBA-OC8 porous 

network. The concentration of a radical form TbIII(oep)2 solution was changed from the lowest 

4.5 × 10-6 M to the highest 3.5 × 10-5 M. Figures 2(b)-(f) show STM images of two component 

(DBA-OC8/ TbIII(oep)2). Some bright spots in cavities of DBA-OC8 were observed after the 

TbIII(oep)2 solution was added to the honeycomb network structure. The number of bright spots 

seems to be increasing with the increasing of the concentration of radical form TbIII(oep)2 

solution. Because only the number of  
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Figure 2. Large-area STM images (100 × 100 nm2) of the network structures of DBA-OC8 

with or without TbIII(oep)2. Same amount of the solution of DBA-OC8 in 1-Phenyloctane 

(20 ml, CDBA = 3.7 × 10-5 M) was casted on HOPG through all samples. 20 ml of the 

solution of (a) CTb(oep)2 = 0 M (It = 66.04 pA, Vsample = 799.7 mV), (b) CTb(oep)2 = 4.5 × 10-6 M 

(It = 100.00 pA, Vsample = 649.7 mV), (c) CTb(oep)2 = 1.3 × 10-5 M (It = 110.00 pA, Vsample = 

670.0 mV), (d) CTb(oep)2 = 2.1 × 10-5 M(It = 500.00 pA, Vsample = 700.0 mV), (e) CTb(oep)2 = 2.7 

× 10-5 M (It = 70.00 pA, Vsample = 699.8 mV), (f) CTb(oep)2 = 3.5 × 10-5 M (It = 38.72 pA, 

Vsample = 713.5 mV) of TbIII(OEP)2 were casted on HOPG. (g), (h) Zoomed STM image of 

the honeycomb network of DBA-OC8 with TbIII(oep)2. (g) CTb(oep)2 = 2.5 × 10-5 M, 35 × 35 

nm2, (It = 66.04 pA, Vsample = 686.9 mV) (h) CTb(oep)2 = 4.6 × 10-6 M, 15 × 15 nm2 (It = 44.42 

pA, Vsample = 662.3 mV) 
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a radical form TbIII(oep)2 molecule in solution was changed, it is expected that the bright spots 

in cavities indicate co-adsorbed radical form TbIII(oep)2 molecules. Figures 2(g) and (h) show a 

zoomed STM image of two component (DBA-OC8/TbIII(oep)2). Clear DBA moieties as 

triangular features and brighter spots than those of DBA moieties but fuzzy spots appear in the 

cavities. Because the molecular height of TbIII(oep)2 is high more than double for that of 

DBA-OC8, the brighter feature inside the cavities is strong evidence for the coadsorption of 

radical form TbIII(oep)2 molecules.  

The concentration dependence of the proportion of coadsorbed radical form TbIII(oep)2 in 

the cavities to all cavities in entire area (100 × 100 nm2) is shown in Figure 3. The number of 

both bright spots and cavities formed by DBA-OC8 was confirmed by visual check. In Figure 3, 

the proportion of captured radical form TbIII(oep)2 apparently increases with increasing the 

concentration of radical form TbIII(oep)2 solution. When linear approximation whose 

Y-intercept is 0, larger deviations from the straight line was observed at the lowest 

concentration of 4.5 × 10-6 M. Even when the sample of one component of only DBA-OC8 

solution (the concentration of a radical form TbIII(oep)2 is 0 M), a few bright spots in cavities 

were found (Figure S1). In all experiments here, only ~ 2% of DBA-OC8 are adsorbed on 

HOPG surface and the rest of molecules exist in 1-Phenyloctane solution. So some of the 

 
Figure 3. Plot of the ratio of captured TbIII(oep)2 to all cavities by formed DBA-OC8 versus 

the concentration of solution of TbIII(oep)2. 
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observed bright spots in this experiments could be co-adsorbed DBA-OC8. Indeed previous 

study showed DBA derivatives itself in solution also could be guest molecules and captured in 

cavity formed by DBA.23,27 In lower concentration range of a radical form TbIII(oep)2 (4.5 × 10-6 

M), the effect of the number of co-adsorbed DBA-OC8 in cavity can not negligible and the 

percentage of captured radical form TbIII(oep)2 became higher than expected value from linear 

approximation. 

In the concentration range of a radical form TbIII(oep)2 solution from 1.3 × 10-5 M to 3.5 × 

10-5 M, the proportion of co-adsorbed radical form TbIII(oep)2 to all radical form TbIII(oep)2 in 

solution is around 0.07 % and it seems so much low coverage. Furthermore some radical form 

TbIII(oep)2 domains observed when the highest concentration of radical form TbIII(oep)2 of 3.5 × 

10-5 M (Figure 4). Previously it was reported that in case of two-component of coronene (1.8 × 

10-3 M) and DBA-OC6 (6.5 × 10-5 M), around 25% of the DBA-OC6 pores were occupied by 

coronene and monocomponent networks were never observed on HOPG.26 It is considered 

coronene is one of the best molecules as a guest molecule because of its planar p-conjugated 

core with C6 symmetry, which should fit into the hexagonal cavities of honeycomb network. 

The symmetry of downside porphyrin of TbIII(oep)2 is C4 symmetry, and smaller desorption 

energies of TbIII(oep)2 molecules from HOPG effect the formation of monocomponent networks 

of TbIII(oep)2. 

 

 

 
Figure 4. STM images of two domains of both DBA-OC8 and TbIII(oep)2. 



 73 

5-4     Conclusions 

In conclusion we demonstrated new 2D supramolecular structure of a radical form 

TbIII(oep)2 SMM on HOPG by using DBA molecule as a template. TbIII(oep)2 solution of 

several kinds of concentration was dropped on honeycomb-based porous network structure and 

the concentration dependence of radical form TbIII(oep)2 which was captured as guest molecules 

was observed. Increasing of the proportion of co-adsorbed radical form TbIII(oep)2 with 

increasing the concentration of radical form TbIII(oep)2 solution was successfully observed. 

Two-component method we showed here (DBA-OC8 as a host molecule and TbIII(oep)2 SMM 

as a guest molecule) can be one of the potential candidates to control SMM density on a surface 

precisely. 
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Chapter VI  Single-Molecule Manipulation of TbIII(oep)2 on Au(111) 
by STM 

6-1     Introduction 

Molecular spintronics is one of the promising fields for the studies of future advanced 

devices. In this field controlling the spin distribution precisely on a surface is very important 

and molecular self-assembly is one of the best ways to order spins in a molecule on a surface.1,2 

To observe supramolecular structure on a surface, scanning tunneling microscopy (STM) is 

powerful and promising tool. STM can also reveal spin information on the surface with atomic 

resolution through the detection of the Kondo resonance which is caused by the interactions 

between conduction electrons and localized spin3,  and manipulate the molecular properties.2,4,5 

The research of the Kondo resonance using STM has started for the observation of single 

magnetic atoms,6-8 which were followed by that for adsorbed molecules.1,2,4,5,9-15 

From the view point of materials, on the other hand, single-molecule magnets (SMMs) 

are attracting a great deal of attention in the field of molecular spintronics now.16-19 With a 

strong magnetic anisotropy to an easy axis, SMMs behave like tiny magnets at single molecular 

level and can store the information of the spin direction for a certain period of time. Indeed, 

studies for spintronics devices with SMMs at single or several molecular levels have been 

reported in these days.20,21 Furthermore studies of SMMs in the film state for future devices 

have demonstrated that SMM property can be maintained even in the film state.22,23 

In our previous study we succeeded in manipulating an unpaired spin in a π-orbital of a 

phthalocyanine (Pc) based TbIII double-decker (TbIII(Pc)2) SMMs in the film with a single 

molecular precision by STM.4,24 We detected the spin state by the disappearance and 

reappearance of the Kondo resonance. However, it is not yet achieved to control SMM property 

on the surface in this system because the interaction between the π  radical electron and TbIII 

center is not enough strong to perturb the SMM behavior. We thought switching property of 

SMMs and controlling intermolecular interaction was very important to the further development 

for molecular spintronics. To achieve such higher intelligent systems, well-designed molecules 

are needed. 
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Here in this article we propose a 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP)-TbIII 

double-decker complex as a new attractive molecule for molecular spin patterning on the 

surface. This molecule has three main advantages. First advantage is unique proton-induced 

switching of SMM property (Scheme 1).25,26 Only porphyrin based TbIII double-decker complex 

can show this specific magnetic switching. This molecule can also make stable 2D 

supramolecular structure on the surface.26 Based on these advantages we try to create a pattern 

of the SMM assembly in the film and to achieve new Kondo feature. First we make molecular 

film of a protonated form OEP-TbIII double-decker complex (TbIII(OEPH)(OEP)) , which does 

not show SMM behavior. Then we try dehydrogenation of TbIII(OEPH)(OEP), and to make a 

radical form OEP-TbIII double-decker complex (TbIII(OEP)2), which shows SMM property with 

a single molecular precision by injecting tunneling current from a STM tip (Scheme 1).22,23 By 

this technique patterning of SMMs at the designed site in the film can be achieved. 

6-2     Experimental 

TbIII(OEPH)(OEP) and TbIII(OEP)2 were obtained by the previous reported procedure26. 

All STM and STS measurement were done at cryogenic temperatures (4.7 K) in an ultrahigh 

vacuum (UHV). A gold single crystal was used for the substrate and its Au(111) surface was 

prepared by Ar+ sputtering and annealing. The molecules were deposited on a clean Au(111) 

surface kept at room temperature by using a sublimation method in ultra-high vacuum. STS 

spectra were obtained using a lock-in amplifier technique with a modulation voltage of 1 mV. 

 
Scheme 1. Three different electronic structures of the 2, 3, 7, 8, 12, 13, 17, 

18-octaethylporphyrin(OEP)-TbIII double-decker complex. 
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First-principle calculations were performed by using VASP code, employing a plane wave basis 

set and PAW potentials in order to describe the behavior of the valence electrons.27,28 A 

generalized gradient Perdew-Burke-Ernzerhof (PBE) exchange-correlation was used.29 

6-3     Results and Discussions 

Figure 1(a) shows the structure of the (oepH) ligand, where an H atom attached to an N 

atom is colored light red. The ligand of OEP corresponds to one without the H atom. The profile 

view of TbIII(oepH)(oep) is sketched in Fig. 1(b). The azimuthal rotation angles between ligands 

of TbIII(oep)2 and TbIII(oepH)(oep), determined from our previous research, are 45o and 36o 

respectively for an anionic form [TbIII(tpp)2]- and a protonated form TbIII(tppH)(tpp), 

respectively25. Figures 1(c) and 1(d) show the occupied-state STM images of TbIII(oep)2 and 

TbIII(oepH)(oep) molecules, respectively, adsorbed on Au(111). For TbIII(oep)2, eight protruded 

lobes are evenly placed in the ligand position, which shows an intriguing difference from the 

reported four-lobe image of a single-decker porphyrine-family molecule of TBrPP-Co 10. On the 

other hand, two lobes of TbIII(oepH)(oep) are missing from the evenly spaced eight lobes. 

Figures 1(e) and 1(f) are simulated STM images with density functional theory (DFT) 

calculations for the occupied state for TbIII(oep)2 and TbIII(oepH)(oep), respectively, where the 

molecule as that in Fig. 1(a). Two missing lobes are reproduced in Fig. 1(f) near the position of 

the H atom. 

When the coverage of TbIII(oepH)(oep) molecules on Au(111) increases, the molecules 

form an ordered assembly. Figures 1(g) and 1(h) show the images of a film of TbIII(oepH)(oep) 

obtained for the unoccupied and occupied states, respectively, on the same area of the surface. 

A single molecule appears to protrude out of the rest of the film in Fig. 1(g) (Note that the 

contrast is not obvious in the image of the unoccupied state Fig. 1(h)). We assign the protruded 

molecule to a TbIII(oep)2 molecule accidentally mixed in the TbIII(oepH)(oep) film for the 

following reasons. 
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First, we compare scanning tunneling spectroscopy (STS) data and result of the theoretical 

calculation of the local density of states (LDOS) for the protruded and non-protruded molecules. 

The STS spectra measured for the former and the latter are compared in Fig. 1(i). Almost no 

features of the latter molecule are observed in the Vs > 0 region. The calculated LDOS of the 

TbIII(oep)2 and the TbIII(oepH)(oep) molecules at the N atom, to which the H atom is attached in 

the latter molecule, are compared in Fig. 1(j). The LDOS of the TbIII(oepH)(oep) molecule in 

the unoccupied state is significantly smaller than that of the TbIII(oep)2 molecule, which can 

 

Figure 1. (a) Model of (oepH) ligand from top. Light red atom indicates H atom. (b) Side 

view of TbIII(oepH)(oep). (c),(d) STM images of an isolated molecule of (c) TbIII(oep)2, and  

(d) TbIII(oepH)(oep) on Au(111). Vs = -0.8 V, It = 0.2 nA. (e)(f)(k)(l), Simulated STM 

images of TbIII(oep)2, ((e) occupied, and (k) unoccupied) and TbIII(oepH)(oep), ((f) 

occupied, and (l) unoccupied). (g)(h) STM images of TbIII(oepH)(oep) film on Au(111) with 

(g) Vs = 0.8 V and (H) Vs=−0.8 V. It = 0.2 nA and scale bar = 2.0 nm. (i) STS spectra of (I) 

the protruded molecule (II) the molecule in the rest of the film in Fig. 1(g). (j) Calculated 

LDOS of TbIII(oep)2 and TbIII(oepH)(oep). 
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explain the fewer features in the STS. Second, simulated images for the TbIII(oep)2 and 

TbIII(oepH)(oep) molecules, shown in Figs. 1(k) and 1(l), respectively, indicate a more 

protruded STM image of TbIII(oep)2. Further evidence of the assignment of the protruding 

molecule in the TbIII(oepH)(oep) film to TbIII(oep)2, which is shown in Fig. 1(g) of the main 

manuscript, could be obtained by measuring the rotation angle of the upper ligand. We can see 

the inner molecular structures of both the low-contrast TbIII(oepH)(oep) molecule and the 

protruding molecule in Fig. 2. We drew symmetry lines for both molecules, connecting the 

center of the lobes in the diagonal positions. The white line for the TbIII(oepH)(oep) molecule is 

rotated by ~10° from the green line for the protruding one. In our previous study, the top ligands 

should be rotated by ~9° from each other for the two molecules of TbIII(oepH)(oep) and 

TbIII(oep)2, if the lower ligand is fixed with respect to the substrate. This angle is close to the 

measured one, which is further evidence of the assignment of the protruding molecule to 

TbIII(oep)2. In addition, we could confirm the increase in the number of protruding molecules in 

the film, when we deposited using a source in which TbIII(oep)2 molecules are intentionally 

mixed with TbIII(oepH)(oep) molecules. The proportion varied almost linearly with the mixture 

ratio.  

We now discuss the conformational and chemical changes in the molecule when the 

tunneling electrons are injected into the TbIII(oepH)(oep) molecule. We first observed a hopping 

of the H atom attached to the N atom when electrons at 1.5 eV were injected into the molecule 

(see Figure 3). When we injected tunneling electrons into an isolated molecule of 

TbIII(oepH)(oep), the hopping of the H atom attached to the N atom was induced. We observed 

telegraphic noise in the tunneling current when the tip position was fixed at the position of a 

 

Figure 2. Comparison of the symmetry lines connecting diagonal robes of the 

TbIII(oepH)(oep) molecule with a lower height and the protruding molecule . 
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ligand of the isolated TbIII(oepH)(oep) molecule and the tunneling current was measured for Vs 

of 1.5 V. The telegraphic noise, shown in Figures 3(b) and (c), was composed of three staircases. 

Whenever the current corresponding to the three groups changed, we observed the rotation of 

the lower area of the molecule, as marked by arrows in Fig. 3(a). This can be best explained by 

a model in which there occurs a change in the H bonding site to one between the four equivalent 

positions by the injection of the tunneling electrons. 

When the energy of the injected electrons exceeded 1.5 eV, the target molecule changed 

into a protruded one in comparison with the rest of the molecules in the film. Two models to 

explain the changes caused by electron injection are shown in Fig. 4(a), which shows the 

detachment of a hydrogen atom and ethyl removal on the left- and right-hand sides, respectively. 

For the energy range 1.5-2.5 eV, the detachment of a hydrogen atom was dominant. The change 

in the STM image due to tunneling electron injection is shown in Fig. 4(b). The target molecule 

marked by a blue circle changed into a protruded molecule. The outlook of the protruded peak 

was similar to TbIII(oep)2 in the TbIII(oepH)(oep) film (see Fig. 1(g)). The rotation of the upper 

ligand is one of the evidences of dehydrogenation. The lobes of this molecule, before and after 

the dehydrogenation process, are numbered from 1 to 8 (Fig. 4(c)). The line connecting lobes 1 

 
Figure 3. (a) Topographic image of the rotation of the missing lobe when the tunneling 

current is injected into an isolated TbIII(oepH)(oep) molecule. (b) Variation in the tunneling 

current variation induced the rotation of (a). (c) Histogram of the residing time at the 

specified tunneling current. 



 82 

 and 5 is rotated by ~9° after the lobes have been manipulated with respect to each other. Our 

previous study suggested that the azimuthal angles of TbIII(oep)2 and TbIII(oepH)(oep) are 

different by ~9°, which is close to the rotation angle seen in Fig. 4(c). This is further evidence 

 
Figure 4. (a) Two models of TbIII(oepH)(oep) molecule dissociation using a tunneling 

electron. Detachment of a hydrogen atom (left-hand side) and ethyl removal (right-hand 

side) from TbIII(oepH)(oep) molecule. Only the upper ligand is shown. (b) STM images 

before (I) and after (II) injection of electrons from STM tip to TbIII(oepH)(oep). (c) 

Measurement of the azimuthal angle of the upper ligand; a comparison of the values before and 

after the conversion is shown. (d) Comparison of the STS spectra of the molecules of I and II. 

Though there is a small shift in the energies, the shapes indicate that molecule II of Fig. 4(d) is 

TbIII(OEP)2. The shifts in the energies are likely owing to the final-state effect. (e) Appearance 

of the Fano dip of the Kondo resonance. (f) Comparison of Fano dip at the ligand (upper) 

and the center of the molecule (lower). The fitting results are highlighted by red lines. 
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that hydrogenation did occur after the injection of tunneling electrons. Additional evidence was 

obtained by comparing the STS spectra of the TbIII(oepH)(oep) and TbIII(oep)2 molecules (Fig. 

1(i)) with those for the molecules of I and II shown in Fig. 4(d). Though there was a small shift 

in the energies, the shapes indicated that molecule II in Fig. 4(b) is TbIII(oep)2. The shifts in the 

energies are likely attributable to the final-state effect. 

The conversion of the molecule from TbIII(oepH)(oep) to TbIII(oep)2 can be clearly seen in 

its spin properties. The STS spectra obtained in the vicinity of the Fermi level examined for the 

molecules in Fig. 4(b), at the arrows of I and II, are shown in Fig. 4(e). Only TbIII(oep)2 shows a 

sharp dip near the Fermi level, and no feature is observed for the entire TbIII(oepH)(oep) 

molecule. For the TbIII(oep)2 molecule, we compare the spectra obtained at the lobe position and 

the center in Fig. 4(f). The dip features can be best analyzed using Fano resonance through the 

following equation 30,31: 

, ------------------(1) 

where q is the Fano parameter, e0 is the peak position, and G is the width parameter. The shapes 

of the spectra change through parameter q. The fitting results are indicated by red solid curves 

in Fig. 4(f). As shown in Figure 5, we assigned the dip feature to the Kondo feature appearing 

with the Fano dip shape by examining the temperature dependence. In order to prove that 

zero-bias peaks (ZBPs) originate from Kondo resonance, we examined the change in the peak 

widths with the sample temperature. The peaks were fitted using Fano functions; the fitted 

curves are plotted in Figure for the dip (peak) observed for the deprotonated (ethyl-detached) 

molecule. Nagaoka et al. have suggested a function to describe the dependence of the Kondo 

peak width (W) on the sample temperature (T) using Fermi liquid theory: 31 ( Note that W 

corresponds to 2Γ, where Γ is the fitted parameter of the Fano function mentioned in the main 

text) 

  W(T) =   --------- (2) 

where kB is the Boltzmann constant and TK is the Kondo temperature. 

First, the zero-bias features measured for four sample temperatures were analyzed using 

Fano functions (these are shown in the left-hand panel), which gave W(T) for each temperature. 
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Next, the W(T) values were plotted as a function of the temperature (see the right-hand panel) 

and then fitted using Formula (2). The result is shown by the red solid curve in the plot. The 

curves are for the deprotonated and ethyl-detached molecules in Fig. 5(a) and 5(b). The fitting 

curves for the W vs. temperature relationship reproduce the measured points well within the 

accuracy of the error bars. This rationalizes the assignment of both the dip and the peak features 

to the Kondo resonance. TK was determined to be 37 K (105 K) for the deprotonated 

(ethyl-detached) molecule. 

The parameters of the fitting curves for the spectra obtained at the ligand and the center 

positions were similar, except that the amplitude observed for the former was 40 % lower than 

that for the latter. We estimated the parameters of TK ~ 37 K and q ~ 0.03. q indicates the extent 

to which the tunneling current has the dominant path to the substrate instead of through the 

molecule. The Fano dip Kondo has been reported for the porphyrin family of the TBrPP-Co 

molecule (13),10 but TbIII(Pc)2 shows the Kondo peak.4 For the TbIII(oepH)(oep) molecule, 

Kondo resonance was observed neither at the lobe position nor at the center of the molecule, 

despite the existence of the spin of the TbIII ion (the molecule was non-SMM, and the Tb atom 

had a spin of J = 6) 26. From this result, we can conclude that the Kondo feature observed for the 

TbIII(oep)2 molecule was derived from an unpaired π spin of the ligand.  

        a)                         b) 

 
Figure 5. (a) Temperature dependence of the zero-bias features measured in the region 4.7–

64 K for the deprotonated molecule. The peak width (2Γ) vs. temperature curve is also 

plotted in the right-hand panel along with error bars. The solid curve indicates the curve 

fitted using Formula (1) stated in the text, in which TK is the fitting parameter. (b) Same as 

Fig. 5(a), but measured for the ethyl-detached molecule as the peak near the Fermi level. 
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We calculated the spin-resolved partial density of states (PDOS) for several configurations 

of OEP complexes. In the upper two plots of Fig. 6(b), the results calculated for 

TbIII(oepH)(oep) and TbIII(oep)2 molecules at the carbon atoms marked by arrows in Fig. 4(a) 

are shown. In these, the disappearance (appearance) of the unpaired π spin of the former (latter) 

molecule is reproduced, and can account for the behavior of the Kondo feature. The absence of 

the Kondo feature at the Tb position is likely because TK for the Tb ion is too low to be detected 

at 4.7 K 4. Even though we could not access the spin property of the TbIII ion, it is obvious that 

we can create the SMM TbIII(oep)2 in the matrix of non-SMM TbIII(oepH)(oep) molecules 

through a comparison with the bulk experiments 26. This can be accomplished with high spatial 

precision in the tunneling electron that permits any shape of SMM assembly to be patterned. An 

example is shown in Fig. 6(a). Starting from a single converted TbIII(oep)2 in the matrix of 

non-SMM TbIII(oepH)(oep) in the upper panel of Fig. 6(a), two parallel chains of SMM 

TbIII(oep)2 are created in the lower panel. 

 

6-4     Conclusions 

In this study, we showed the molecular patterning of SMMs at a designated site on a 

TbIII(oepH)(oep) film with a sub-molecular precision. We observed several phenomena 

according to the different strength of the voltage of electron injection, that is, only 

dehydrogenation of TbIII(oepH)(oep) molecules were caused by injecting tunneling electrons 

whose energy exceeds 1.5 eV. The TbIII(oep)2 molecule showed a Fano dip of the Kondo 

resonance originated from the unpaired spin of a π orbital. We also succeeded in patterning the 

TbIII(oep)2 molecules successively by continuous electron injection. 
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Chapter VII  Conclusions 

In this thesis new approaches to realize future molecular spintronic devices were 

suggested by using porphyrin based TbIII double-decker SMMs. 

First both a protonated form and an anionic form tetraphenylporphyrin double-decker 

complexes were synthesized. The molecular symmetry of a protonated form double-decker 

complex was lower than that of an anionic form double-decker complex. Such difference of 

molecular symmetry affects the SMM properties of porphyrin double-decker complexes and 

only an anionic form double-decker showed a SMM property in bulk state by the ac magnetic 

susceptibility measurement. Because TbIII ion is non-Kramers ion and axial crystal symmetry is 

very important to keep a degenerate state, a protonated form double-decker complex with lower 

molecular symmetry did not show the SMM property. From this study drastic switching of 

SMM property by proton desorption was realized. Such drastic SMM switching was achieved 

for the first time by using porphyrin. Moreover a porphyrin double-decker complex with 

quinone dyad was designed to achieve the SMM switching in solid state. In this molecule it is 

expected to occur proton coupled electron transfer (PCET). Energy barrier between the ground 

state of both before and after PCET and transition state of a porphyrin with quinone dyad was 

estimated from TD-DFT calculations. From the calculation results, it was suggested the 

possibility of PCET in this double-decker complex. 

To investigate 2D supramolecular structure of SMMs, three different electronic structures 

-a protonated, an anionic, and a radical form- octaethylporphyrin double-decker complexes were 

synthesized. From the magnetic measurement, similar SMM properties to tetraphenylporphyrin 

double-decker complexes were observed and proton-induced SMM switching was also possible 

of octaethylporphyrin double-decker complexes. STM measurement revealed that three 

double-decker complexes formed stable hexagonal packing 2D supramolecular structure on 

HOPG. Moreover new method to fabricate 2D structure of SMMs was suggested by using DBA 

as a host molecule on a surface. A radical form octaethylporphyrin double-decker complex was 
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used as a guest molecule and concentration dependence of a guest molecule was observed. This 

method can be used to control SMM density on a surface precisely. 

Finally single-molecule manipulation of octaethylporphyrin double-decker complexes on 

Au(111) was demonstrated by UHV-STM. The electronic state of octaethylporphyrin 

double-decker complex was changed at single-molecule level from a protonated form which 

does not show the SMM property to a radical form which shows the SMM property by injecting 

electrons from a STM tip.  

From these studies fabricating ordered 2D supramolecular structure of porphyrin 

double-decker SMMs was possible. This result is very important to find the most suitable 2D 

structure for future SMM devices. Furthermore basic perception to control the SMM property 

on a surface was suggested by changing the electronic structure of octaethylporphyrin 

double-decker complex at single-molecule level. This valuable progress was achieved by using 

porphyrin double-decker complex with unique-induced SMM property. These results can be 

groundwork for future SMM devices.  
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