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Chapter I

General Introduction

Interest in molecular devices has been increasing over the past few decades since Aviram and Ratner

proposed the first molecular-based diode in 1974 [1]. Metal-molecule-metal junctions are being in-

vestigated for their application as key elements in future nano-electronics. Owing to synthetic tech-

niques and the development of measuring techniques, it is now possible to measure current flow

though single molecules attached between two electrodes. Mechanically controlled break junction

(MCBD [2,3] and scanning tunneling microscope (STM) [4-6] techniques have been widely used to

measure the current flow of the metal-molecule-metal junctions. Electron conductivity in the syn-

thesized organic single molecules as benzene-dithiol (BDT) and its derivative molecules have been

reported by using the MCBI and the STM approaches.

The spin degree of freedom of the electron has attracted much attention in a spintronics, which

is a coexistence of localized spins and conduction electrons. It is well known that tetrathiafulva-

lene (TTF) derivatives containing redox active z electrons show the electron conductivity. If such

molecules can be combined with localized spin species, one will obtain coexistent systems of local-

ized spins and conduction electrons. The electron conductivity of the extended metal atom chains

(EMAC) complexes containing various organic inorganic compounds was reported by Peng et al. [8].

In this complexes, the metal atoms arrange linearly, so that it is expected to the candidates for the

molecularwire.

There are not only the reports of the synthesized molecules but also the reports of the biological

molecules as the deoryribonucleic acid (DNA). DNA consists of polymeric nucleotides. The nu-

cleotides are composed of a deoxyribose, a phosphate and a nucleobase i. e. adenine (A), thymine

(T), cytosine (C) and guanine (G). The DNA double helixis made from complementarybase paring

called Watson-Crick base pairing and stabilizedby n-n stacking interaction between adjacent base

pairs. Therefore, utilizingthe n-n stacking interaction, we can flow the current though the DNA .The
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breakthrough is the report of the photoinduced long-range electron transfer through DNA proposed

by Barton et d. [9]. In order to utilize DNA for the molecular wire, a large number of studies on the

mechanism of the electron transfer in DNA molecule have been reported 19-191. However, little is

known about whether DNA is a conductor or not.

Tanaka et al. and Clever et al. succeed in synthesis of a novel DNA containing the metal ions

l2O,2Il. This novel DNA is called artificial metd-DNA (M-DNA). It is expected the realization of the

spintronics materials by DNA because M-DNA contains the spin sites. The magnetism of the M-

DNA have been reported by several groups, but the electron conductivity have not been reported.

Wagenknecht states the importance of the artificial M-DNA as the follow 1221. The formation of a

magnetic chain by the self-assembled alignment of metal centers within a DNA-like double helix

is of great importance to the field of nanotechnology as it provides the basis for novel nanodevices

such as semiconductors, molecular magnets, and wires.

In this sense, the importance of the electron conductivity of the molecules containing the spins

increases in recent years. Theoretical studies of the electron conductivity in the closed-shell systems

have enough reports. However, there are almost no theoretical reports of the electron conductivity

in the open-shell systems.

The aim of this thesis is development and applications of the electron conductivity calculation

method for open-shell molecules. Especially, I focus on the investigation of the electron conductivity

in the artificial M-DNA, because the conductivityhas never reported, so that it is interesting from the

scientific viewpoints.

This thesis consists of five parts. In part II, I describe the theoretical background of the quantum

chemistry and quantum transport. In part III, I describe the development the electron conductivity

calculation method in the open-shell molecules. In part IV I describe the application of the de-

veloped method to the benzene-dithiol molecules and the artificial M-DNA. In part V I describe

the magnetism of the artificial M-DNA because the magnetism of the artificial M-DNA has been

reported by Tanaka et al. [20] . Finally, in part VI I describe the general conclusion of this thesis.
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Theoretical B ackground
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Chapter 2

Quantum Chemisty

"From aII we haue learnt about the structure of liuing nnatte\ we must be prepared to find it working

in a manner that cannot be reduced to the ordinary laws of physics. And that not on the ground that

there is any 'new force' or what not, directing the behauior of the single atoms within a liuing organism,

but because the construction is dffirent from anything we haue yet tested in the physical laboratory."

-Erwin Schrddinger

In order to investigate the physical properties of matter in theory Schrddinger suggested the

fundamental equation. Thereafter, the equation is called Schrddinger equation. The solutions to

the Schrddinger equation are called waue functions. We will understand that a wave function gives

a complete quantum-mechanical description of any system. Solving the Schrddinger equation for

the two-body system like hydrogen atom, we can give a strict solution to the system. However, we

cannot solve the equation for many-bodyproblem, which is the problem for three or more interact-

ing bodies. Much of the matter existing in our earth is the many-body system, so that it is difficult to

understand the physical properties of the matter. Therefore, many alternative methods have been

presented to answer the issue. The well-known and important alternative methods are Hartree-Fock

and Density Functionalmethods. In the following sections, I will survey those methods.

2.1 Hartree-Fock Theory

The Hartree-Fock theory is the standard first approximation for all atomic and molecular calcula-

tions in modern quantum chemistry. So far various theories based on the Hartree-Fock theory has

developed and we can easily calculate the physical properties of molecules by utilizing the appro-

priate theories for investigating the information of the molecules, because there are a number of

commercial and even free computer programs available. In this section I summarize the main re-

15



16 2.1 Hartree-Fock Theory

sults obtained in a de五vation ofthe Hartree¨ Fock equation[23].

2。 1.l Hartree―Fock Equations

The IIalniltonian operator for an N― electron inolecule in the fleld of]ご point charges in the Bom―

Oppenheimer appro対madon is given by

The fust term in Eq.(2.f ) represents the kinetic energy of the electrons, the second term represents

the coulomb attraction between electron and Mpoint charge, the fourth term represents the repul-

sion between electrons.

The wave function Y is approximated as an antisymmetrized product of normalized N spin or-

bitalsT;(x). Eachspinorbitalisaproductof aspatialorbital0r(r) andaspinfunctiono(s) - a(s) or

F(s). This antisymmetrized is called Slater determination

(2.2)

The Hartree-Fock approximation is the method, which is found the orthonormal orbital 7; mini-

mized the energy of the system for this determinant Y. According to the variational principle, the

"best" spin orbitals are those which minimized the electronic energy

″=―
:』:▽
:一三二ぞ|十三二7≒ .

島諷Ⅷ輔=二島+れ荘1けり
where

fft=∫χIは1)(―
:∇
:+Ё争)胎はD激1

為 =∬ バは1耽I∞)t胎

“

耽′り 激 l JX2

K′ =∬だは」χ;り鳥ルlX21乃“
)激l JX2・

The/1ノ integrals are Cο
“
Jomb j4暉QJs and the Jく;プ integrals are called Eχ ελα71`r9Jれ岬 QIS.

lowing equality is important

■j=Kj.

Minimizing Eq。 (2.3)subieCttO the or■ onormalizadon conditions

(2.1)

(2.3)

(2.4)

2.5)

(2.6)

The fol¨

(2.7)

I xit*lxit*ld'x= 6ii, (2.8)
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ilx,t =Lr,ilxi)
′=1

Aの一
:▽
:―二争+ν・

F(め・
The operator f (D is an effective one-electron operator, called the Fockoperator. uHF (i) is the average

potential influenced by the i-th electron due to the presence of the other electrons. This idea leads

us to the simple problem for the complicated many-body system, that is, we can regard it as a one-

electron problem where electron-electron repulsion is treated in an average way.

There are N solutions in the Eq.(2.9), but a unitary transformation of those solutions is also the

solution for Eq. (2.9) . In other words, it means that the wave function based on the Slater determinant

does not change by an unitary transformation.

Since ttre matrix e is Hermitian, one may choose a Unitary matrix U to diagonalizg i1. The cor-

responding orbitals X'i, called the following canonical Hartree-Fock orbitals, satisff the canonical

H artree - Fo ck e q uations

′1属)=41属〉・

We hencefo山 drop the prlmes and write the Hartree¨ Fock equations as

ilx,, = eilxi). (2.12)

We can regard the problem to solve the single Slater determinant as the problem to solve the molec-

ular orbital (MO) by the Hartree-Fock equation (2.12). Understanding of the orbitals, which is ob-

tained by solving this canonical equations, is given by Koopmans' theorem [24]. According to the

theorem, the canonical orbital are uniquely appropriate for describing removal of electron from the

system.

2.1,2 Restricted Closed-Shell Hartree-Foclc The Roothaan Equations

As mention above, we can reafize the informations of the molecules by solving the Hartree-Fock

equation. However, it is difncdt to solve this equation numerically as it is. Roothaan introduced a

linear combination of atomic orbitals (LCAO), and the differential equation could be converted to a

set of algebraic equations and solved by standard matrix functions [25] .

Before introducing the LCAO, let us consider eliminating spin. A closed-shell restricted set of

spin orbitals has the form

we obtain the Hartree-Fock differendal equations
N

where

(2.9)

(2.10)

(2.11)

ｓ＞

９

α
　
ｎ
″

０

０

ψ

ψ

ｒ

ｉ

く

ｌ

ｌ

〓０χ (2.13)
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Substituting Eq.(2.13) into the Hatree-Fock equation (2.12), we can obtain the following equation

∫lXl)ψ′∈1)α (Sl)=ε′ψ′∈1)α (Sl). (2.14)

Multiplying on the left by a* (sr) and performing the integrations over spin, we obtain the follow-

ing equation finally

∫(1)ψノ(1)=ε′ψ′(1),

∫(1)=λ (1)+Σ 2ん (1)一場(1)。

(2.17)

where

(2.15)

(2.16)

(2.18)

(2.19)

(2.20)

(2.21)

/(1) is the closed-shell Fock operator, and,I"(1) and Kr(l) represent the closed-shell coulomb and

exchange operators, respectively.

Since we have eliminated spin, next we show ttrat the differential equation can be converted to

a set of algebraic equations by introducing the basis set. We introduce the expansion of the one-

electron orbitals r/ri as

ψi=Σ %jψμ J=1,2,… ,(
μ=l

where%jis the μ‐th orbital coemcient ofthe″ ‐th MO ψ,and the κ orbital φ fOrm the LCAO basis

set.Subsdtuting Eq。 9。 17)into the Hartree‐ Fock equadon o.16),multiplying by φ,(1)On the let

and integrating,we tum the integro‐ direrential equation into a rnatrix equation

平らル0た l・vlll″―平らル0●0れ。

Here we denne the oν θrJaρ 7ηαヵ咆χ S and the Foθ た,ηα力嗜χF as

sr" = I e;rr)th,0)drt

Fr,= 
Ie;rDineye)drt.

With these definitions of S and F, we can write the integrated Hartree-Fock equation (2.18) as

ΣらνQj=QΣ ttν QJ J=1,2,… ,κ

oL silnply

FC=SCc.

Eq。 (2.22)is called the RoO′ んααη θ9“α虎OηS 125].

(2.22)
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2.1.3 Unrestricted Open-Shell Hartree-Foclc The Pople-Nesbet equations

In previous subsection, we surveyed the restricted closed-shell Hartree-Fock equations, which is

called the Roothaan equations. Next we need to consider the open-shell systems. The open-shell

Hartree-Fock approach is not appropriate only for a open-shell system like a radical, but also for the

dissociation problem as a long bond length for a molecule like H2.

In the open-shell systems, the spatial orbitals are separated o spin into B spin

Xi(x) = (2.23)

The derivation of the unrestricted Hartree-Fock equations is analogous to the restricted ones. So, we

will not repeat all details of the derivation. Substituting Eq.(2.23) into Eq.(2.12) and multiply on the

left by spin function o* (sr) or B. (sr), we obtain

19

０

０

α
　
費
″

０

０

ψ

ψ

ｒ

ｉ

く

ｌ

ｌ

In order to solve the unrestricted Hartree‐ Fock equations(2.24)and O.25),we intrOduce a basis

set,just as we did when deri宙 ng ttle Roothaan equations.We thus introduce ttle expansion ofthe

one‐ dectron o力 itds br α s,nψrandβ sphψ′,

Fα (1)ψ「(1)=ε「7「 (1)

∫βOν′0=ε∫ψ∫0・

ψγ=Σ %ら J=1,2,… K
μ=1

で=ムイ′け撃…κ

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

After a few derivation procedure, we finally obtain the algebraic equations, which is called t}:e Pople-

Nesbet equations126l, for the unrestricted Hartree-Fock equations,

Fα Cα =SCαε
α

Fβ Cβ =SCβεβ.

The Pople-Nesbet equations (2.28) for open-shell systems, as well as the Roothaan equations

(2.22), are solved iteratively until the minimum total energy is reached, because the Fock matrix

contains the expansion coefficients, so those equations are nonlinear. Once that limit is achieved,

further iterations will not change the coeffrcients. This procedure is called self-consistentfield (SCF).



2.2 Densiw Functional Theorv

2.2 Density Functional lheory

Today, density functional theory (DFT) is widely used in chemi stry 127-291. The method based on the

DFT have derived from Thomas-Fermi-Dirac model [30-32]. An approach of the DFT is to represent

an electron correlation as a functional of the electron density. Foundations of the approach date

backto Hohenberg-Kohn (HK) theorem published in f 964 [33].

2.2.1 Hohenberg-Kohn Theorems

HK theorem consists of two fundamental theorems [33].

The Ftrst Theorem (HKf ) :

The external potentialv(r) is determined, within a triuial
additiue constant, by the electron density p(r).

The Seand Theorem (HK2) :

For α ttα Jグθ′雰j″ρ(r),S“εん流α′ρ(→≧0
αれ′∫ρOグ0=札 力θη EO≧ 島ゅ]

The HKI means that the mapping between potentials and densities is one to one. The proof of

the HKI isby reductio as absurdun. If there were two different external potential v and v' differing by

more than a constant, there would be two Hamiltonian f/ and I/', whose the ground-state densities

were the same. Howeve5 those normaJizedwave functions Y and Y/ mustbe different. Using Y/ as

a trial function for fi,we obtain

where E6 and E', are the ground-state energies for.A and.A', respectively. Similarly, for Y and f?',

EO<〈ΨI″ IΨ)=〈ΨI■IΨ )+〈ΨI″―■IΨ〉

=島 +∫ρOM→―州′0。
Addition Eq。 (2.30)and Eq。 (2.31),we Obtain

Eo < €'lr/lv'; = g'la'lv) + 1v'lA- a'lv'l

= n[,+ [ P@[u(,) - v'E)]dG), (2.30)

(2.31)

Eo+ E[. E[+ no (2.32)
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This clearly contradicts. Therefore, if p is the same for the ground-state, it does not corresponds to

two different v.

The HK2 gives the variational principle for the energy. The request of the variational principle is

to satisfy the stationary principle for the density of the ground-state

(2.33)

Andwe can obtain the Euler-Lagrange equation

21
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１

‥

＞

ｌ

′

Ⅳ一凌↓ρ
ｆ

Ｊμ一ρ島

ｒ

ｉ

く

―

ヽ

δ

μ=留型0+T, (2.34)

where pl is the chemical potential. The fi16 is an independent term from the external potential, and

is called a uniuersal functional of p(r). If an explicit form for the universal functional is given, we

can apply this method to any system. However, it is hard to obtain an explicit form for the universal

functional.

2.2,2 LevyConstrained-Search Formulation

According to the HK theorem, if the trial density p(r) is not negative value and the number of parti-

cles is finite, for any trial density functional, the external potential decides unique. In reverse, if the

density is given from the antisymmetric ground-state wave function for a Hamiltonian consisting

the external potential, it is called u-representability. That is, the mapping between the density and

the external potential is one to one. However, degenerated ground-state can describe the identical

density for many wave functions, so it is not u-representability. It turns out that DFT can be formu-

lated for the densities in the variational principle to satisfy a weaker condition as ttre following,

(2.35)

It is called N- representability, andmeaning that a density is obtained from some antisymmetric wave

function. The N-representability is weaker than the u-representability, because the former is neces-

sary condition for the letter.

We have showed one-to-one mapping between the ground-state density and the wave function,

so we states how it determines wave function from a given density. The density ps(r) gives by the

square of the wave function Ys. Defining the wave function which becomes the density pe(r) as Ypo,

ユ⇒≧Qル0凌 =工 狙d∫ドノ20F凌くm

〈ΨρOI■IΨρO〉 ≧〈Ψol■ IΨO)=Eo (2.36)
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The right-hand side of Eq.(2.37) shows /-representability, and the left-hand side of Eq.(2.37) shows

N-representability. Minimizing the left-hand side of Eq.(2.37), it turns out to become /-representability

is trivial. Expanding the Hamiltonian, we obtain

Using the I' we rewrite (2.40) as

where

嘲 夕+ち。Ⅳ″ +∫νO的0ほ ¶ f+ちJ路 +∫γO的0凌

〈ΨρOI夕 +ち。IΨρO〉 ≧〈ΨOI夕 +ち。IΨ o)・

・=二q―夕刊路・

FIρ]=Ts+ノ〔ρ]+Exε [ρ ]

(2.37)

(2.38)

(2.39)

(2.41)

(2.42)

This is a constrained-search for the density functional Fnx[pol [34,35]. It means that search over all

the antisyrnmetric wave functions gives the rrepresentable wave function. Therefore, we can elim-

inate the limitation of the HK theorem that there is no degeneracy in the ground-state. Ultimately,

the energy of the ground-state is obtained as the functional of the density as the following,

FfrK〓〈ΨOI夕 +ちοlΨ o)

=m場〈ΨI夕十九′lv〉

馴』〓■湖+∫γOoO凌
=鋭釧夕+ちJつ +ル→的0′r

2.2。3 Kohn‐Shaln Equadons

In the section (2.2.I), we have showed that electron density of the ground-state is obtained by mini-

mizing Elpl and hence satisfies the Euler equation (2.34). The {arlpl is

F.K〔ρ〕=T[ρ]+1ろ。[ρ].

lf we construct explicit forms for the kinetic energy term T[p] and the electron-electron interaction

term V""lpl, we cuut apply this method to any system as mentioned above. However, there are ap-

parently insuperable difficulties in going beyond the crude level of approximation. Kohn and Sham

then introduce orbitals into the problem [36].

Representing the kinetic energy without the interaction not as the density but the wave function,

we obtain

(2.40)

Ex。〔ρ]=r[ρ ]… 纂+4。 [ρ]―ノ[ρ]. (2.43)
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The E"rlpl is called tl:re exchange-correlation energy. This term contains the difference between f
and ?: and the electron-elentron interaction term in quantum. That is, the parts differing from the

explicit energy is integrated into this term.

The energy functional is given by

(2.45)

so we have the energy express in terms of N orbitals.

To derive the Kohn-Sham (KS) equations we need to minimize Etpl with respect to the orbitals,

subject to the constrain that the orbitals remain orthonormal,

印=■』+り湖+∫ρOズ→凌
=二
平∫
ザ 0←:申 0凌

+Л湖喝 江湖十
ル
→I→鷹

The relation be● veen the densities and the molecular orbitals is

Ⅳ

ρO=ΣΣΨド(r)Ψ :。),

∫
ΨI(→Ψ′(0グr〓 δ″.

We therefore consider the l油 Rctional Ω[{Ψ :}1 0fthe N orbitals

卿 =]湖ゼ孝%∫弯0乃0″

Ω[{Ψ j}]=0.

We obtain the following equation,

|_:▽

2+ν
e∬

IΨ
j=,彗εjノΨ′

崎̈ イ酢 …
We flnany obtain the canonicalfo■ 11l ofthe KS equations

卜:プ +」当‐助・

(2.44)

(2.46)

(2.47)

where Etpl is the functional of the Y; e)<pressed in Eq.(2.44) and Eq.(2.45), and the eij constitute

a set of Lagrange multipliers. Minimization of E[p], subject to the constraints, is thus obtained by

minimizing O [{Y i}I, namely,

(2.48)

(2.49)

(2.50)

(2.51)

The v"6(r) is the effictiue potentialterm. The KS equations have the same form as the Hartree-Fock

equations, except that a more general local potential v"6(r) is contained. If the potentail decide

unique, we can solve it just as in the Hartree-Fock theory.
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2。2。4 Spin‐ Pol田壺婢d DFT

The fo....ula used the spin unrestricted orbital fOr DFT is caned sρ Jん _ρoιαrzzθグ」DE h the spin‐

polarized I)置、the exchange‐correlation functiOnalis treated as he functional ofα  electron density

ρ
α and β electrOn densityρ

β

The KS equations (2.51) is

Exc=Exc[ρα,ρβ].

卜■γ■‐%
¨可 酢場“

(2.52)

(2.53)

(2.54)

2.2.5 Exchange-Conelation Functionals

As mentioned until now, Hohenberg and Kom demonstrated that the Exclpl is decided only density.

However, there are insuperable dfficulties, because we do not know an explicit exchange-correlation

functional. So we use the approximation of the functional. The exchange-correlation functional

Exc[pl is typically split up into two terms, Eylpl and Eslpl for the exchange and correlation, respec-

tively. The first apploximation to the exchange functional is the so called local density approximation

(LDA),

(2.55)

To derive the functional, a homogeneous electron gas is used. The LDA approximation has two main

drawbacks: First, it originates from a homogeneous electron gas, which is normally not found in real

systems. Also, the dependence on r in the limit of r - oo is not correct.

We does not consider a molecular nonuniform property for LDA in the beginnings of the density

functional. Thking in this nonuniform property, a correction used a density gradient is thought out,

and called generaliznd gradient approximation (GGA),

げ回=―:開
‖
∫ρ“0′L

學回=―:開
鵬
∫ρ
朝0印凌・

p (r) + 2b p-5" trl 
I 
L p o 1r1 t{ F t)- n(rt rw trl 

] "*p ( - "p- 
t 

" rrt )

(2.56)

The correlation term is not taken in the Hartree-Fock theory and it is not defined as the method

used the single Slater determinant. For this term, Lee, Yang and Parr thought out the following func-

tional [37],

民 ギ =― α
∫ 1+グρ

-1/3(rl

This well‐ known functionalis called LYP functiOnal137].

γCrl凌 . (2.57)
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2.2,6 H)'bridDFT

The LDA and GGA functionals does not contain the nonlocal interaction, leading to many problems

for atoms and molecules. A hybrid DFTis widely used for correcting the problems not containing

the nonlocal interaction. trn the hybrid DFT the Er6 is framed by mixing the GGA functinals with

the nonlocal interaction of HF method. In the hybrid DFT, mixing parameters is used, and fitting by

manv calculations. The most hvbrid DFT is the B3LYP [38],

域 ν
P=0.20β

¥F+0。 18Fl籠
er+0.72」

弓貯
Cb88+0.19EとWN+0.81=どP,

(2.58)

wheК ttFisthe Hartree‐ Fock exchange inc■ond,球
載eris the Slater exchange inc■ond,ォ Cke88

is the Becke88 exchange incdond β釧,イ咽 iS the Vosko‐ Wilk―Nusttr(vwN)correla■ on hnc‐

■Ond Fq,allld Iぽ iS he LYP correlaton hcdond βη.
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Chapter 3

Quantum Transport

Molecular devices have attracted much attention in nanoelectronics from the limit of the miniatur-

ization of conventional silicon-based devices, because the top-down approach leads to drastic limi-

tations for dimensions smaller than 100 nm [411. Elecuon transport in molecular devices is different

from the silicon-based devises because of the effects of the electronic structures and the interface

to the external contact. In order to investigate the molecular conduction, many experimental and

theoretical studies have been reported so far. Especially, a theoretical approach is necessary for un-

derstanding the molecular conduction because a control of the contact between the molecule and

the electrodes is difficult in an experimental approach. In this chapter, we survey the general con-

cept of the quantum transport 142,431.

3.1 Landauer Formula

In this section, we describe an approach, which is called the Landauer approach [44], that has proved

to be very usefrrl in describing electron transport. In this approach, the current through a conductor

is expressed in terms of the probability that an electron can transmit through it.

We consider a ballistic conductor having one conductive channel and do not consider the inter-

action between electrons, and the effect of temperature. We assume the Figure (3.1) as this model.

We define Resl and Res2 as the reservoirs locating on right and left on the sample, and define those

chemical potential as p1 and p21 assuming h > 1t2. The voltage (V = (I.q- p)le) is then applied

between Resl and Resz. Also, we assume that there are perfect leads (Lr and h) between the sample

and the reservoirs. The perfect lead does not contain the scattering of electrons, and perfect lead

and reservoirs satisSr the following assumption:

l. The states in L1 iue occupied only by electrons coming in from the left reservoirs and hence

must have an electrochemical potential of p1 .

27
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Figure 3.I: A ballistic conductor model connected to two wide reservoirs

2. The states inL2 are occupied only by electrons coming in from the right reservoirs and hence

must have an electrochemical potential of p2.

3. The Resl and Res2 are enough large, and the current always keep heat equilibrium.

Under zero temperature, a current takes place entirely in the energy range between pl and p2.

The influx electrons from L1 is given by

イ=ザレ1-μ 2]・
The outfll■ x fromし is simply the i』 l■x at Ll times the transIIllssiOn probabШ ty」′

け=写」レl―μ2]・

The rest ofthe fll■x is re■ ected back to reservoir l,

・
=誓 (1-」 )レ1-μ 2]・

The net current r■Owing at any pointin the de宙 ce is given by

f=イー[=け =:子」〔μl―μ2]・

g〓手=。 1_μリノld=等」'

(3.2)

(3.1)

(3.3)

(3.4)

(3.5)

So, the conductance g is

where .f represents the average probability that an electron injected at one end of the conductor

will transmit to the other end.



Chapter 3 Quantum Transport 29

Assuming that f is unity, we obtain the conductance,

(3.6)

This indicates that the conductance of a ballistic conductor having one channel is 77 .4 pS, and we

can not exceed this conductance.

3.2 A Physical Understanding on the Landauer Model

The derivation of the Landauer formula is simple, but there are some questions. Let us consider it

for the simple equation (3.5).

Ql Can we estimate the transmission probabilities between the reservoirs instead of between the

leads ?

Q2 Energy is dissipated to be generating the joule-heat when voltage is applied. However, Eq.

(3.5) does not contain the mechanism.

The answer for Qt is that we can estimate that of the leads, but not necessary to do it as long

as the reservoirs are reflectionless, that is, electrons can transport from the leads to the reservoirs

without the reflection. In the Landauer model, it turns out that the conductance depends on the

interface between the conductor and the reservoirs which are dissimilar materials. For this reason,

this resistance is often called the contact resistance. Therefor, the g in the Eq.(3.5) represents the

contact resistance. The interface between the leads and the conductor depends on the transmission

probability.f .

On the Q2, the joule-heat generate inside the reservoirs from the assumption. However, since

the capacitance of the reservoirs is enough large, we can neglect it.

3.3 Finite Temperature

We have derived the Landauer formula under the assumption of zero temperature. In the finite

temperature, the average number of electrons is given by the Fermi distribution function,

fo(E―μ)= r+expt(E- p)lkBTl'
(3.7)

f fn - ,, represents the probability of occupancy available energy state E at absolute temperature

T. This distribution is applicable to indistinguishable particles at thermal equilibrium, which obey

g=等 =77.4 μS.
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Pauli's exclusion principle. In the condition, the infltx of elecuons from lead 1 is given by

while the influx from lead2 is given by

Jr(o=年■(D,

げ(0=写ル(⊃・

(3.8)

(3.9)

(3.10)

(3.11)

The ouffluxfrom lead 2 is obtained as

i|(E1= sii@ + 0- s\i;(E),

while the outflux from lead I is obtain as

i1@) = (r-g)ii(n+ g'i;@).

The net current t(E") in the device is given by

i(E=ii-ir
.+=ti-tz

=gi{ -r'i;
2e=;ts (E)fL(n - s'(nfz(nt. G.Lz)

Assuming that g (n = f '(E), the total current can be written as

f
1= | i(fldE, (3.I3)

J

where

i(E =f raVrrl- fz@)l. (3.14)

Moving away from equilibrium, the applied bias could change the two transmission functions and

make them unequal. Thus.f (.8) + f '(D in general. However, if we assume that there is no inelastic

scattering inside device, it then can be shown that f (E is always equal to g' (D for a two-terminal

device.

For small deviations from equilibrium state, the current is proportional to the applied bias. The

Eq.(3.1a) is given by

Ｅグ⊃Ｊδｑル一五＋ル一■
δ⊃Ｊ

ｆ
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た
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〓
ｆδ

(3.15)
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The second term is zero, because fi(E) = fz(E) at equilibrium state. The first term is rewritten by

using a Taylor's series expansion,

(3.16)
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We then obtain the hnear response fo■■■■ula atflnite temperame

δ
g=(μ
l― μ2)/θ

=イル(0←籍)グE
=維ル0鼠⊃ユーfOlal′ユ

3.4 Muld…Channd Case

g〓等尋巧J,

The Landauer model quantizes the conductance of one-dimensional conductor. The conductance

of perfect conductor having single channel is g (Eq. (3.6)). In this section, we describe the case

in which multiple conducting channels are presented. In this case, the sum of each transmission

probability of channel becomes the total transmission probability,

(3。 17)

(3.19)

(3.20)

(3.18)

where 4; means the transmission probability of the process which transports from channel i to j.

In order to calculate tlrc gi,i, we often use the S-matrix. A coherent conductor can be character-

ized ateach energy by the S-matrix that relates the outgoing wave amplitudes to the incoming wave

amplitudes at different leads.

The incoming and reflecting waves are moving in each channel (Figure 3.3). We consider the

system, which connects the two conducting channel I and2 as illustrate in Figure 3.2. The wave-

functions in channel I and 2 can be represented by the plane wave as the following,

Vt= ateikx +b1eikt,

Vz= azeikx + b2eikt,

For simplicity, we use the common k in channel I and 2, but in general, they are different each

other. According to ttre Schrddinger equation, there are the linear relation in between an incoming
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３
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３

Figure 3.2: The model of multi-channel system

Figure 3.3: The S-matrixof the one-dimensional conductor

amplitude (ar,az) and an outgoing amplitude (br,b),then

br = rar* 4,

bz=tat*rl,
(3.21)

where (r, r) is the left side of the matrix of the reflection coefficient, and (r', r/) is the right side of the

matrix of the transmission coeffrcient. Eq.(3.21) is rewritten as the following,

(3.22)

The S is called S-matrix and must be the unitary matrix.

We can make generalizations the above concept as the following. We consider one coherent

conductor, and count all of the channels where the electrons can move.

The transmission probability T^-nis then obtained by taking the squared magnitude of the cor-

responding element of the S-matrix.

b=乳 S=傷 幼。

〔:  ;|)

T^tn = ls**rlz (3.23)
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Ep,

Figure 3.4: Band diagram for a tunneling barrier under dias, illustrating charge flow

We have introduced the arrows in the subscripts just as a reminder that the direction of propagation

is backwards from the second subscript to the first one.

3.5 Current Densitv

The Landauer formula is the method that investigates the conductance (or current) between the

reservoirs and conductor. In this section, we derive the Landauer formula from another approach.

In an equilibrium state where the bias voltage is zero, the amplitudes of the waves of left and

right direction is equal to each other, so that the current does not flow. The general problem is

shonm Figure 3.4 for a beneric tunneling barrier. Considering that a real device is three-dimensional

system, we assume that the flowing direction of the tunneling current is z-direction, and split the

z-direction into perpendicular direction against it. We deal with the transport of the electrons of

z-direction as the tunneling process. The transport of perpendicular direction is not affect for the

tunneling process because it is regarded as free-electrons. The energy of z-direction is written by

Ez=弊 =重
:;;2+cOnstant.

k1" is the z-component of the wave vector for a region of the left side of the barrier, and k* is the

z-component of the wave vector in the right side. The constant term is the dependent on the bias

voltage, the value takes a negative value when the potential of a region of the right side is a positive

(3.24)
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value. The differential of Eq.(3.24) corresponds to the velocity,

場的
"=力轟

,

陽降ガ=:轟・
The current through the barrier depends on the tunneling probability through the barrier and

the number of electrons contributing the tunneling. Hence, the current density from the left to the

right is written,

(3.25)

(3.26)

(3.29)

(3.31)

(3.32)

(3.33)

(3.27)

where 
"f 

(Er.) is the Fermi distribution function on the left side of the barrier, D(k) is the density of

state in k-space, and f (kD is the transmission probability. Similarly, the current density from the

right to the left is written,

施 =θ
JDIЮ
鵜

"J的
JrtELl♂ Lユ Ю =み ,

m = 
" I ooil u"(k,") f (k,,),f (Eild3k.

l = 
" I oorl u"(k")r (k")lr rus- /trnll a3t

=, I ok)r"(k")s(k")[f os- f @r+ er4]d3k.

and

d3k = d2krdk,.

Here, the differential dk, is rewrite by the differential on the z-direction energy E",

*"=(#)-'ffan",
d,E h'k"
d,lr= -i = n'"'

Also,

d2た上=2π ttdた 1,

=(2場
:1)dE上  (た
上dた上=労:dE・

)。

(3.28)

If the energy of the left side is equal to that of the right side, the transmission probability of the left

side is equal to that of the right side, that is, those are syrnmetric so that 9(k) = {(kr"), in spite of

the direction moving the electrons. Adding Eq.(3.27) to Eq.(3.28), we can obtain,

In order to rewrite the simple equation, the energy of the left side of the barrier is separated into

the E" for the z-direction and the E1 for the perpendicular direction,

E=Eztt E■ , (3.30)

(3.34)
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So the Eq.(3.29) is rewritten,

卜協 1∞象助d島 1∞レe+リィe+E・・attdL

=71∞象助可T舗絣 )銭 , (3.35)

where the fj is the Fermi energy on the left side. The logarithmic term is sometimes called the supply

function.
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Chapter 4

Development of Electron Conductivity
Calculation Method for Open-Shell
Molecules

4.1 Introduction

Interest in the transport properties of single molecules has been increasing due to their possible use

as electronic components since Aviram and Ratner proposed the first molecular-based diode in 1974

tU. Their study lead to extremely downsize electronic circuits by ufilizing the organic molecules.

After that, many studies of the molecular devices have carried out so far. In the beginnings of the

studies, Langmuir-Blodgett (LB) was used to reafize the molecular devices. Various molecules were

synthesized and LB films were made, and the electron characteristics were measured by connecting

the electrode. However, it turns out that it is difficult to realize the molecular device by utilizing

the LB files. In 1982, Scanning Tunneling Microscope (STM) was developed, and its applications

to the molecular device advanced. After that, studies of the molecular devices by Self-Assembled

Monolayer (SAM) and Mechanical Break Junction (MBD have been also advanced. The idea of the

MBI (Figure 4.1) is to break by bending a very thin metal wire fabricated on the surface of an elastic

substrate, thereby creating two electrodes [45].

Reed et al. reported that molecules of benzene-1,4-dithiol (BDT) were self-assembled onto the

two facing gold electrodes of the MBI to form a statically stable gold-sulfur-aryl-sulfirr-gold system,

and the /-Vcharacteristics of the BDT shows 0.045 pS at about 0.7 V l2). Many groups have reported

the conductance of the BDT, but the reported conductance values vary from < 10-oq to - 0.1G,

where 6 = 2e2 lh * 77.51t5 [2,4,4G4:8l.Also there are theoredcal studies on the.l-Tcharacteristics of

the BDTs, but there is the discrepancybetween the experimental and calculated conductance. For a

one of the reason, there are distinctAu-S bonding geometry. Those are top-molecule-top geometry
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Figure 4.1: A schematic of the mechanical break junction (MBD with (a) the bending beam, (b) the
counter supports, (c) the notched gold wire, (d) the glue contacts, (e) the pizeo element, and (f) the
glass tube containing the solution. Ref. [2] is referred.

where both S atoms of the molecule occupy the top site of the Au surface, bridge-molecule-bridge

geometry where both S atoms connect to the middle of the two Au atoms and hollow-molecule-

hollow geometry where both S atoms connect to the threefold hollow site of Au electrodes. For

these viewpoints, Kondo et al. demonstrated single BDT theoretically [7].

Of course, many molecules were studied not only on the BDT but also on the various molecules

for the realization of the molecular devices, e.g. see ref. [49] . STM measurements on C6s have re-

vealed linear 1-Vcharacteristics at low applied bias voltages [50] (Figure 4.2). The resistance of the

C6s is 54.80 MS for the junction at tip contact. The /-Vcharacteristics of bisthiolterthiophene was

also reported t51l (Figure 4.3). The molecules is connected to the two facing gold electrodes, and

forming metal-molecules-metal junctions. The conductance of f 0-100 nS was obtained. Especially,

the top-dor,vn approach, such as the miniaturization of conventional silicon-based devices, leads to

drastic limitations for dimensions smaller than 100 nm. So, the realization of the devices by utilizing

the molecules is necessary for miniaturizing the devices.

4.2 Motivations

The molecular devices mentioned above are closed-shell systems in general. Howeve! I have the

interest in introducing spins into the molecular devices, because a coexistence of localized spins

and conduction electrons has attracted much attention in a material science. It is well known that

tetrathiafulvalene (TTF) derivatives containing redox active z electrons show the electron conduc-
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Figure 4.2: a) A schematic of the C6s device, b) I-Vcharacteristics of the C6s device. [These figures
were taken from C. Ioachim etal. Phys. Reu Lett.,74,2lo2 (r995)l

b)a)
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Figure 4.3: A schematic of the bisthiolterthiophene device. A conjugated molecule is chemisorbed
onto the gold electrodes uiathe thiolate terminal gfoups. [This figure was taken from C. Kerguerls et

al. Phys. Reu.8,59, 12505, (1999)l

tivity. If such molecules can be combined with localized spin species, one will obtain coexistent

systems of localized spins and conduction electrons. Coronado et al. has reported that (BEDT-

TTF)3[MnCr(ox)s] (BEDT-TTF = bis(ethylenedithio) tetrathiafulvalene) shows both ferromagnetic

spin interactions and the conductivity t52l in Figure 4.4(a). This molecule-based compound shows

a ferromagnetism at 5.5K and a metallic behavior at the range from room temperature to 2K. Mat-

sushita et al. reported the coexistence of the ferromagnetism and the conductivity using a pure

organic compound, which shows a negative magneto-resistance below 15K t53l in Figure 4.4(b).

Peng et al. reported the magnetism and the electron conductivity of extended metal atom chains

(EMAC) [8] in Figure 4.4(c).

On the other hand, there are many reports of the electron transfer not only on the synthesized

molecules but also biological molecules such as DNA. DNA is also known for its conductivity by z-

stacking interactions [9-19], e.g. see Figure 4.5. Recently, Tanaka et al. reported alternative base-pair

、
s              sノ

聰減、絆鱒
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b)a)

C)

簿彗黎‐畿
エーヽ ―ヽ 一ヽ 一熱 ―ヽ ヽ澪 Xt鷲ぎ黛澪

Figure 4.4: Ascheme of a) BEDT-TTF [52] [This figure was taken from E. Corondo etal. Nature,4O8,
447 (2OOO)1, b) ETBN and ESBS [53] [These figures were taken from M. Matsushita et al. Chem. Lett.,
36, 110 (2007)l andc) EMAC [8] [ThisfigurewastakenfromC.Yinet aL. I.am. Chem. Soc., 130,

r0090 (2008).1

models in which hydrogen bonds between natural base pairs are replaced by Cu2*-mediated base

pairs of hydroxypyridone nucleobases [20] (Figure 4.6). An existence of the ferromagnetic interac-

tion between electron spins on adjacent Cuz* centers has been found by using electron paramag-

netic resonance (EPR) spectra at 1.5K I20l (I have investigated for the theoretical approach on the

magnetism , in detail see Chapter 8 (89 page)). However, the conductMty of this system has not been

reported so far, in spite of being expected the realization of the spintronics device by DNA.

There are many theoretical reports on the magnetism of these systems, but almost no theoretical

reports on the electron conductivity of these systems. This main reason is that these systems are the

open-shell systems and there is no theoretical method on the electron conductivity for the open-

shell systems, especially the calculation of the systems containing metal ions is difficult. Then, I

developed the calculation method of the electron conductivity for open-shell molecules using an

elastic scattering Green's approach in low computational costs. Finally, if there are a spin source

in a system, the Kondo effect seems to be important. However, in this developed model, I do not

consider the Kondo effect.

ドx墓千
田醸羹:XSS
襲 機 :X t Se
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0
Voltage {V)

Figure 4.5: Current-voltage curves measured at room temperature on a DNA molecule trapped be-
tween two metal nanoelectrodes [This figure was taken from D. Porath etal. Nature,403, 635, (2000)]

Figure 4.6: Schematic representation of Cu2*-mediated duplex formation between two artificial
DNA strands in which hydrorypyridone nucleobases replace natural base pairs. [This figure was

taken from K. Thnaka et al. Science, 299, l2l2 (2003)l



4.3 Development of the Theory

4.3 Development of the Theory

The elastic scattering approach based on the original work by Mujica et al. is often used to investigate

the /-Vcharacteristics between two reservoirs with each electronic state at the two terminals of the

molecular wire [54-.56]. However, it is difficult to calculate the ,I-Vcharacteristics for large systems

consisting of many atoms in this approach, because it needs quite high computational resources.

Luo et al. modified the approach with a simple model which uses (f ) the overlap matrix elements, (2)

the terminated atoms connected to the reservoirs, and (3) the probabilities that the electron exists at

the terminated atoms within LUMO [57-59]. However, the conventional elastic scattering theory is

originally developed for the closed- shell system, so I extend the method to the open-shell systems.

The Hamiltonian of the svstem is written as

″ =IM+HL+IR+じ

JIIM=Σ Σttσ lασ〉〈ασl
σ=士 α

=Σ Σttσ CσIQげ IDσ l,
σ=士 α

ffL=Σ Σ場 |ら〉くら|,
σ=土 ′

島=Σ Σ41ル )(ル |,
σ=士 ノ

び=二平停翫σl妙 d+平γ′tσ lル )倒 )+αら

(4。 1)

“

.2)

(4.3)

“

.4)

(4.5)

where I{a and }[1p are the Hamiltonians of the molecule and the left (right) side reservoirs, respec-

tively. Uistheinteractionpotentialbetweenthemoleculeandthereservoirsandyil,orepresentsthe

interaction between the l-th site of molecule and the i-th orbital of the reservoirs with spin o.

In the elastic scattering Green's function theory the transition operator t6M2l (.f), is defined

as

」 =び+UG硯 (4.6)

where G is the Green's function,

G(z)=(z― H〕
~1.

(4.7)

z is a complexvariable. Assuming that the reservoirs directly intact with the end-sites (site I and N)
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ofthe molecule only[54,63],the traIIsidon matrix elementlJi′ ,σ)Can be rewritten as

」:ブ ,σ (Z)〓 γil,σ qttγ (z)γⅣ′′σ,

q町∽=平(1島レ)CD
=平訃

督T,

where l2r,o denotes the spin-depend escape rate determined by the Fermi's golden rule, i.e.,

「η,σ
〓γH'σ (11φ :〉

十γNT,σ〈φ:IAD

(4.8)

(4.9)

fined as the terminal atom connected to the reservoir as explained above. The eigenstate 4 that

overlaps with the molecular end-sites only contributes significantly to the Green's function matrix

element. Therefore, IQX> "*tbe 
approximated by orbitals obtained from the Kohn-Sham equation

of a finite system consisting of the molecule sandwiched between reservoir s Wk !> = e'lltp!)) 1szl.

In the linear response theory a static carrier conduction t64l (tLR) of the system that are applied

the voltage (Vo) by right and left reservoirs is given as

where lqSl ir the eigenstate of the total Hamiltonian n @lql, = eXlgXD.Here, the end-site is de-

ポ=:平寡 Ill島 (DliルOdE,

・C⊃ ={h11+eXp(L宅拳
ゴ
)|―
h11+eXp(7)|ト

where Ep is the Fermi energy. Here, I define that the intermediate value of HOMO and LUMO orbital

energies of the extended molecular system is the Fermi energy. Since the spacing between molec-

ular orbitals is large, I can assume that the interference between difference scattering channels is

negligible t5:4.li"@ll ** represents the transition probability,

t r2r 12

l<tl0lrl l<o?lrol
1鳥
(Di=γil,σγ編,σ平

(4_E)2+「ら,σ '

(4.10)

(4.11)

(4.12)

(4.13)

<tlflX> and (03|M represent the site-orbital overlap matrix element between the end-sites and the

extended molecule. The product of two site-orbital overlap matrixes represents the delocalization

of the molecular orbital of the extended molecule.

y is a parameter to determine the l-Vcharacteristic and it is in proportion to a transition prob-

ability. To determine the y parameter, on the assumption of Dewar, Chatt and Duncanson (DCD)
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model [65,66]. Luo et al. proposed a procedure that the occupied orbitals of the reservoirs interact

with LUMO of the molecule according to the frontier orbital theory. Therefore, 7 can be written as

イ σlLUMO=い
島 ,HOMO_ШMO~△島 ,ⅢM司△島 ,LIJMO

2

イメШMO〓身
亀σ
2,J`,f,σ

'

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

where AEo,HoMo-Luye is the HOMO-LUMO gap of the extended molecule and AEo,uJMe is the energy

difference between the HOMO of reservoirs (gold clusters) and the LUMO of the isolated molecule

which is not connected with the reservoirs. *r,"{LtIWtO) is the squ:ue of an expansion coefficient of

the wave function of the isolated molecule at the end-site.

In the system where LUMO of the molecule is non-degeneration, I can use Eq. (4.14, 4.15, 4.16).

However, in the degenerating LUMO, I cannot apply the equations. So in the system I extend the

equations to the degenerating system using the Boltzmann distribution. Here, assuming that Eq.

(4.15) does not change in the degenerating LUMO, Eq. (4.14, 4.15, 4.16) become as the following,

γ■l,σ =■,σこσ,

7L,σ ～■,σ (LUMO),

イσ

rre*p 
[-("r,rro..* - E ,r*o)ln ,lo"u*o*r

rr exp 
[- 

(ur,r'o.o - r*'o) lnr]

EtB*drvtuto*t
LrBr '

whereた Ineans the number ofthe degenerating orbitals around LUNIIO and Bκ  is the Boltzmann

distributiono lnた =0,(that is,he non… degenerating LUNIIO),Eq。 (4.17,4.18,4。 19)are equal to

Eq.(4.14,4。 15,4.16).

The total conduc■ on cllrrent density is ILR=AJLR,where A is the effective inieCtOn area ofthe

transmitting electron from the metal electrode,determined by the density 6felectro面 c states ofthe

bulk gold.I have assumed thatthe erective inieCdOn area■ ～πイ,where t is denned as the radius

of a sphere whose volume is equalto the volume per conduction electron,rs=(3/4π η)1/3,η is the

density ofelectronic states ofthe bulk gold[57].
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The Validity of the Developed Method

5.1 Introduction

Understanding electron transport through molecules remains one of the challenges in the emerging

area of molecular electronics. Many researcher have studied the single molecules containing n elec-

trons to understand the electron transfer. However, in the realization of nano-device, it is unavoid-

able to have multiple molecular wires packed in proximity. If the wave function of one conductive

electron mix with the conductive electron of the other molecular wire, it results in the unwanted

transversal hopping of charge carriers. In view of this, one-dimensional metal string complexes can

be a promising candidate.

The extended metal-atom chain (EMAC) complexes have attracted much interest in terms of

a fundamental science and an application to molecular devices [67-80]. Peng et al. reported the

syntheses of a series of EMAC complexes containing nickel atoms, such as [Ni,,L,n002] (where L = the

ligands, X = Cl or SCN). From the X-ray structure analysis, the peripheral ligands surrounded one-

dimensionally aligned metal chains 167,761. From the XANES spectra, the terminal nickel(Il) ions

are high-spin (S - 1), and inner nickel(Il) ions are low-spin (S = 0) t761. A temperature-dependent

magnetic study of these complexes indicated that there is a weak anti-ferromagnetic interaction

between the two terminal high-spin nickel(Il) ions, and depending on their chain length [67]. These

weak anti-ferromagnetic interactions were demonstrated by using unrestricted DFt t771.

Recently, the measurements of the f-Vcharacteristics and conductance of the EMAC complexes

containing up to seven metal atoms were carried out by using conductive atomic force microscopy

(c-AFM) measurements in vacuum [80]. These indicates the realization of the molecular wire using

the one-dimensionally aligned metal ions. The first theoretical approach to the electron conduc-

tive of the EMAC complexes was carried out Hsu et al. [81]. They calculated its conductance using

non-equilibrium Green's function (NEGF) based on the entended Huckel theory (EHT), and demon-

47
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Figure 5.1: ORTEP view of the pentanickel complex, in general the metal atoms are colinear and
wrapped helically by four ligands. Ni purple, N blue, S yellow, C gray. [This figure was taken from I.
W. P Chen etal. Angew. Chem,Int. Ed.,45,5814 (2006)l

strated the measuring conductance. However, the EMAC complexes are the open-shell systems, so

that the calculation of the current in the systems should be carried out the spin-polarized approach.

In this chapter, I discuss the current of the EMAC complexes (NisL4(NCS)2, L = oligo-a-pyridylamine;

Figure 5.1) by using the Green/s function based on the spin polarized approach, and describe the im-

portance and validity of the developed method.

5.2 ComputationalDetails

Atomic coordinate of the EMAC complexes was taken from data of X-ray crystal structure analysis.

I assumed as the following: 1) the EMAC molecule is connected to the Au electrode through the

S-Au(l1f ) junction at the bridge site, 2) the distance between the S atom and the Au surface is 2.3

A, and 3) the distance Au-Au is 2.88 A. All calculations were performed by unrestricted hybrid DFT

(UB3LYP) [38] and set on Gaussian 03 [82].

For the calculation of the /-Vcharacteristics of the systems, I used Eq.(5.1) as mentioned in sec-

tion 4.3 (p. 44),

ォR=:平寡 ェll島 (Dliル (DdE, (5.1)

(5.2)ぷ⊃=inll・eJ向ギ‖尋切『λ竜子三】ト
I set the temperature at 300 K to evaluate the /-Vcharacteristics, and adopt the orbital from HOMO-9

to LUMO+9 as the orbital concernedwith the conductivi&
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Thble 5.1: The calculated spin densities of tNisl,a(NcS)zl complex for the BS-LS state.

Atoma Spin density

‐1.59

‐0.11

0.00

c‐ AFM  Calculation

- I 5.ll
1- to)a (r6.0)b

5.3 Results and Discussion

From the surface reflection IR spectrum, the terminal S atoms of the NCS connected to the Au atom,

indicating that the EMAC complex containing the nickel(Il) ions bind to the Au(l 11) surface to form

a monolayer. As mentioned above, the terminal nickel(Il) ions are highs-spin (S =t), and the shows

the anti-ferromagnetic interaction between the two terminal nickel(Il) ions. The inner nickel(Il) ions

are low-spin (S = 0). The calculated spin densities of the complex for the broken-symmetry low-spin

(BS-LS) state were summarized in Table 5.1. In this complex, spin densities are localized on the

terminal nickel(Il) ions. These results indicated that the terminal nickel(Il) ions were open-shell (S

= 1) and other inner nickel(Il) ions were closed-shell (S = 0) structure, and which are consistent with

experimental results.

Peng et al. measured the current values of the EMAC complexes by using the c-AFM measure-

ment. In the c-AFM procedures, a gold-coted AFM tip is used to make direct contact with the mono-

layerwhile simultaneouslymeasuring the /-Vcharacteristics of the tip-molecule-substrate junction.

The experimental data were presented in Table 5.2. The data in the first column was obtained

from the c-AFM measurement in vacuum. The calculated current value seems to be close to the

data from the c-AFM measurement. This is reasonable result, because calculations were performed

on a single molecular junction in vacuum, and also indicating that the spin-polarized approach is

important for the open-shell systems.

The site-overlap elements and the coupling constants 7 are shown in Table 5.3. The dominant

Ｎ‐．
蛇
剛
Ni4             0.10

Ni5             1.59

α SCN― Nil‐ Ni2‐ Ni3‐Ni4‐Ni5‐NCS

Table 5。2:BTerimental alld theoretical cuⅡ ent values(in ev)Ofthe linear penta‐ nickel complex.α

the expe五 mental current values ofthe linear tri―nickel complex。
あthe calculated currentvalue ofthe

linear tri¨nickelcomplex by using the NEGF‐ EHT[811.



50 5.3 Results and Discussion

Table 5.3: The coupling constant

ments of the BDT connected the

l(11α〉121〈φ31“ 12.

γ (in eV),the Orbital energies E7

houow site of Au(111)SttaCe in
(in eV)and the overlap ele¨

■e distance 2.6A. 〈site〉 =

α orbital β Orbital
"rn 0.212 γlR   O.287

γLⅣ   O.613

ら  くSite〉
‐5.723   0.368

5̈.642   0.015
‐5.559   0.004
‐5.550  0.006
‐5.481   0.000
‐5.468   0.000
‐5.430   0.000
‐5.263   0.000
-4.896  0.000

‐4.886  0.000
‐2.651   0.000
‐2.631   0.000
‐1.931   0.000
‐1.916  0.000
-1.786  0.000

‐1.627  0.000
‐1.483   0.000
‐1.473   0.000
‐1.419   0.000
-1.242  0.000

0.672

HOMO‐9 -5.710
HOMO‐ 8  ‐5.657
HOMO‐ 7 ‐5.581
HOMO‐6 ‐5.531
HOMO‐ 5   ‐5.478
H(DMO‐ 4  -5.464

HOMO‐ 3  -5.429
HOMO‐2  ‐5.257
HOMO-1  -4.893
HOMO   ‐4.889
LUMO   -2.657
LUMO+1  -2.626
LUMO+2  ‐1.952
LUMO+3  ‐1.913
LUMO+4  -1.760
LUMO+5  -1.619
LUMO+6  ‐1.504
LUMO+7   ‐1.473
LUMO+8  ‐1.415
LUMO+9   ‐1.243

0.225

0.034

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

site-overlap elements for the current are from HOMO-6 to HOMO-9 in alpha and beta orbitals (Fig-

ure 5.2). These orbitals are mainly distributed on the cental metal strings (drz orbitals of the nickel

atoms) and the sulfur atoms (pr), indicating that the d"z orbitals of the metal strings are dominant

orbitals for the current flow through the EMAC, but the contribution from the peripheral ligands are

sma]l.

As mentioned above, Hsu et al. calculated the current values of the linear tri-metal complexes by

using the NEGF-EHT [Bf ]. Their calculated data was also summarized in Table 5.2. Their calculated

current values are also close to the data from the c-AFM measurement as well as my calculated re-

sults. Moreover, they stated that the most important orbital for the conduction consisted mainly of

thre d"z orbital with a much lower energy. These behaviors are similar to my calculated results. Both

approaches show that the contributed orbitals for ttre electron conduction of the nickel string EMAC

complex consist mainly of the drz orbital with orbitals of the lower energies.
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Figure 5.2: MO diagrams of the EMAC.

5.4 Conclusion

Taking the EMAC complexes as an example, I showed the validity of the developed method. The

current values of the developed method agreed with the experimental values, indicating that the

developed method is useful in the calculation of the current of the open-shell systems. The distribu-

tion of the orbital in tri- penta-nickel EMAC complexes are similar to each other from the developed

method and the NEGF-EHF.

$*.lrf 1''sn*,





Appendix

Hsu et al. calculated the current values of the EMAC using the NEGF-EHT t8ll. Within the NEGF-

EFT approach, the transmission function could be obtained as the following,

T(D=Tr(「LGRFRCA)

=Σ (「L)σλ(GR)λμ
『
Jμν(GA)νσ,

1tv),o

where a, h, p and y are the atomic orbital basis. The GR(o is called the retarded (advanced) Green's

function,

GR=
E― Ifmol― ΓR

(5.4)

(5.6)

(5.7)

(5.8)

(5.3)

=70硼謙 Fらび%

where i and j mean the molecular orbital basis. The retarded Green's function has the following

relationship to the advanced Green's function,

GR = (641t (5。5)

For simplicity, it assumes that the interaction between the molecule and the electrodes exists be-

tween the end atoms of the molecules and electrodes. This is similar to my approach. Eq(s.a) can be

expanded using pernrrbation theory. The fust-order energy correction can be calculated by consid-

ering the self-energy tefin as the perturbation term,

/._(0) * r,(0)(GR)pu=+ffih
,rr) = qrro)lp*lr,o,,

-- lcf). c(o) (Apn - i L pu)
ltv

where C(0) satisfies QY = Lt Cf)tpr. Ttre ER is the self-energy term, and stands for the interaction

between the molecule and the electrodes. Arn and Arn represent the real part and imaginarypart of



54 5.4 Conclusion

the self-energy, respectively. These terms show that the real part of the first-order energy correction

is equivalent to a shift in energy and the imaginary part the broadening of the energy level.

Using the above Green's function, the transmission function represents as the following,

T(E)NEGF-EHI = 
+:2tclo)t2lcli?,t2

' \4' 
(n-r,;,1' + ar(Uclo)t + tc$)t,)

where a is the imagrnarypart of the self-energy. This NEGF-EHT transmission function is equivalent

in the developed transmission approach using Green/s function,

r(aD.u =lnrnl,
t t2t t2

l<rl03rl l<oSlmrl
=O' ; 'ii ' , (5.10)

leT - n)- +ri,"

where @ means the coupling constant (y). Using Qi =LpCpiep,

(llrp;) =f lc,cu,sru (5.11)
Lp

srr= [qiqrdr, (5.12)

where S1, is the overlap matrix. Usingthe above relationship,

T(E)NEGF-EHr = ?(E)D* (5。 13)

Fin翡,the cuHentfo■ ■■■ula can express as the fo■owing

r=等∫げ(E,μ・)一∫(E,μJ]7(功 dE。         (5.141

(5.9)
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Chapter 6

B enzene - dithiol Molecules

In previous chapter, I described the development of the theory for the electron conductivity of an

open-shell system. In this and the following chapters, I describe the application of the developed

theory. At first, I investigate the correlation of the electron conductivitywith the stretching distance

of the molecule-electrode contact.

6.1 Introduction

In the measurement of the conductance for the single molecule, a scanning tunneling microscope

(STM) break junction and a mechanical break junction MBI) are widely used. As I mentioned above,

The idea of the MBI is to break by bending a very thin metal wire fabricated on the surface of an elas-

tic substrate, thereby crating two electrodes. There are unresolved questions for an understanding

of the experimental results in the break junction mettrods containing the STM and the MBJ.

Thiol group (-SH) is widely used as a linker of the molecule-electrode junction, and has the well-

known property to be connected strongly to the Au electrodes. There are important problems for

realizing the molecular devices. One of the problems is a stability and a breakdown mechanism of

a linker-electrode bond. Huang et al. reported the problems for the single molecule covalently at-

tached to two gold electrodes via Au-S bonds at room temperature using the STM break junction

method [83]. They pointed out that the breakdown took place at the Au-Au bond near the molecule-

electrode contacts. On the other hand, Qi et al. reported the junction broke at the S-Au bond [84].

They also pointed out that the breakdovm took place at the Au-H bond by the H atom entering into

interval between two Au atoms in the STM tip if one detached H atom was adsorbed to the Au tip.

Then I am interested in the correlation of the electron conductivity with the stretching distance of

the molecule-electrode contact. In the common sense, the electron conductivity almost does not

exist if the distance between the linker and the electrode is long. However, it is important to under-

57
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§

S幸、S

e

Figure 6.1: The scheme of the BDT molecule connected to the hollow site ofAu(l11) surface. r is the
distance between the BDT molecule and the Au cluster. n means the location of the hollow site.

stand the correlation of the electron conductivity with the stretching distance. In order to investigate

the correlation, I pointed out the spin polarization on the linker of the molecule-electrode contact

in this chapter.

OneAu atom is an open-shell system (radical) because the electron configuration is [Xe]4fia5d106s.

Therefore, theAu cluster is an open-shell system when the number of theAu atoms is odd numbers.

When the distance between the surface of the Au electrode and sulfur atom is smaller than the equi-

librium distance, the whole system becomes the close-shell system. However, the whole system

becomes the open-shell system when the distance is longer than the equilibrium distance. These

behaviors are similar to the dissociation of H2. Therefore, when I investigate the electron conductiv-

ity involving the dissociation of the Au electrode and the sulfur atom, I need to use the unrestricted

calculation.

6.2 ComputationalDetails

In order to calculate the 1-Vcharacteristics of the BDT, I fust optimized the geometry of the BDT.

After that, I connected the optimized BDT to the hollow site of Au(ll1) surface as shor,rm in Figure

6.1. As mentioned above, I used the results of DFT calculations forthe 1-Tcharacteristics. These

calculations were performed by UB3LYP [38] on the GaussianO3 program package [82]. Basis sets are

6-31G. for the BDT and LANL2DZ forAu atoms.

For the calculation of the /-Tcharacteristics of the systems, I used Eq.(7.1) as mentioned in sec-

tion 4.3 (p. 44),

ポ=:平霧 Ill島 (⊃ liル (OdE,

ξ

S

§

(6.1)

(6.2)ぷ0=inll・eJЧギ】Ⅲ・eplTI
I set the temperature at 300 K to evaluate the /-Vcharacteristics, and adopt the orbital from HOMO-9
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Figure 6.2: The potential energy surface of the BDT-Au.
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Figure 6.3: The schemes expressing the spin polarization of the BDT-Au in r = 2.6 and 3.2 A. The
numerical values stand for the Mulliken spin densities.

to LUMO+9 as the orbital concerned with the conductivitv.

6.3 Results and Discussion

6.3.1 Potential EnergySurface

The crucial problems in investigating the electron conductive are the evaluation of the interaction

between the linker molecule and the electrode. Different methods have been proposed to estimate

the interaction. In general, the interaction is interpreted as the electron coupling between the Au

electrode and the end-site atom of the molecule. Simazaki et al. calculated the electron coupling by

using non-diagonal elements of the Hamiltonian matrix for a benzene-dithiol (BDT) molecule con-

nected to Au clusters. It is well-known that the electron coupling strongly depends on the distance

between the Au electrode and the end-site atom of the molecule.

At first, I discuss the total energies for the BDT connected to the hollow site of Au(lll) sur-

face (BDT-Au) with the stretching distance between the Au cluster and the sulfur atom of the BDT

molecule. For those total energies, I compare the RB3LYP with the UB3LYP The potential energies
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Vollrge / V

Figure 6.4: The.I-Vcharacteristics of the BDT molecule in the distance 2.44.

for the BDT-Au are shown in Figure 6.2. Both curyes are identical at region r < 2.6 A. Beyond the

distance, the total energies of the UB3LYP are more stable than that of the RB3LYP In both curves,

the distance | = 2.4 A is the most stable structure of the BDT-Au, and I define the distance as the

model stntcture.

By stetching the distance between the Au cluster and the sulfur atom, the covalent bond be-

tween the Au cluster and the sulfur atom breaks gradually, and finally the Au cluster exists alone with-

out the covalent bond, where the localized spins polarize on the sulfur atoms of the BDT molecule as

shown in Figure 6.3. The different of the total energies between the RB3LYP and the UB3LYP mainly

originates from the spin polarization of the BDT molecule in the stretching distance r = 2.8 A,to 3.2

A. Under such conditions, the RB3LYP cannot describe the correct electron states, so that the total

energies of the UB3LYP zue more stable. This phenomenon also be found in the dissociation of H2,

and is verywell-known.

In summary, by stretching the distance the Au cluster and the sulfur atom of the BDT molecule,

the UB3LYP curve moves to indicate the dissociation into the singleAu cluster and the spin polarized

BDT molecule while the RB3LYP curve gives to the incorrect results. In the stretching distance r =

2.64, although the total energy of the UB3LYP is almost equal to the that of the RB3LYB ths lesalized

spins somewhat exist on the sulfur atom of the BDT-Au in the UB3LYP calculation. This causes

the interesting phenomenon for the electron conductivity of the BDT-Au as being discussed after

section.
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Table 6.1:The coupling constant γ(in eV),the orbital energles E7(in eV)and the ovenap ele_
ments ofthe BDT connected to the houow site OfAu(111)SurfaCe in the distance 2.4A.〈 site)=

|(11φ多〉121〈φ:|ハ)12.
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HOMO‐ 9  ‐7.584 0.001
HOMO‐ 8 ‐7.181  0.016
HOMO‐ 7  ‐7.167  0.000
H(DMO-6  ‐7.034  0.000
HOMO‐ 5  ‐6.712  0.092
HOMO-4  -6.692  0.011
HOMO‐3  ‐6.235  1.257
HOMO‐2  ‐6.102  0.000
HOMO‐ 1  ‐5.992  0.016
HOMO  ‐5.283  0.638
LUMO   ‐4.256  0.002
LUMO+1  ‐4.192  0.000
LUMO+2  ‐4.133  0.001
LUMO+3  ‐4.050  0.062
LUMO+4  -3.279  0.000
LUMO+5   ‐3170  0.016
LUMO+6  ‐2.477  0.000
LUMO+7   ‐2.472  0.000
LUMO+8  ‐1.446  0.000
LUMO+9   ‐1.436  0.000
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Figure 6.5:The NIIO diagraln ofthe BDT in the distance 2.4A.
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6.3.2 Ther‐ ycharacte五 sticsin the Model Stmcture

In this section, I discuss the /-Vcharacteristics of the BDT molecule in the model structure. In pre-

vious section, I found that the stretching distance in the most stable energy was 2.4 A, and in the

distance, the whole system is the closed-shell system. The DFT results were utilized i.e. Kohn-Sham

orbital energies and the site-orbital overlap matrix elements (simply transcribed as overlap element

hereafter) for these calculations. The lack of the correlation energy in the Hartree-Fock (HF) mettrod

can be a defect for the estimation of the f-Vcharacteristics, and it takes a lot of time to estimate it in

the post HF method. For those of viewpoints, the DFT is widely used to estimate the /-Vcharacter-

istics.

The molecular orbitals having large overlap element values delocalize over all ttre site of the

molecule, leading to contributing to the electron conduction. In the distance 2.4 A, LUMO and

LUMO+I are degenerate. So, I adopted both LOMO and LUMO+I for the calculation of the coupling

constants. These parameters in the distance 2.4 Awere summarized in Table 6.1. The /-Vcurves

were shown in Figure 6.4.

The onset of the current is 0.7 eV and the calculated current value at lV is 0.058 nA. Although

the onset of the current is similar to the experimental result reported by Reed et al. [2] and Ulrich

et al. [46] and so on, the calculated current values are different from the e:<perimental results. This

discrepanry takes place in the experimental measurements themselves [2, 4,4H8]. For a one of

the reason, there are distinctAu-S bonding geometry. Those are top-molecule-top geometry, where

both S atoms of the molecule occupy the top site of the Au surface, bridge-molecule-bridge geom-

etry where both S atoms connect to the middle of the two Au atoms and hollow-molecule-hollow

geometry, where both S atoms connect to the threefold hollow site ofAu electrodes.

The dominant overlap elements are HOMO-S, HOMO-3, HOMO and LUMO+3. These orbitals

were summafized in Figure 6.5. The wavefunctions of these states are extended over the BDT-Au.

In the elastic scattering method, an electron from the source is scattered through the unoccupied

molecular orbital and reaches to the drain. According to the frontier orbital theory the occupied

electrode orbitals mainly interact with the LUMOs of the molecule in case of the closed-shell calcu-

lation. The coupling constants in the each end-side are almost equal to each other (Tr = Til because

of the svmmetrical structure and the closed-shell svstem.
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Figure 6.6: The currentvalues at I Vand the stretching distance between the sulfur atoms of the BDT
and theAu clusters using UB3LYP and RB3LYP calculation methods.

Table 6.2:The coupling constant γ(in eV),the Orbital energies島 (in eV)and the oveJap elements

ofthe BDT connected the hollow site ofAu(111)SuFfaCe in the distance a)2.6Aandb)3.2A.(site〉 =

|(11φ 3)121〈φ:IAゆ 12.

の2.6A b)3.2A
α orbital      β orbital
γlR   O.053       γlR   O.022 γlR   O.031

γLⅣ   O.052

助  〈Ske〉      ら  くSite〉  助  〈Site〉

α orbital β Orbital

γlR   O・ 014

γIN   O.029γLN   O.023
E7(She〉

HOMO‐ 9  ‐7.602  0.000
HOMO‐ 8  ‐7.154 0.013
HOMO‐ 7  ‐7.126 0.000
HOMO‐ 6   ‐7.031   0.000
HOMO‐ 5  -6.834  0.000
HOMO‐ 4 ‐6.807 0.000
HOMO‐ 3  ‐6.225  0.353
HOMO‐ 2   ‐6.082   0.410
HOMO‐ 1  ‐5.940 0.907
HOMO  ‐5.161  0.147
LUMO   ‐4.294  0.001
LUMO+1  ‐4.238  0.000
LUMO+2  ‐4.187  0.012
LUMO+3   ‐4.078  0.088
LUMO+4  ‐3.334  0.000
LUMO+5  ‐3.241  0.001
LUMO+6   ‐2.527  0.000
LUMO+7   ‐2.463   0.000
LUMO+8  ‐1.485  0.000
LUMO+9  ‐1.477  0.000

‐7.601   0.000
-7.155  0.016

‐7.125  0.000
‐7.032   0.000
‐6.844  0.001
‐6.796  0.000
‐6.225  0.371
-6.086  0.393

-5.941   0.801

‐5.163  0.155
‐4.293  0.000
‐4.238  0.000
‐4.187  0.015
‐4.080  0.089
‐3.335  0.000
‐3.239  0.001
‐2.528  0.000
‐2.461   0.000
‐1.490  0.000
‐1.472   0.000

HOMO-9
HOMO-8
HOMO‐ 7
HOMO-6
HOMO‐ 5
HOMO‐ 4
HOMO‐ 3
HOMO‐ 2
HOMO‐ 1
HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5
LUMO+6
LUMO+7
LUMO+8
LUMO+9

‐7.559  0.000
‐7.454  0.000
‐7.127  0.002
‐7.068  0.001
‐7.025  0.008
‐6.923  0.000
‐6.661   0.516
‐6.381   0.374
‐6.142  0.489
‐5.118   0.010
‐4.336  0.000
‐4.307  0.000
‐4.227  0.125
‐4.094  0.006
‐3.447  0.000
‐3.347  0.000
‐2.608  0.000
‐2.405  0.000
‐1.642  0.000
-1.613  0.000

‐7.559   0.000
‐7.454  0.000
‐7.127  0.002
‐7.071   0.000
‐7.026  0.005
-6.919   0.000

‐6.660  0.406
‐6.383   0.353
‐6.141   0.431
‐5.117  0.009
‐4.333   0.000
‐4.309  0.000
‐4.227  0.048
-4.095  0.010

‐3.447  0.000
‐3.347  0.000
-2.607  0.000

‐2.406  0.000
‐1.644  0.000
‐1.611   0.000
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Figure 6.7:The Ⅳ10 diagram ofthe BDT connected the hollow site ofAu(111)SuJaCe in the distance
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6.3.3 Correlation of the Stretching Distance with the /-VCharacteristics

As well as the dissociation of H2 molecule, if the distance between the sulfur atoms of the BDT

molecule and the Au cluster is longer, the whole systems becomes the open-shell systems because of

the spin polarization of the BDT molecule. From the viewpoint of this, I investigated the correlation

of the bonding distance with the f-Vcharacteristics. In order to calculate the coupling constants, I

adopted both LOMO and LUMO+I because LUMO and LUMO+I were degenerate. The /-Vcharac-

teristics to the stretching distance were shown in Figure 6.6. In ttre distance from 2.0 A to 2.4 A, the

current value is smaller (or almost constant) in the short distance. It indicates that if the bonding

distance is shorter than the stable bonding distance (2.4 A), the current value is somewhat smaller

or almost constant. However, if the bonding distance is larger than the stable bonding distance,

the current value extremely becomes small. The change of the current values in the bonding dis-

tance from 2.4 Ato Z.O A is large. The reason of the change seems the spin polarization of the BDT

molecule. As mentioned in previous section, in the distance from 2.6A to 3.2 A, the BDT molecules

are the spin polarization, and the current values linearly decrease with the distance.

In the distance 2.6 A, the current value at I V is 0.040 nA. The coupling constants (y), the orbital

energies, and the overlap elements are summarizedinTable 6.2 a). The dominant overlap elements

are HOMO-3, HOMO-2, HOMO-1, HOMO and LUMO+3 for both o and p orbitals. These orbitals

expand over the extended molecule as shown in Figure 6.7. The coupling constant 71 is different

from another coupling constant yly because of the spin polarizadon of the BDT. In LUMO of the

alpha orbital, the MO coefficient of the sulfirr atom is large only on the left side, but in LUMO+I, the

coeffrcient is large on the both side. So, the coupling constant becomes large only on the one-side

even if the degeneration of LUMO and LUMO+I are considered. In the distance 3.2A, the dominant

overlap elements are HOMO-3, HOMO-2, HOMO-I, HOMO, LOMO+2 for both o and B orbitals as

summarized in Table 6.2b). These orbitals are also expand over the BDT molecule, but the extent

on the Au clusters is small because the distance between the sulfur atom and Au cluster is long, as

shown in Figure 6.8. The coupling constants in the distance 3.2 A are smaller than in the distance 2.6

A. fUnAO and LUMO+I in the distance 3.2 Alocalize on the one-side of the end-sites. Therefore, the

coupling constants become small values.

6.4 Conclusion

Investing the electron conductivity, the interaction between the sulfur atom and the electrodes are

important. In this chapter, I discuss the effect of the spin polarization in the electron transfer of

65
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the BDT molecule. In my calculated results, the electron conductivity becomes small if the spin

generates on the end-site.



Chapter 7

Artincial Metal‐DNA

7.1 Introduction

Molecular devices have attracted much attention in a research field of nanoelectronics because of

a limitation on a miniaturization of conventional silicon-based devices. For example, it is expected

that a top down approach reaches a drastic limit at 100 nm [4f]. In molecular devices, especially

in a molecular wire, delocalization of a n-electron cloud is usefrrl for an electron conductivity. On

the other hand, DNA is well known not only as the molecule containing all genetic information, but

also as a possible candidate for the molecular wire along the z-stacking axis. In order to utilize DNA

for the molecular wire, a large number of studies on the mechanism of the electron transfer in DNA

molecule have been reported t9-191. However, little is known about whether DNA is a conductor

or not. Zhartg et al. obserbed a low electron conductivity of a DNA wire, and concluded that the

DNA wire was the typical insulator [f3]. On the other hands, Kasumov et al. reported that DNA

molecules could be a good conductor [17]. From the theoretical studies, Tada et al. reported that

DNA molecules were the semi-conductor if the base was directly connected with the gold leads, but

were insulator if the sugar-phosphates were connected with the gold leads [8]. In this way, there are

contrary opinions on the DNA conductor.

On the other hand, there are several attempts to synthesize novel DNA-based compounds to

achieve the DNA conductor. One of the promising candidates is a metal-complexed DNA (M-DNA).

This system is expected to conduct an electric current through the redox of the metal atom. A coordi-

nation of DNA to metal ions causes a change in the structure and the physical properties. Especially,

the complex formation sometimes brings problems that a double helical structure of DNA becomes

loose, and that a linear one-dimensional chain of the DNA duplex is damaged by the large transfor-

mation. For example, a cisplatin, which is known as an anticancer drug, attaches to the outer region

of DNA duplex and distorts the structure of the duplex t85-BBl. Therefore it is considered to be a
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disadvantage to arrange the metal ion on the outside of the DNA duple:c While, an incorporation of

the metal ions into the inner region of the DNA duplex has been attempted in recent years. One of

the examples is an artificial M-DNA.

As mentioned above, DNAhas a double-helical structure made from a complementaryhydrogen

bonding pair called the Watson-Crick base pair, and is slalilized by a n - z stacking interaction.

Tanaka et al. succeeded in making complex by putting Cu2* ions into the DNA double helix using

the hydroxypyridone (H) ligand as an artificial nucleoside t201. Here, it is transcribed as H-Cu2+-H.

The merit of the material is the replacement of the Watson-Crick base pair in the natural DNA by

the coordinate bond of metal t891. An existence of the ferromagnetic interaction between electron

spins on adjacent Cuz* ions has also been found by using an electron paramagnetic resonance (EPR)

spectra, [20] suggesting that this has a possibility for spintronics [90] of DNAwire. From those points

of view it is interesting to investigate on the magnetism and the electron tansport on this system.

The fust theoretical calculation on the magnetism of this system was reported by Zhang et al.

[9f]. They showed that the ferromagnetic (F) and the anti-ferromagnetic (AF) phases were ener-

getically almost degenerate. Jishi et al. also calculated the total energy of [H-Cu2+-H] with three

different symmetries [92]. On the other hand, I demonstrated that the thermal excitation from the

anti-ferromagnetic (AF) state to the ferromagnetic (F) state would occur in the system by the Boltz-

mann distribution simulationbased on calculated effective exchange inte$al Uoa) values t931. Mal-

lajosyula and Pati also reported that an optical conductivity showed a peak of a low frequency excita-

tion at 0.8 eV I94l . In addition, according to my previous density functional theory @FT) studies [95]

with anAnderson-Langreth-Lindqvistvan derWaals (vdW) functional [96], the spin-spin interaction

among Cu2* ions was not important for the stacking stabilization of H-Cu2+-H, and I could repro-

duce the experimental distance between Cuz* ions.

Another development of an artificial M-DNA was carried out by Clever et al. using salen (S)

ligands in which a variety of metal ions could be introduced as coordination partners [21, 97]. An

advantage of the salen ligand is that the ethylenediamine, which is used to assemble the metal-

salen complexes inside the DNA double strand, forms a covalent crosslink, and brings a high stability

to the duplex. This system showed a weak anti-ferromagnetic interaction from theoretical studies

[98,99] . Afterward, Clever et al. reported that this system experimentally showed anti-ferromagnetic

interacdon [100,10U.

My another interest on the artificial M-DNAs is to calculate the I-V characteristics. Up to now,

various artificial M-DNAs [02, 103] and artificial nucleosides [104-f 08] have been rOported. How-
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ever, the electron conductivities of the artificial M-DNA have not been reported yet in spite of that

there are many reports on the electron conductivity of a natural DNA. Therefore, it is necessary to

examine the electron conductivity of the artificial M-DNAs to understand the effect of metal ions.

Mallajosyula and Pati also have pointed out its importance in their theoretical perspective [09].

From above reasons, this paper aims to investigate on the .I-Vcharacteristics on the artificial M-

DNAs, I H-Cu2*-H] and I S-Cu2+-S] systems. Effects of spin states, metal ions and the backbone are

examined by using the elastic scattering Green's function approach based on DFT.

Finally, it should be noted that there are many calculated reports about electron structures of

DNA using the DFT method, which does not involve n - n interaction well, but those results indicate

that the density matrix of the DFT can be applicable to a qualitative discussions of the properties.

(for example, see ref [19] and [110]) In addition, it is also important for the electron transport in DNA

to consider the effect of water molecules and countel-ions, although I carried out all calculationa in

the gas phase, as a first step for the elucidation of the electron conductivity of these systems.

7.2 ComputationalDetails

7.2.1 Modelingof the systems

In this study, I examined the .I-Vcharacteristics of two types of the artificial M-DNAs, hydrorypyri-

done (H) [20] and salen (S) [21] complexes. In order to calculate the /-Vcharacteristics forboth of the

systems, I first optimized the geometry of monomer structures of [H-Cuz+-H] and [S-Cu2+-S], where

[X-Cu2*-X [X = H and S) means one monomer. As model structures, the backbone was replaced by

S atoms.

The dimer models for both of the systems were constructed by using the optimized monomer. I

assumed that the rotation angle was 36' clockwise. The distances of adjacent planes of [H-Cu2+-H]z

and [S-Cu2+-S]z are 3.7 Al2Ol and 3.375A [21], respectively. Note that a distance of the adjacent base

pair of salen-complexed DNA is recently estimated 3.7 Aby Clever et al. (see ref. [f 00]). However, the

distance of 3.375 A is chosen. The bond lengths ofAu-Au and the distance between a S atom and the

gold cluster surface is fixed to 2.88 A and 2.3 A, respectively t58l. Finally, the models of the artificial

M-DNAs were connected to the hollow site ofAu(l11) surface as illustrated in Figure 7.1.

7.2.2 CalculationMethod

As mentioned above, I used the results of DFT calculations for ttre /-Vcharacteristics. These calcu-

lations were performed by UB3LYP [38] on the GaussianO3 program package [82]. Basis sets used
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Figure 7.1: The calculated dimer models of Cu2* mediated base pairs of a) [H-Cuz* -H]z and b) IS-
Cu2*-S12. a)' and b)' are the top view. The backbone is replaced by S atoms in the models and con-
nected to the hollow site model structures onAu(I11) surface.

for the ligands were 6-3lG* for the geometry optimization and 6-31+G* for the single point energy

calculations. Huzinaga MIDI+pd basis set [f 14] and LANL2DZ were used for Cu and Au atoms, re-

spectively.

For the calculation of the 1-Tcharacteristics of the systems, I used Eq.(7.f) as mentioned in sec-

tion 4.3 (p. 44),
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Table 7.1: Total energies, (S2) of the HS and the BS LS states and lat values of [H-Cu2*-H]z and

lS-Cu2+-Slz.

71

Models

HS
Totd Energyα (S2)

BS LS

Totd Energyα (S2)`夕ι
lH-cu2+-Hl2 -6638.24939334 2.0242

ls-cu2+-sl2 -6644.5151652t 2.0062

ln a.u.

bin cm~1

7.3 Results and Discussion

73.f TotalEnergies

Before the /-Vcharacteristics of the systems are discussed, let us consider the total energies of the

systems. The total energies, (S'z) and lon tre shown in Table 7.1. The total energies of the HS and

BS LS states of [H-Cu2+-H]z and [S-Cu2+-S]2 are almost degenerate, but the BS LS state is somewhat

more stable than HS state. It indicates that the thermal excitation from the BS LS state to the HS

state occurs in these systems. The lon values in the Table 7.1 mean the Effective Exchange Integral

value depending on the total energy. The positive Jo6 value means ferromagnetic interaction, and

the negative value means anti-ferromagnetic interaction. The lot values of these systems are very

small and negative values, that is, both these systems are weak anti-ferromagnetism. The details of

the Jar values and the magnetism of these systems are described in Chapter B (p. 89).

7.3。2 Compaison ofIIgh… Spin State with Broken‐S_ettLow‐ SPin State

ln this secdon,I analyze the r_ycharacterisucs especia■yin terms ofa compaЁ son bebveen the HS

and the BS LS states here.

I sunllnanzed the calculated coupling constant(γ )values in Table 7.2 and the ctlrrent values at

lV in Table 7.3 forthe HS and■ le BS LS states.In[H― Cu2+_H]2 1nOdel,LUMO and LUヽ10+l are

degenerateo So,I adopted bo■lLUMC)and LUMO+l for the calculation ofthe coupling constants.

On the other hand,in IS― Cu2+_s121■Odel,Iincluded ion■ LUMO to LUNIIO+3.The DFT results are

utilized i.e.Kohn‐ Shalln orbital energies and the site― orbital ovenap matnx elements(simply tran¨

scribed as overlap element hereafterl for these calculations.These parameters were sllmmarlzed in

Table 7.4 and Table 7.5.The r_ycurves were shown in Figure 7.2.

‐6638.24939822   1.0286  -1.1
‐6644.51517229   1.0063   ‐1.6
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Table 7.2:The coupling constallts γ(in eV)ofeach orbitalibr al the[II‐ Cu2+_H]2and b)the IS― Cu2+

S12in the HS and the BS LS stateso γ=γlRγⅢ・
。 [Ⅱ _cu2+_H12

HS

@ α orbital β orbital

BS LS

γlR   O.207

γⅢ     O.336

γ    O.070

0.210

0.312

0.066

０

１

０

釉
勧
γ

0.274

0.258

0.071

b)IS‐ Cu2+_s12

HS

@
BS LS

α orb■al β orbital
γlR    O.068     0.199

γⅢ     O.081      0.256

γ     O.006     0.051

γlR   O.127
γLⅣ    O.154

γ    O.020

0.212

0.236

0.056

Table 7.3:The curent values(in nAl at lVOfeach orbitalfOrthe[H¨ Cu2+_H]2 and the IS‐ Cu2+_s12 in

the HS and the BS LS states.

[H_cu2+_H12 Is_cu2+_s12
BS Б HS  BS LS

α orbita1  0.304  0.0356

β Orbita1 1.51  1.20
Tota1     1.81    1.22

The Hydroxypyridone Tlpe M-DNA

In the HS state of [H-Cu2+-H]z model, the current values for o and B orbitals at lV are ia = 1.45 nA

and lp = I.46 nA, and the total current is ioap = 2.9I nA, respectively. In the Luo's approach [57,58],

the important parameter to determine the current of the molecular wire is the coupling constant

(y). In the elastic scattering method, an electron from the source is scattered through the unoccu-

pied molecular orbital and reaches to the drain. According to the frontier orbital theory the occu-

pied electrode orbitals mainly interact with the LUMOs of the molecule in case of the closed-shell

calculation. In this calculation, however, the coupling constants of each end-site (1, N), Tnrpt ffid

TNu6), might be different from each other (y1o1pt * yyorp) because of the BS approach and the anti-

symmetry of the molecule. (In the case of a symmetrical molecule, e.g. the benzene dithiol molecule,

theparametersarestrictlyequaltoeachother (,fnril=Tna$) [57,58].AsshowninTableT.2(a),the

yo value is almost equal to y p value, and there is no difference in the magnitude of the current be-

tween a and p orbitals. The overlap element, which shows the contribution of each orbital for the

electrical conduction, indicates that HOMO-9, HOMO-7 and HOMO-6 for o orbital, and HOMO-8,

HOMO-s and HOMO - for B orbitals have a large orbital overlap as summarized in Table 7.4. These

MO diagrams are showed in Figure 7.3a). It is found that these orbitals mainly delocalizes over both

α orbital  l.45  4.82x10~・

β Orbnal l.46  0.H7
Tota1    2.91     0。 122
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Figure 7.2: I-V cuwes of a) [H-Cu2*-H]2 and b) [S-Cu2+-S]z connected to ttre hollow site model on
Au(l11) surface in the HS and the BS LS states at 300 K temperature.

theAu-S moiety and the six-membered rings, and dominantly contributed to the electron conduc-

tivity. The LUMO locates on the one side of the Au-S moiety, whereas the LUMO+I locates on the

another side of the Au-S moiety. Therefore, if the LUMO is only treated to calculate the current, the

current value becomes very small, and leading to mislead the result. The LUMO and the LUMO+I

are degenerate, so both LUMO and LUMO+I are adopted for the calculation.

In the BS LS state, the current values at lV are ia = 4.82 x l0-3 nA, ,p = 0.117 nA and io+p = 0.122

nA, and is difference from the value of the HS state. The delocalization of molecular orbitals in the

BS LS state is smaller than that of the HS state, so that the overlap elements become very small. The

MO diagrams are showed in Figure 7.3a). The overlap elements, which are large values in the BS LS

state, for example, are HOMO-S, but this element is small than the HS state. This reason is that the

MO of the HOMO-Slocalizes on the one side of theAu-S moiety,leadingtobe small overlap element.

一国

一国 一国
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Table7.4: The orbital energies Eo (in eV) and the overlap elements for [H-Cu2+-Hlz in HS and BS LS

states. (site) = l<rlO|>l' l<,p} | 
M) l'.

HS state

α orbital    β orbital
助   〈ShO  助   (She〉

HOMO‐ 9  ‐6.898  0.761  ‐6.873  0.063
HOMO‐ 8  ‐6.886  0.025  ‐6.868  0.165
HOMO-7  ‐6.505  0.284  ‐6.859  0.066
HOMO‐ 6  ‐6.497  0.290   ‐6.843   0.004
HOMO‐ 5  ‐6.420  0.000  ‐6.476  0.562
HOMO‐ 4  ‐6.409  0.000  -6.471  0.594
HOM(D‐ 3   ‐5.475  0.002   ‐5.419   0.001

HOMO‐2  ‐5.338  0.000  ‐5.279  0.000
HOMO-1  -5.060  0.004  ‐4.964  0.003
HOMO  ‐5.007  0.002  ‐4.916  0.001
LUMO    ‐3.992  0.000   ‐4.000  0.000
LUMO+1   ‐3.979  0.000   -3.989   0.000
LUMO+2   ‐3.759  0.000   -3.781   0.000
LUMO+3   ‐3.758  0.000   ‐3.774  0.000
LUMO+4  -1.297  0,000   -2.399   0.000

LUMO+5  ‐1.284  0.000  ‐2.389  0.000
LUMO+6   ‐0.999  0.005   ‐1.305  0.000
LUMO+7   ‐0.967  0.006   ‐1.295  0.000
LUMO+8   ‐0.898  0.000  ‐0.976  0.005
LUMO+9   ‐0.835  0.000   -0.938   0.006

BS LS state

α orbital    β orbital
助  〈She〉 助  〈Site〉

HOMO‐ 9  ‐6.900  0.002  ‐6.896  0.005
HOMO‐ 8  ‐6.865  0.000  ‐6.866  0.005
HOMO-7  -6.850  0.000  -6.857  0.004
HOMO‐ 6  ‐6.504  0.013  ‐6.500  0.026
HOMO‐ 5  ‐6.470  0.016  ‐6.475  0.031
HOMO-4  ‐6.420  0.000  ‐6.412  0.000
HOMO‐ 3   -5.455   0.001   ‐5.452   0.001
HOMO‐ 2  ‐5.303  0.000  ‐5.307  0.000
HOMO‐ 1  ‐5.046  0.001  -5.039  0.001
HOMO  ‐4.930  0.000  ‐4.936  0.000
LUMO    ‐3.999   0.000   ‐3.990  0.000
LUMO+1   ‐3.980  0.000   ‐3.989   0.000
LUMO+2   ‐3.775   0.000   ‐3.782   0.000
LUM(D+3   ‐3.760   0.000   ‐3.753   0.000
LUMO+4  -2.391   0.000   ‐2.399   0.000
LUMO+5   ‐1.306   0.000   -1.296  0.010
LUMO+6   ‐1.285   0.000   ‐1.294  0.009
LUMO+7   ‐0.990   0.005   -0.994  0.003
LUMO+8   ‐0.954  0.005   ‐0.948  0.003
LUMO+9   ‐0.892   0.000   ‐0.894  0.000
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Figure 7.3: The MO diagrams of a) HS state and b) BS LS state for [H-Cu2*-H]2.



Chapter 7 Artificial Metal-DNA 75

zo lo-t

6o lo't

5-o lor

4-o lor

3.0 to'3

2.o lor

l.o lor

o.0

Voltage / V

Figure 7.4: I-Vcurves of [H-Cu2+-H]2 connected to the hollow site model onAu(l11) surface in low-
spin states (closed shell) at 300 K temperature.

It indicates that the contribution to the orbital is small. However, as shown in Table 7.4, I found that

yp vahJe was much larger ft* Io value. This behavior of the BS LS state, which is different from

the HS state, is due to the fact that the p-LUMO of the extended molecule spatially extends on the

molecule than that of a orbital in the BS LS state.

In order to discuss the difference between the .l-Vcharacteristics in the BS LS and the closed-shell

LS state, I calculated the /-Vcharacteristics of the [H-Cuz*-H]2 using a restricted B3LYP (RB3LYP). I

adopted the orbitlas from LUMO to LUMO+2 and calculated the coupling constants. The difference

of the total energies between the BS LS and the closed-shell LS is 43.2 kcal/mol and the BS LS is more

stable than the closed-shell LS. The obtained current (f = 1.18 x l0-a nA at lV) is much smaller than

that of the BS LS state as shown in Figwe 7.4. In the closed-shell calculation, the almost all of the

overlap elements are very small, indicating that the orbital delocalization of the molecule on the S

atoms is smaller than that of the BS LS state. The HOMO orbital of the closed-shell LS is localized at

Cu ions, whereas the HOMO of the BS LS state is delocalized on the whole molecule. In this way, the

results in the BS LS and the closed-shell LS states are different, suggesting a necessity of calculations

of the /-Vcharacteristic based on the method with a static correlation such as BS method.

The SalenTlpe DNA

Next I showthe results of .I-Vcharacteristics of the [S-Cu2+-S]z model. In the HS state, the calculated

currentvalues for a and p orbitals at lVare iu=0.304nA, iB = l.5l nA and io+p= 1.81 nA.I found

that the yo value and the overlap element of a orbital are different from those of B orbital. The

嘔

１

日̈

３
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Table 7.5: The orbital energies En (in eV) and the overlap elements for the [S-Cu2+-S]2 in HS and BS

LS states. (Site) = lelql>l'l@3ltol'.

HS state BS LS state

α orbital β Orbital α

(Site〉 (Site〉

0-9

HOMO¨ 8
HOMO‐ 7
HOMO‐ 6
HOMO-5
HOMO‐ 4
HOMO‐ 3
HOMO‐ 2
HOMO‐ 1
HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5
LUMO+6
LUMO+7
LUMO+8
LUMO+9

l

‐6.303

‐6.157
‐6.005
‐5.993
‐5.785
‐5.746
‐5.718
‐5.554
-5.416

‐3.547
‐3.525
‐3.519
‐3.509
‐2.230
‐1.835

-1.601

‐1.466

‐0.783
‐0.705

HOMO‐ 8
HOMO‐ 7
HOMO-6
HOMO‐ 5
HOMO‐ 4
HOMO‐ 3
HOMO‐ 2
HOMO‐ 1
HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5
LUMO+6
LUMO+7
LUMO+8
LUMO+9

‐6.324
‐6.303
‐6.285
‐6.004
‐5.963
‐5.771
‐5.743
‐5.713
‐5.505
‐5.412
‐3.545
‐3.524
‐3.520
‐3.509
‐2.750
‐2.198
-1.832

‐1.572

‐1.466

‐0.783

0.000

0.001

0.000

0.000

0.002

0.079

0.179

0.008

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.003

‐6.319
‐6.308
‐6.263
‐6.157
‐5.992
‐5,783
‐5.723
‐5.698
‐5.549
‐5.355
‐3.547
-3.522

‐3.519
‐3.510
‐2.513
‐2.229
‐1.803

‐1.600

‐1.437

-0.783

0.002

0.003

0.001

0.000

0.000

0.020

0.077

0.009

0.000

0.000

0.000

0.000

0.001

0.001

0.000

0.000

0.000

0.000

0.000

0.003

0.000   -6.308   0.006

0.001   ‐6.285   0.065

0.000   ‐6.264   0.040

0.001   ‐5.960   0.002

0.049   ‐5.768  0.021

0.116   ‐5.721   0.073

0.004  -5.691   0.007

0.000   ‐5.498   0.000

0.000   ‐5.354  0.000

0.000   ‐3.545   0.000

0.000   ‐3.522   0.000

0.001   ‐3.520  0.000

0.001   ‐3.510  0.000

0.000   ‐2.750  0.000

0.000   ‐2.512   0.000

0,000   -2.196  0.000

0.000   ‐1.800   0.000

0.003   ‐1.571   0.000

0.004   ‐1.436  0.000
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Figure 7.5:The M()diagrams of a)HS State and b)BS LS state for IS‐ Cu2+_s12・
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Figure 7.6: Transition probability of a) [H-Cu2*-H]2 and b) [S-Cu2*-S]z connected to the hollow site
model onAu(l11) surface in the HS and the BS LS states.

dominant overlap elements are HOMO-4 and HOMO-3 for a orbitals, and HOMO-7, -6 -4 and -3 for

p orbitals. These orbitals are depicted in Figure 7.5a). The orbital of the HOMO-3 extends to the

Au-S moiety and six-membered rings, leading to large overlap element. In case of the HOMO-4, the

orbital locates on one side of theAu-S moiety, leading to smaller overlap element than the HOMO-3.

On the other hand, the current values at lV in the BS LS state are io = 0.0356 nA, iB = l.2O nA and

ia+f = I.22 nA. And the orbitals contributed to the electrical conduction are HOMO-4 and HOMO-3

for both a and B orbitals. There orbitals are depicted in Figure 7.5b). Similarly to the HS state, the

HOMO-3 mainly contributes to the electron conductivity in the BS LS state.

These results explained above indicate that the current of [H-Cuz*-Hlz tends to become larger

than that of [S-Cu2*-S]z in the HS states. This is because that the magnitude of coupling constants

between the isolated molecule and the reservoirs, and the delocalization of orbitals are different

in these two systems. The magnitude of the coupling constants of [H-Cu2*-H]2 is larger than that

of [S-Cu2*-S]2, indicating that the interaction between the electrode orbitals and the LUMO of the

molecule is stronger. It also indicates that the delocalization of the molecular orbital in [H-Cu2*-H]z

islargerthanthatof [S-Cuz*-S]2.Itseemsthatthisoriginatesintheparticularstructureof [S-Cuz*-S]

type DNA. The dihedral angle between the planes definedbythe aromatic rings was 22" in [S-Cu2*-

Sl because of a crosslink by ethylenediamine in the metal-salen complex I l t] , so that the overlap of

the z-orbital between the adjacent base pairs becomes small and the current becomes lower.

However, in the BS LS state, the current of [S-Cu2*-S]2 becomes larger than that of [H-Cuz*-

Hlz. The transmission probability of the [H-Cuz+-H]2 is smaller than that of the [S-Cu2*-S]z (Figure
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b)a)

Figure 7.7: Model structures of a) [H-pc-H]z and b) [H-H]2 connected to the hollow site of Au(llt)
surface. Purple color is the point charge in a).

7.6), so that the current values of the [S-Cu2*-S]z becomes larger than that of the [H-Cuz*-H]2. The

transmission probability of the [H-Cu2*-H]z are almost zero up to E - Ef = 3 (eV) in [H-Cu2+-H]z in

the BS LS state, indicating that the current flows at high applied voltages. In the BS LS state of the

[H-Cu2*-H]2, the difference between the Fermi energy and the orbitals contributed the transmission

are large, while in [S-Cu2+-S]z the differences zue small. Therefore, the onset of the [H-CuZ*-H]2 need

highvoltage.

In [S-Cu2+-S]z , the difference of the currentvalues between the HS and the BS LS states is smaller

than that of [H-Cu2+-H]z . From the distorted structure of [S-Cu2+-S]z , it is considered that the

interaction of orbitals between adjacent base pairs is very small. Therefore, the difference in current

values between the HS and the BS LS state becomes small.

Finally, in the both systems, the current of the HS state is larger than the BS LS state. It indicates

that the interaction between the occupied electrode orbitals and LUMO of the molecule is strong in

the HS state. From Eq. (4.14), a coupling constant depends on the d vahte, which is the existence

probability of sulfur atomic orbitals in LUMO. In the HS state, the electron densities tend to localize

around the sulfur atoms because of the spin polarization. These phenomena bring a higher current

value to the HS state.

7.3.3 Effects of Metallons

In order to understand the effect of Cu ions, I next examined the /-Vcharacteristics without metal

ions for [H-Cu2*-H]2. I investigated the two models without metal ions here. One is the model that

Cu ions are replaced by the point charge (+2) (tH-pc-Hlz), and another is the hydrogen bond model

(tH-Hlz). These systems are connected to the hollow site onAu(l11) surface, as shoum in Figure
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Figure7.8: I-Vstwesof a) [H-pc-H]zandb) [H-H]zconnectedtothehollowsiteofAu(l11) surface
at 300 K temperature.

7.7. ln [H-pc-H]2 model, a geometry of all atoms is same as that of the [H-Cu2+-H]z model except

for the Cu ion. In [H-H]2 model, I referred to structure suggested in ref. [89] and performed full

optimLation for this monomer structure. I used RB3LYP because there are no spin sources in the

systems and they can be described by the closed-shell calculation. The distance between adjacent

base pairs is assumed to be 3.7 A. I adopted the orbitals from LUMO to LUMO+I and calculated

the coupling constants. The calculated results of the I-Vcharacteristics, and I values, the orbital

energies and the overlap elements are summarized in Figure 7.8 and Table 7.6, respectively.

The magnitudes of the current in the both models are much smaller than the original method

contained, indicaing the coupling constant and the overlap elements are much smaller. By com-

paring [H-pc-H]2 with [H-H]2 model, the current of [H-pc-H]2 model is larger than that of [H-H]z

model. The dominant overlap elements of [H-pc-H]z are HOMO-4 and HOMO-S, whereas almost

allof overlapelementsof [H-H]z arezero. TheseorbitalswereshowninFigureT.9.Inthecaseof [H-

Hl model, the delocalization of the molecular orbital is small, therefore the conductivity is decrease.

But the point charge changes the delocalization of z orbitals, so that the conductivity is increased. In

this way, an introduction of Cuz+ ions significantly contributes to the increase of the current value.
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Table 7.6: The coupling constant 7 (in eV), the orbital energies E4 (in eV) and the overlap el-
ements of a) the [H-pc-H]z and b) the [H-H]z connected to the hollow site of Au(111) surface.
(site) = | <tlql)l' l@xllol' .

0〔H― pC‐ H12 b)[H‐ H12

γlR=0・ 049

711N=0・ 005

物  〈Site〉
HOMO‐ 9 ‐6.719  0.004
HOMO‐ 8  ‐6.690  0.006
HOMO‐ 7  ‐6.496  0.002
HOMO‐ 6  ‐6.463  0.003
HOMO‐ 5  ‐6.136 0.000
HOMO‐ 4  -6.114  0.000
HOMO‐3  ‐5.217  0.000
HOMO‐ 2  5̈.148  0.000
HOMO-1  ‐4.830  0.000
HOMO  ‐4.806  0.000
LUMO   ‐4.068  0.000
LUMO+1   ‐4.005  0.000
LUMO+2  ‐3.313  0.000
LUMO+3   ‐3.786  0.000
LUMO+4  ‐1.344  0.000
LUMO+5   -1.338   0.000

LUMO+6  ‐0.988  0.000
LUMO+7   ‐0.959  0.000
LUMO+8  ‐0.921  0.000
LUMO+9   ‐0.860  0.000

咄
　
一一一
一　一 Ｆノノノノ謄″〃コ
　　一
・　
　
一　一一一一
≡

γlR=0・ 040

γ」V=0・ 049

物  〈She〉
HOMO‐ 9  ‐7.019   0.000
HOMO‐ 8  ‐6.996  0.000
HOMO-7 ‐6.944 0.000
HOMO‐ 6  ‐6.943  0.000
HOMO-5  ‐6.575  0.152
HOMO‐4 ‐6.566 0.160
■IOMO‐ 3  ‐5.492   0.000
HOMO‐ 2  ‐5.409  0.000
HOMO‐ 1   5̈.125  0.001
HOMO  ‐5.103  0.001
LUMO   ‐4.059  0.000
LUMO+1   ‐4.048   0.000
LUMO+2  ‐3.836  0.000
LUMO+3  ‐3.829  0.000
LUMO+4  ‐3.036  0.000
LUMO+5  ‐2.380  0.000
LUMO+6  ‐1.354  0.004
LUMO+7  ‐1.343  0.004
LUMO+8  ‐1.062  0.000
LUMO+9  ‐1.013  0.001
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Figure 7.9: The MO diagrams of [H-pc-H]2 and [H-H]2.
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Figure 7.10: Model structure of [S-Cu2*-S]2 with the backbone connected to the hollow site of
Au(ffl) surface.

7.3.4 /-VCharacteristics of [S-Cu2+-S]2 with the Backbone

Here, I examine the effect of the backbone on the .I-Vcharacteristics. It has been reported that the

electron conductivity between the backbone and reservoirs in natural DNA is small [18]. In order

to consider the effect in artificial M-DNA, I incorporate the modeled backbone into my calculation

based on the [S-Cu2*-S]2 structure as shown in Figure 7.10. As backbone model, I use the X-ray

geometry of the metal-salen base pair complex If 111 The calculated results of the 1-Vcharacteristics

are shown in Figure 7.1 I and 7 values, the orbital energies and the overlap elements are summarized

in Table 7.7.

From the calculated results, I find that the magnitudes of the currents of the backbone model

for the HS and the BS LS state are very small in comparison with the without-backbone ([S-Cuz+-

Slz) model, indicating that the backbone cuts off the conductivity. This significant decrease of the

current is simply explained by that z-orbitals do not delocalize to the backbone where the electrodes

are connected. This behavior is agreed with the calculated result of the electron conductivity of the

natural B-DNA reported by Tada et al. [18] These results indicate that the without-backbone model

for the artificial M-DNAs can transmit electricity, although a realistic model with backbone seems to

be hard to conduct the electrons.

81
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Table7.7: The coupling constant y (in eV), the orbital energies 4 (i" eV) and the overlap ele-

ments of [S-Cu2+-S]z dft the backbone connected to the hollow site of Au(llt) surface. (Site) =

l<tlox>l'l<oxll{)l'

HS state BS LS state

γlR   O・ 115   γlR

α orbital    β orbital
γlR   O・ 004   γlR   O.115
γⅢ    O.005   γⅢ    O.009γLⅣ   O・01l   γLⅣ   O・ 009

物  〈She〉 助  〈S■e〉 助  〈Site〉 易  くsite〉
HOMO‐ 9  -5.869  0.000  5̈.869  0.000HOMO‐ 9

HOMO-8
HOMO‐ 7
HOMO‐ 6
HOMO‐ 5
HOMO-4
HOMO‐ 3
HOMO‐ 2
HOMO‐ 1
HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5
LUMO+6
LUMO+7
LUMO+8
LUMO+9

‐5.869  0.000
‐5.847  0.000
-5.687  0.000

‐5.557  0.000
‐5.488  0.000
-5.419   0.000

‐4.693   0.000
-4.548  0.000

-4.442  0.000

‐3.686  0.000
…2.255  0.000
‐1.981   0.025
‐1.968  0.029
‐1.906  0.006
-1.884  0.002

-1.837  0.001

‐1.725  0.001
‐0.622   0.000
‐0.170  0.000

0.016   0.001

-5.869   0.000

-5.819   0.000

‐5.620   0.000

5̈.488  0.000
‐5.484  0.000
‐5.419   0.000
-4.693   0.000

-4.548   0.000

-4.442   0.000

‐3.686  0.000
‐2.484  0.000
‐2.278  0.000
‐2.215  0.000
-1.974  0.000

‐1.932   0.000
‐1.906  0.000
‐1.848  0.000
‐1.834  0.000
‐1.690  0.000
‐0.622   0.000

HOMO‐ 8
HOMO‐ 7
HOMO‐ 6
HOMO‐ 5
HOMO-4
HOMO‐ 3
HOMO‐ 2
HOMO‐ 1
HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5
LUMO+6
LUMO+7
LUMO+8
LUMO+9

‐5.835   0.000

5̈.631   0.000

5̈.548   0.000
‐5.488  0.000
-5.419   0.000

‐4.693   0.000
‐4.548   0.000
‐4.442   0.000
‐3.686   0.000
‐2.484   0.000
‐2.221   0.000
‐1.977  0.001
-1.963   0.001

-1.906  0.000

‐1.851   0.000
‐1.834   0.000
‐1.724  0.000
‐0.622   0.000
-0.170   0.000

‐5.833  0.000
‐5.680  0.000
-5.488  0.000

‐5。486  0.000
‐5。419  0.000
‐4.693   0.000
‐4.548  0.000
‐4.442  0.000
‐3.686  0.000
-2.283  0.000

‐2.245  0.000
‐1.974  0.000

…1.941   0.000
‐1.906  0.000
‐1.881   0.000
-1.836  0.000

-1.690  0.000

‐0.622  0.000

0̈。170   0.000
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Figure 7.lI I-Vcurves of [S-Cu2+-S], with the backbone model connected to the hollow site of
Au(111) surface in HS and BS LS states at 300 K temperature.
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Figure 7.12: Model structure of [H-Cuz+-H]2 monomer connected to the hollow site of Au(lll) sur-
face.

83

間
　
　
知

瑾

ｌ

暑

ε

6&

5m

,m

3m

?00

tm

0no
0

Figure 7.13: I-V curves of [H-Cuz+-H]
face at 300 K temperature.
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monomer model connected to the hollow site of Au(l I l) sur-

7.3.5 I-V Characteristics of [H-Cuz+ -H]z In-Plane.

I also investigated the 1-Vcharacteristics of the [H-Cuz*-H]2 monomer connected to the hollow site

onAu(ll1) surface as shown in Figure 7.12. This calculation means the in-plane electron conductiv-

ity of the system. I adopted the orbitals from LUMO to LUMO+I orbitals and calculated the coupling

constants. The calculated results of the /-Vcharacteristics are shown in Figure 7.13 and y values, the

orbital energies and the overlap elements are summarized in Table 7.8.

From the calculated results, the magnitude of the in-plane current of the [H-Cu2+-H] monomer

is larger than the dimer model of [H-Cu2+-H]2. The reason for this high conductivity is explained as

d-orbital of Cu ions assists the z-electrons to delocalize from one hydroxyplridone to the opposite

one in the same plane. In other words, the mixture of d and zr orbital causes the delocalization on

the extended molecule in the plane, and then, electron conductivity becomes large. However, the Cu

ion does not intermediate the delocalization between two monomers, because the distance (3.74) is
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Table 7.8: The coupling constant y (in eV), the orbital energies Er (in eV) and the overlap elements

of [H-Cu2+-H] monomer connected to the hollow site ofAu(lll) surface. (Site) = l<tlO|>l'l<O3l$l'

α orbital

γlR   O.418

γLⅣ   O.417

β Orbital

γlR   O.372

γLⅣ   O.371

H(DMO‐ 9  -7.539

HOMO‐ 8 ‐7.213
HOMO‐ 7  ‐7.184
HOMO‐6 ‐7.012
HOMO‐ 5  -7.010
HOMO‐ 4  ‐6.700
HOMO‐3  ‐6.623
HOMO‐2  ‐6.622
HOMO‐ 1  ‐5.454
HOMO  ‐5.185
LUMO  ‐4.087
LUMO+1  ‐4.085
LUMO+2  ‐3.894
LUMO+3  ‐3.863
LUMO+4  -1.349
LUMO+5  ‐1.347
LUMO+6  ‐1.080
LUMO+7  ‐1.034
LUMO+8  ‐0.859
LUMO+9   ‐0.853

‐7.431   0.007
‐7.371  0.001
‐7.159   0.010
‐7.136  0.073
‐7.002   0.145
‐6.987  0.257
‐6.606  0.385
‐6.599   0.654
‐5,403   0.109
-5.113   0.008

‐4.090  0.000
‐4.089   0.000
‐3.904  0.000
‐3.863   0.001
-2.719   0.000

‐1.353   0.000

…1.350   0.074
‐1.064  0.095
‐1.016  0.000
‐0.860  0.001

助  (Site〉  助  〈site〉
0.040

0.036

0.048

0.369

0.335

0.000

0.591

0.690

0.013

0.005

0.000

0.000

0.000

0.001

0.075

0.074

0.000

0.000

0.009

0.010

too long. Therefore, the conductivitybetween the two monomers is quite small in comparison with

that of in-plane conductivityof the monomermodel.

7.3.6 Longitudinal Curent

In the previous subsection, I discuss the transversal current of the artificial M-DNA. The DNA has the

backbones, so that the current vales tend to be small. In this subsection, I discuss the longitudinal

current of the dimer and the trimer models of the artificial M-DNA (Figure 7.14) n the HS and BS

states.

In order to estimate the current values, I assumed that the electrodes were connected to the

aromatic rings of the one-side ligand, and that the distance between the electrode and the aromatic

rings were 3.4 A.

In previous calculation, the end-site, which is connected to the electrodes, is one site. However,

in this model, the end-site is more than one site. Therefore, I extended the theory to the systems

containing many end-sites as the following,

倒つ=W, (7.3)



Chapter 7 Artiflcial Metal― DNA 85

al Dimer model b.) Trimer model

J "t*tjif

Figure 7.14: The calculated a) dimer and b) trimer models of the artificial M-DNA.

Table 7.9: The longitudinal currentvalues (in nA) of the dimer and the trimer models in the HS and
BS LS states.

HS state  BS LS state

Dimer    l.09       0.504

Timer    O.378      0.276

where I means the site connected to the electrodes.

I summarized the current values at lV of the dimer and the trimer models in the HS and BS LS

states in Table 7.9. In both the dimer and the trimer models, the current values of the HS states

were larger than that of the BS LS states. In the dimer model, there were almost no large difference

between the transversal and the longitudinal current values. It indicates that the subsisting current

values in the HS state of the [H-Cu2+-H]2 are I - 3 nA, in the BS LS states 0.1 - 0.5 nA. On the

dependence on the length of the artificial M-DNA, the currentvalues of the dimer models were large

than that of the trimer models, indicating there is the dependence on the length.
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7.4 Conclusion

I investigated the l-Vcharacteristics between adjacent bases in two types of the artificial M-DNAs,

i.e. [H-Cu2+-H]z and [S-Cu2+-S]2, using the elastic scattering Green's function with the DFT. Espe-

cially I focus on the different between the HS and the BS LS states on the .I-Vcharacteristic. To my

knowledge, this is the first report about the comparison between them.

The elastic scattering method reported by Luo et al. is for the close shell system. So, in this study,

I extended for the open shell systems by separating the a and p spin orbitals.

From my calculated results, I found that i) magnitude of the current of [H-Cuz+-H]z tends to

become larger than that of [S-Cu2*-S]2, ii) the .l-Vcharacteristics is changed by the spin states and

iii) introduction of metal ions into DNA remarkably increases the intra-plane electrical transport

by increasing the delocalization of z-orbitals. These results suggest the possibility of the control of

the /-Tcharacteristics in the artificial M-DNAs. The simple breakthrough for obtaining the larger

electron conductivity of the artificial M-DNA from a theoretical aspect is to change the metal ion

with a large radius, because the interaction between adjacent planes becomes larger.

In addition, the results also suggest that the system can be applied to the spintoronics materials.

Previously, my goup reported the possibility of the system for the molecular switching devices by

an external magnetic field [113]. From both results, it seems that I can control the conductivityby

changing the spin state with tkre external magnetic field.

Based on my approach, I compared the current of the HS state with that of the BS LS state. The

results strongly indicated that the coupling constant based on the elastic scattering method drasti-

cally changed the currentvalue.
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Chapter B

Artincial Metal―DNA

8.1 Introduction

DNA is well known as the molecule containing all genetic information which is necessary for all liv-

ing organisms in the earth. DNA consists of polymeric nucleotides. The nucleotides are composed

of a deoryribose, a phosphate and a nucleobase i.e. adenine (A), thymine (T), cytosine (C) and gua-

nine (G). The DNA double helixis made from complementarybase pairing calledWatson-Clickbase

pairing and stabilized by n-z stacking interaction between adjacent base pairs. The role of base

pairing and n-n stacking in assembling DNA double helix is an excellent example of supermolecular

self-assembly tl151. Using the programmable self-assembly, DNA will be one of the most promising

materials for highly sophisticated materials with two or three-dimensional structures.

As one of the excellent examples, Tanaka et al. succeeded in making complexes of Cu2* ions with

the DNA double helix [20] using hydrorypyridone nucleobases. This advance is the replacement

of Watson-Crick base pair in natural DNA by coordinate bond of metal t891. An existence of the

ferromagnetic interaction between electron spins on adjacent Cu2* ion centers has been found by

using electron paramagnetic resonance (EPR) spectra [20]. However, Mizoguchi et al. reported that a

natural B-DNA system with introduced Mn2* ions shows anti-ferromagnetic interaction [116]. From

the EPR data, the Cu2*-Cu2* distance was estimated to be 3.7 + 0.1 A" which is slightly longer than

the distance between adjacent base pairs in natural B-DNA.

The fust theoretical calculation of this system was reported by Zhanget al. based on their plane-

wave calculations t911. They showed that the ferromagnetic and anti-ferromagnetic phases are al-

most energetically degenerated but the ferromagnetic phase was slightly stable than anti-ferromagnetic

phase. The authors also suggested that the nature of the o and zr frontier orbitals do not support

bandlike electron conduction with nodes between the stacked planes. However, they also suggested

that the efflcient metal-base hybridization might cause altemative mechanisms, for example, by a
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Figure B.l: The Calculated dimer models of Cuz* mediated base pairs of hydroxypyridone nucle-
obases. Sugar-phosphate backbone is replaced by H atoms in the models. The structure (a) is the
undistorted and (b)-(d) are distorted ones. Changed parameters are (b) the distance, (c) the rotaion
angle and (d) the slip inX-Yplane between two monomers.

redox activity of inner cations.

The other development of incorporation of metal-base pair in DNA was carry out by Clever et al.

using a metal-salen (salen = N,N'-bis(salicylidene)ethylenediamine) base pair in which a variety of

metal ions could be introduced as coordination partners 121,971. An advantage of using salen ligand

is that the ethylenediamine (en) which is used to assemble the metal-salen complexes inside the

DNA double strand forms a covalent crosslink, importing a high stability to the duplex. According

to their study, the duplex stabilization based on salen ligand is much higher than that of any other

metal-base pairs [21,97, 111]. On the metal-salen complex, the dihedral angle between the planes

defined by the aromatic rings is +22', which is slightly larger than in natural base pairs [111].

In this paper, I quantitatively calculated effective exchange integral (,Ioa) values between Cu(II)

ions within a model structure of the and metal-hydroxypyridone and the metal-salen complexes as

illustrated in Figure 8.1(a) and Figure 8.2(a), respectively, using unrestricted hybrid density func-

tional theory UHDFT) method. In order to consider effects of entanglement and dis-entanglement

of the double helix chain, three types of structural disorders i.e. distance, rotation angle and dis-

crepancy in XY-plane, are changed in the model dimer structure as illustrated in Figure 8.1(b)-(d)

and Figure 8.2(b)- (d), respectively.

J

ごH

b)

響 ●●絆

:
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Figure 8.2: The calculation dimer models of Cu2* mediated base pairs of salen nucleobases. Sugar-
phosphate backbone is replaced by H atoms in the models. The structure (a) is the undistorted and
(b)-(d) are distorted ones. Changed parameters are (b) the distance, (c) the rotation angle and (d)

the slip inX-Yplane between two monomers.

8.2 Theoretical Background

8.2.1 Effective Exchange Integral Value

An interaction between localized spins can be expressed by using Heisenberg Hamiltonian,

力=-2ΣんbSα O Sb,
α,b

where the parameter lon is a coupling parameter between localized spins S on metal ions a and b.

Yamaguchi et al. have proposed the approximate spin projection (AP) procedure by using Heisen-

berg Hamiltonian to eliminate the spin contamination [118,134] as sholrm following equation,

d)

(8。 1)

現 =
弓:― F∬

(8.2)

〈ぶ2)::_(S2)::'

where Ex and (S')x are total energy and total spin angular momentum of spin state X (X = LS and

high-spin (HS) states), respectively. The positive (negative) Joyvalue means ferromagnetic (anti-

ferromagnetic) interaction.

Eq. (8.2) is rewrite like Eq. (8.3) when there are many spin sites (N [1f 9],

BLS _ gHS

現 = (Sr)"t-(Sz)rs+c'
(8.3)
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where

c = -s,g(M [{s')^ - s,(s, + r)],

and S, denotes the exact spin angular momentum for molecules under discussion,

Sr=4(Sα 一Sb)CV=24),

S″ =π (S,一 Sb)+Sα (IV=24+1),

where the Sα  and Sb are the slzes ofspin atsites a and b。

(8.4)

(8.5)

(8.6)

8.3 ComputationalDetails

In this study, I mainly use Becke's three parameter exchanges with Lee-Yang-Parr correlation func-

tionals @!"') known as B3LYP t381. The equation of the exchange-correlation energyis as follow

Exc=Qィ F+Qげ 江er+"職 88+Q可 Ⅷ +らず , (8.7)

wherettF,電 her,域88 and」ヴ
硼 are the HF exchange energypSlater exchange inc■ ond,the Becke88

exchange incdonal,the Vosko― Wilk‐Nusair(VWN)Correlation inctional,respectivett These pa―

ralneters are Q=0.2,Q=0。 8,Q=0。 72,Q=0.19 andら =0.81. Besides B3EⅥR I uSed various

exchange― correlation inctionals,BHandHLYP 1120],PW91PW91 11211,NIIPWlPW91[1221. And I

also exalnined by HF and NIIP2[1231,in order to elucidate dependency ofん ♭values on computa‐

tional methods.

CalculatingtheJα bValuesof[H― Cu2+_H]2,I Carried outit with 6‐ 31+Gtt basis set forligands,and

Huzinaga卜〔IDI+pd basis set[114]for Cu2+atOms on Gaussian03 prograln[82].A■ ,らb values be‐

●″een Cu2+ionSin Cu2+¨ DNA systems are calculated by● vo―unit dimer model as illustrated in Fig―

ure 8.1.Pre宙 ous to the calculadon ofttb Values with the dimer model,a structure ofthe monomer

unitis optinlized because there is no available info■ ■■■ation about the complex except for the inter―

plane distance.The dimer models are constructed by using the optimized monomers as desc五 bed

in later sections.

Calcdating theノαb Values ofIS‐ Cu2+_s12,I Carned outit Ⅵnth 6‐31G*basis set for ligands,and

Huzinaga MIE)I+pd basis set[114]for Cu2+atOms on Gaussian03 prograln[82].To cOnttm the ef‐

fects ofthe dimttse inc■ on for ligallds,the ttb Values were esumated with and withoutthe dinse

mnction.As sunllnarized in Table 8.5,the 6… 31G・ basis set gaveんb Values of‐ 0.7,‐ 0.9,-0.6 and‐ 0.1

eVforthe various separadon distance ofthe metal¨ salen dimer(IS‐ Cu2+_s12)reSpeCtiVeし wh」e the

6‐ 31+G・ basis set gave¨ 0.6,‐ 0.9,‐ 0.6 and‐ 0.1,respectivev The dinse functions do not arectJab
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Table 8.1: Total energies, (S2) of the HS and the BS LS states and Ior values of [H-Cu2*-H]2. The

distance and angle between two base pairs are 3.7 A and 36", respectively.

93

HS
Totd Eneぽ  (S2)

BS LS

Ъtd Energya(S2) 晩
‐5030.22589113  2.0047 -5030.22589734   1.0047  ‐1.4

ma.u.
bincm l

values of the [S-Cu2*-S]z quantitatively, so thatthe 6-3lG' basis setis usedforestimattnslauvalues,

here. I constructed model structures based on the X-ray stmcture of the metal-salen base pair com-

plex [1f f]. The structure of ttre metal-base pair in DNA, however, is dfficult to decide whether it is

the right handed or not, on the basis of experimental data, so that I assume that this sti:ucture is the

right handed one. A distance between adjacent planes and rotation angle of the original structure

are decided to be 3.375 A and 36' on B-DNA form, respectively, as illustrated in Figure 8.2. Here I call

this structure original stTucture.

8.4 Magnetism of the Hydrox5pyridone llrye M-DNA

8.4.1 ,Io6 Values Between Cu2+ Ions with the Reported Structure

First, the Jorvaluebetween two Cu2+ ions is calculated for the reported structure [20]. As described

above, I are only able to use the structural information of the complex that the system is a right-

handed DNA helix and the distance of adjacent planes are 3.7 At20l. Therefore it is assumed that the

Cu-Cu axis is perpendicular to monomer plane and the rotational angle of the dimer is 36' based on

B-DNA [20,89, 124], which is the right-handed DNA. By using those information and assumptions,

I constructed the model system as illustrated in Figure 8.1(a). Calculated total energies and (S2)

values for a broken-symmetry (BS) LS and the HS states and lat value are summarized in Table 8.1.

The calculated energy splitting between the BS LS and the HS states is small. However the BS

LS state is slightly stable and the calculated Jo6 vaTue is negative indicating an anti-ferromagnetic

interaction. This result agrees with a Metal-DNA (M-DNA) based on a natural B-DNA U = -0.0483

cm-t) [tt6].

Also I consider solvent (water) effect for this system by PCM method because ESR measurement

carried out under cond.ition of aqueous solution. The calculation result of the Jo6vahue is -1.4 cm-I

and it is equal to non-solvent model. In other word, the lau value does not depend on the solvent

effectinmymodel.
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Figure 8.3: Jo6 values when the distance and the rotation angle between two base pairs are changed.

8.4.2 Change im JabValueswith Deformations

It is well known that the DNA is flickered and changed its form such as A-, B-and Z-forms by solvent

lI24).ln this sense, a structural disorder of the DNA strand must be examined for the consideration

of the origin of high spin species. Therefore I, next, consider three possibilities of deformations i.e.

the distance, the rotation angle and the slip in X - Y plane between two monomers as illustrated in

Figure 8.1(b)-(d), and examine a change in Jo6values with those deformations.

Calculated results for the distance and the rotation angle are summarized in Figure 8.3. The

range of Cu-Cu distance, and rotation angle are 3.0 - 5.0 A and 0' - 180' , respectively. The experi-

mental distance between two base pairs is S.Z A in B-form DNA. The calculated Jo6values are small

in all range of distances and angles. The loo values simply depend on Cu-Cu distance and the anti-

ferromagnetic interaction becomes stronger as the distance between two Cu ions becomes shorter,

such as it was expected [125]. On the other hand, /o6 values show a periodic dependency on the rota-

tion angle. For example, there are minima around 0o, 90" and 180'. The reason of this phenomenon

stems from the symmetry of orbitals of Cu2* ions of adjacent planes because the Jou values depend

on overlap between two spin orbitals on Cuz* ions.

In order to explain the detail, the natural orbitals (NOs) of the system are examined for several

angles. The NOs and their occupation numbers for the BS LS state are depicted in Figure 8.4 and
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HONO

Fi  又
0

S

Figure 8.4:Depicted HONO and LUNO of[H― Cu2+_H]2 fOr the BS LS state.

betlveen two base pairs are 3.7A and 36° ,respectively.

,t

The distance and angle

Table 8.2:The occupation number of HONO and LUNO ofthe BS LS state for[H¨ Cu2+_H]2・ The
distance be● veen mobase pairsis 3.7Å .

Angleα   HONO  LUN0

0     1.0029   0.9971

30     1.0002   0.9998

36     1.0001   0.9999

45     1.0004   0.9996

60     1.0007   0.9993

90     1.0018   0.9982

120    1.0008   0.9992

150    1.0001   0.9999

180    1.0026   0.9974

クin degree

Table 8.2, respectively. The highest occupied natural orbital (HONO) and the lowest unoccupied

natural orbital (LUNO) mainly consist of drz-r, orbitals of CuZ* ions, and their occupation numbers

are almost 1.0 indicating overlap between two spins on Cu2* ions are very small, allowing us to un-

derstand the weak magnetic interaction. Around 36' which is the angle of the B-DNA, overlap shows

minimum but it is not completely orthogonal, while overlap shows maxima around 0o, 90' and 180'.

The difference between 0" and 180" seems to originate from asymmetric methyl groups.

In case of 36', the overlap estimated by the occupation number is 0.0001. In these systems, a

slight structural change easily makes a change in overlap. If two orbitals are perpendicular each

other, there is a possibility of the ferromagnetic interaction. As explained above, it is expected that

the DNA backbone is always flickered by outer environment. So, I also investigate the slipping of

two monomers in X - f plane as illustrated in Figure 8.1(d). In this model, rotation angle is fixed

to 36". As summarized in Figure 8.5, the Jo6values become smaller and close to zero but they show

anti-ferromagnetic interaction in whole region.
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Figure 8.5: The change in Jo6values when two monomers are slipped in X- Y plane. The distance

and angle between two base pairs are 3.7 A and 36', respectively.

Table 8.3: The li'values of the dimer model calculated by several methods.

Distanceo UBHandHLYP UPWglPWgr UMPWIPW91 UHF UMP2
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8.4.3 Dependence on the IauValues forVarious Calculation Methods

It has been reported calculated,116 values sometimes depend on the DFT functional sets quantita-

tively, but not qualitatively. Therefore, I next investigated the dependency of the Iab values on cal-

culation methods such as BHandHLYB PW9IPW91, MPW91PW91, HF and MP2. Calculated results

are shown in Table 8.3. Although the double helix of DNA is stabilized by n - z interaction, the DFT

methods which can not include n - n interaction give systematrc Jo6 values. MP2 can evaluate a dis-

persion interaction accurately. MPZ method shows an unreasonable weak ferromagnetic interaction

at longer distance. On the other hand, the Jou values calculated by DFT methods are almost equal

each other. Tsuzuki et al. reported that the MP2 calculation overestimate fi - 7r interaction such as

benzene or naphthalene [126, 127]. my results also suggest the method may not be applicable to the

long-distance [H-Cu2* -H]z dimer.

い
の亀 tance
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Table 84 Totd energies,(S2)valueS andん ぁvalues Of trimer ln=3),tetallner ln=o and pentamer

(n=5)modelS Calculated by UB3LYP method.

BS LS

Ъtd Eneぽ (S2)晩
3   ‐7545.34013157  3.7570

4   ‐10060.4546255  6.0093

5   ‐12575.5689211   8.7617

a in a.u.
b in cm-l

8.4.4 Tlne Jo1Values of lfimer, Tetramer and Pentamer

In order to examine the dependency of the /o6 values on a chain length, I calculated the latvalues of

trimer, tetramer and pentamer models. In these methods, the distance between adjacent planes are

3.7 A and rotation angle are 36'. The results are shown in Table 8.4. Their total energies of HS and

BS LS states are energetically degenerate but the BS LS is slightly stable. Interestingly, the calculated

/o6 values are equal to dimer model. In other words, I can not find a dependency of Jo6 values on the

chain length.

8.4.5 Possibilityof thermal excitation

From the calculated results, I can not find the structure in which the HS state is more stable than the

BS LS state, although EPR spectra show the existence of the HS species. On the other hand, the HS

and the BS LS states are energetically degenerate. So, I examine a possibility of the thermal excitation

from the LS state to the HS state. The ratio of population in the HS (triplet) and in the LS (singlet) is

estimated by the Boltzmann distribution,

HS
n Totd Ene疑プ  (S2)

‐7545.34014415   1.7572  ‐1.4
‐10060.4546442  2.0096  ‐1.4
‐12575.5689460  2.7620  ‐1.4

(8.8)

at the various temperanrre 1n tl2BJ in case that the distance and the rotation angle between two

monomers are 3.7A and 36". As illustrated in Figure 8.6, a percentage of the triplet state

IV(tripleo
X100

N(singlet) +N(tdplet)

is estimated to be about 2ITo at 1.5 K (ESR measurement temperature) and about 50 % at 300 K. The

result suggests that the HS species exist by the thermal excitation even at 1.5 K.

器撃暑=eXp(
♂メ
lメ
壁生
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Figure 8.6: The ratio of the population on triplet states by Boltzmann distribution simulation. The
distance and angle between two base pairs are 3.7 A and 36", respectively. Ns and Nr means the
population of singlet and tdplet states, respectively. The enlarged picture shows the range of low
temperature.

8.5 Magnetism of the Salen Tlpe M-DNA

8.5.1 Jo6 Yalrues between Cuz+ Ions for the Original Structure with and without the
Backbones

The Jot values between two Cuz+ ions are calculated for the original structure with and without

backbones (sugar-phosphate) of [S-Cu2+-S]2. By using those assumptions, I constructed the model

system as illustrated in Figure 8.2(a) and Figure 8.7. Calculated total energies, (32) values andthe Jou

values of models without backbone are summarized in Table 8.5. Results with backbones are also

summarized in Table 8.6.

Within the both models, the calculated energy splitting between the BS LS and the HS states is

small. However the BS LS state is slightly stable and the calculated Iab values are negative, indicating

an anti-ferromagnetic interaction. This result agrees with experimental Jab values of a Metal-DNA

(M-DNA) based on a natural B-DNA U = -0.0483 cm-l) [t16]. The /o6 values of with- and without-

backbone models are same. These results can be easily understood by the natural orbitals (NOs)

analysis. The NOs for the BS LS state are depicted in Figure 8.8. The highest occupied natural orbital

(HONO) and the lowest unoccupied natural orbital (LUNO) mainly consist of orbitals of Cu2* ions,

and their occupation numbers are almost 1.0, indicating that overlap between two spins on Cuz*

ions are very small. In aAuwith-backbonedAi model, I can not find population on backbone atoms,

and occupation number of HONO is same to that of aatlwithout-backbonedAi model. These results

indicate that backbone does not affect SOMO-SOMO overlap. Therefore the Iaa values of two models
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Figure 8.7: Top view structure of [S-Cu2+-S], dtr backbones.

Table 8.5: Total energies, (S2) of the HS and the BS LS states and Jaa values of [S-Cu2+-S]z for the
various distance between adjacent planes at the UB3LYP/6-3lG* level.

HS
Distanceα  Totd Energy夕  (S2)

BS LS

Totd Energy。  (S2) 巧b
3

3.375

4

5

‐5035.92722253  2.0063

‐5036.06572735  2.0062

‐5036.12941566  2.0062

‐5036.13858055  2.0062

-5035.92722550 1.0064 -0.7

(-0.6)d

-5036.06573139 r.0063 -0.9

(-0.9)d

-5036.12941832 1.0063 -0.6

(-0.6)d

-5036.1385B117 1.0062 -0.1

(-0.1)d

α inÅ
bin a.u.

οin cm~1
グ
ルb Values calculated by UB3LYP/6‐31+Gオ are in parentheses

Table 8.a Totd energies,(S2)。 fthe HS and the BS LS states and ttb vdues OflS― Cu2+_刷 2 With

backnones.The distance and angle be● veen●vo base pairs are 3.375A and 36° ,respectiveし

HS BS LS

Totd Energyα (S2) Totd Energy´ (SZ) 晩
‐6719,75910069   2.0061

ln a.u.

bin cm~1

‐6719,75910490   1.0063   ‐0.9
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LI.NO

LLIN0

Figure 8.8: Depicted HONO and LUNO of [S-Cuz*-S]z (a) without and (b) with backbones for the BS

LS state. The distance and angle between adjacent planes are 3.375 A and 36', respectively.

are same. Also I consider solvent (water) effect by using PCM method on the original structure. The

calculated /o6 value is -0.8 cm-r and it is almost equal to non-solvent model. These results suggested

that the Joavalue does not depend on a chemicl environment by solvent.

8.5.2 Change in J abValues with Deformations

It is well knovrn that the DNA is flickered and changed their forms such as A-, B-and Z-forms by

solvent IL24l. In this sense, a structural disorder of the DNA strand must be examined for the con-

sideration of the magnetic interaction. Therefore I, next, consider three possibilities of deformations

i.e. the distance, the rotation angle and the slip in X- Y plane between two monomers as illustrated

in Figure 8.2(b)-(d), and examine a change in Jo6values with those deformations. Calculated results

for each distance and rotation angle are summarized in Table 8.5 and 8.7, respectively. The range of

the separated distance and rotation angle are 3.0 - 5.0 A and 0o - 180", respectively. The calculated

/o6 values are small in all range of distances and angles. Interestingly, the Jat values are not in pro-

portion to the separated distance. These is a minimam around 3.375 A. In addition, /o6 values do not

show a periodic dependency on the rotation angle. For example, there are minima around 120" and

150'. Usually, it should be minima around 0o, 90o and lB0' when the symmetry of orbitals of Cu2*

ions of adjacent planes are considered, becaus e the Jo6 values depends on overlap between two spin

orbitals on Cu2* ions. The reason of this phenomenon is originated from the twisted salen structure

as explained in section 8.5.4.
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Table 8.7: Total energies, (S2) of the HS and the BS LS states and Jab values of [S-Cu2*-S]z for the
various angle between adjacent planes.

HS              BS LS
An」e′  TOtd Energy夕 (S2)  Totd Energy″ (S2)巧 b
0     ‐5036.063256   2.0062      ‐5036.063263   1.0063   ‐1.6
30     ‐5036.041807   2.0062      ‐5036.041812   1.0063  ‐1.0

36     ‐5036.06573   2.0062      ‐5036.065734   1.0063  ‐0.9
60     ‐5036.067922   2.0064      ‐5036.067935   1.0063  ‐2.9

90     ‐5036.069829   2.0063      -5036.06984   1.0063  ‐2.4

120    ‐5036.062881   2.0063      ‐5036.062894   1.0063  ‐30
150    ‐5036.099327   2.0063      ‐5036.099335   1.0063   ‐2.0

180    ‐5036.135059   2.0062      ‐5036.135065   1.0063  ‐1.2

in degree
bin a.u.

σin cm~1

Table 8.8:The occupation number of HONO and LUNO ofthe BS LS state for IS‐ Cu2+_s12・  The
distance bemeen twO base pnlrsls 3.375A.

Angleα  HONO  LUNO

0     1.0029   0.9971

30     1.0022   0.9978

36     1.0004   0.9996

45     1.0003   0.9997

60     1.0117   0.9883

90     1.0108   0.9892

120    1.0104   0.9896

150    1.0084   0.9916

180    1.0040   0.9960

in degree

In order to explain the detail, the NO analyses are carried out for several angles. The occupation

numbers of the BS LS state are depicted in Table 8.8. All of their occupation numbers for HONO and

LUNO are almost 1.0 indicating overlap between two spins on Cu2* ions are very small.

As e:<plained above, it is expected that the DNA backbone is always flickered by outer environ-

ment. So, I also estimate the slipping of nvo monomer in X- Y plane as illustrated in Figwe 8.2(d). In

this model, separated distance and rotation angle are fixed to 3375 A and 36', respectively. As sum-

marized in Figure 8.9, the Joyvalues do not show a simple behavior because of the twisted stnjrcture

of salen, but anti-ferromagnetic interaction is observed in whole region.

8.5.3 Dependency of the rlo2 Values on Various Calculation Methods

It has been reported calculated /16 values sometimes depend on the DFT functional sets quantita-

tively, but not qualitatively. Therefore, I next investigated the dependenry of the Jo6 vafues on cal-
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↑
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３
８
，

ぐ

Figure 8.9: The change in Iab values when two monomer are slipped in X- Y plane. The distance
and angle between adjacent planes are 3.375 A and 36", respectively.

Table 8.9: Tlre lfrvalues for various calculation methods.

Distanceι  UBHandHLYP UPW91PW91 UMPWIPW91 UHF UMP2

３

３７

４

５

‐2.6

‐1.5

‐0.6

-0.1

3.4            ‐0.5

0.5            ‐0.6
‐0.3            ‐0.4
‐0.2             ‐0.1

…1.1     ‐2.8

‐0.2     ‐0.4

1.2    92.2

3.2    ‐24.4

“
in cm
binA

culation methods such as BHandHLYB PW9IPW91, MPW9IPW9I, HF and MP2. Calculated results

are shown in Table 8.9. Although the double helix of DNA is stabilized by n - n interaction, the DFT

method which does not include n - n interaction gives systematic Jo6 values. B3LYB BHandHLYP

and MPWIPWS1 functional contain 20%o,5OTo and21To HF exchange, respectively. From the results,

it can be seen that the Iau values depend on a ratio of HF exchange, but not depend on a correlation

functional. In PW9lPW9l (0% HF exchange), the lat value is a weak ferromagnetic interaction for

the original structure. In MP2, the absolute values of the Jo6 arc larger at a long distance as com-

pared others methods. This result of MP2 is unreasonable because magnetic interaction should be

close to zero at a long distance. Tsuzuki et. al. reported that the MP2 calculation overestimate fi - rr

interaction such as benzene or naphthalene [129, 130]. my results also suggest the method may not

be applicable to the long-distance [S-Cu2+-S]2.

8.5.4 Change in the /o6 Values for Planer [S-Cu2+'Sl2 without Ethylenediamine

As described above, on the metal-salen complex structure, the dihedral angle between the planes

defined by the aromatic rings was +22' because of crosslink by ethylenediamine. If the metal-salen
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Figure 8.10: Structure of [S-Cuz+-S]z without ethylenediamine

Table 8.10: Total energies, (S2) of the HS and the BS LS states aurtd laavalues of [S-Cuz+-S]z without
en. The angle between adjacent planes is 36'.

HS              BS LS
Distanceα  Totd Energy夕  (S2)  Totd Energyb (S2) 巧b

3       ‐4881.319981   2.006      ‐4881.320001   1.0062   ‐4.3

3.375     ‐4881.341747   2.006      ‐4881.341757   1.0062   ‐2.2

4       ‐4881.347789   2.006      ‐4881.347793   1.0061   ‐0.9

5       ‐4881.347065   2.0061      ‐4881.347065   1.0061   ‐0.1

4 inA
b in u.,t.
t in cm-l

monomer does not have the linking en, it will be planer complex. Therefore. I examined the I"nval-

ues of planer [S-Cu2*-S]2 without en to elucidate the effect of the trn'ist structure of ligand. I changed

the dihedral angel into 0' by removing en from [S-Cu2*-S]2 as shown in Figure 8.10. The calculated

results are shown Table 8.I0. The calculated Iat values are small in all range of distances. T}ae Jou

values depend on the separated distance and the anti-ferromagnetic interaction becomes stronger

as the distance between two Cu ions becomes shorter. From the result, the reason that, Jo6 values of

[S-Cu2+-S]2 is not in proportion to the dimer distance seems to come from the twisted structure of

the ligand.
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8.6 Conclusion

I theoretically investigated an origin of HS species of Cu2* bridged hydroxypyridone pairs observed

by EPR spectra. To my knowledge, this is the first report of a quantitative calculation for Jo6 value

between Cu2* ions in metal-DNA systems. In all calculated results, the total energies of the HS and

the BS LS states are degenerate but,[o6 values show weak anti-ferromagnetic couplings within the

examined model structures. These results agree with Metal-DNA based on natural B-DNA [16].

Nso Jou value for dimer model is equal to more than trimer models that the distance and the angel

are 3.7 A and 36". Together with the result of the Boltzmann distribution simulation, it is expected

that the thermal excitation from the LS state to the HS state occurs in the system and the HS species

are observed by the EPR spectroscopy.

I also theoretically investigated magnetism of Cu2+ bridged salen-base pairs. To my knowledge,

this is the first report on the magnetism for this system. In all calculated results using UB3LYf;

the total energies of the HS and the BS LS states are degenerated but J!6 values show weak anti-

ferromagnetic couplings within the examined model stmctures. These results agree with Metal-DNA

based on natural B-DNA [116]. So, I can conclude that artificial Metal-DNA (especially this system)

shows anti-ferromagnetic interaction, which is consistent with the experimental result . T};Le I"n val-

ues strongly depend on the ligand structure caused by en but not backbones.

Seeman et al. reported pioneering studies of DNA nano-architectures. They made, for exam-

ple, the self-assembly of branched DNA molecules into a two-dimensional crystal and ligated DNA

molecules form interconnected rings to create a cube-like structure [131j. Using these structures,

it is possible to create a new material by arranging molecules in space precisely. Assimilating See-

mandAZs structures and the metal-base pair in DNA, it is also possible to create a new magnetic

material by arranging metals with spins. From my results, it seems to be effective to design the angle

of aromatic ring to control the magnetic properties.
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Periodic Boundary Condition

9.1 Introduction

Recent interest in one-dimensional (1D) metal complexes, such as a quasi tD halogen-bridged bin-

uclear metal complex (MMX chain) [132-134] and an artificial metal-DNA M-DNA) [20,2U, has

spurred on researches, especially about their physical and chemical properties such as metallic con-

ductivity [33], strong anti-ferromagnetism [f 34] and ferromagnetism [20] in material science.

There are internal degrees of freedom of charge and spin distributions in binuclear part of MI\D(

chain that contains metal-metal bond, so this system shows four electronic phases such as averaged-

valence phase (AV), alternate-charge-polarization phase (ACP), charge-polarization phase (CP) and

charge-density-wave phase (CDW). Very recently, my goup reported electronic structures, CDW/CP

stabilityandmagneticproperties of &[Ptz(pop)d].2HzO [X= Cl, Br) complexes, byusingthe cluster

model [135]. Calculated results indicated that the CDW state was a ground state and the CP state

was a excited state for both complexes, and also indicated a strong anti-ferromagnetic intra-chain

interaction. The artificial M-DNA is the system that contains metal ions in the middle of DNA, which

is substituted by an artificial ligand, so that metal ions can arrange one-dimensionally [20,21]. ln

2004, Tanaka et al. succeeded in the complexation of up to five Cu2* ions using hydroxypyridone as

a ligand inside an artificial DNA double helix (below transcribed [H-Cuz+-H]), and reported that [H-

Cu2*-Hl shold a ferromagnetic interaction by using electron paramagnetic resonance (EPR) spectra

[20]. However, T-hang et al. reported that the ferromagnetic (F) and the anti-ferromagnetic (AF)

phases were energetically degenerated but the anti-ferromagnetic phase was a ground state [9 U . my

group demonstrated that the thermal excitation from the AF state to the F state would occur in the

system by calculated,Io6 values with the cluster model and the result of the Boltzmann distribution

simulation [93].

Many groups have often utilize d Jo6value, which are defined by the Heisenberg model, for eluci-

105
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datingmagnetism. Calculation of Jo1valuefora "periodic" systemsuchasaMl\D(andanartificial

M-DNA, are usually classified into two ways. One is the method that divides the periodic system into

a small cluster (fragment) model. The other is the method using the periodic boundary conditions.

However, it is very difficult to calculate Jo6 vahte for periodic systems. So, to estimate Jab value of

those systems, I have to construct the corresponding cluster model.

In general, there is arbitrariness which method a scientist uses (mostly a chemist often use the

former method, and a physicist tends to use the latter one). However, to my knowledge, there has

been no report about a comparison with cluster model and the periodic boundary condition ap-

proaches for the effective exchange integral value. In this paper, I compare an effective exchange

integral (Jo) value of cluster model and the periodic boundary conditions.

I examine differences betweenvarious hydrogen cluster models Hz, Ha and H1s6, and the models

with the periodic boundary conditions in term of ,Io6 values of Heisenberg and Ising model.

9.2 TheoreticalBackground

9.2.l UHF alld UDFT Solutionsfor Polyradicals

Here l briefly explain basic concept of ab initio calculations of Jab value. I start to consider the

potential cuⅣ e oflinear clusters vnth a variation ofthe interatonlic distance as illustrated in Figure

9.1.

鴨蟄 押町ざ議螢露 Ft爵臨 懸

ド:stt Stti織 (総S

糞鯵麟ヨ腱

ヽ

し [鰺奪 Sri轟 (l・S,

Dist農曇ヾ爆

Figure 9.1: The illustration of the potential curve of one-dimension cluster with various interatomic
distance (quotation from ref. [119])
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The interaomic distance is often classified into three regions [ 19,136]. Region I is a nonmagnetic

or weak correlation region which is characterized by strong orbital interaction and the formation of

strong covalent bond. Region III is regarded as being a magnetic region where component radicals

exhibit weak intermolecular interactions. Region II is characterued as a transition region from the

nonmagnetic region I to the magnetic region III. However, the intrinsic difficulties arise in the disso-

ciation process of a covalent bond from region I to III using restricted HF and DFT (RHF and RDFT).

These methods cannot express the dissociation process lll. Improved this point, it is often used the

broken-symmetry (BS) method such as unrestricted density functional theory ruDFI) and unre-

stricted Hartree-Fock (UHF) approximately involves the static correlation correction by splitting a

and B electrons into two different orbitals, namely different orbitals for different spins (DODS) ap-

proach. The bifurcation of the RHF or RDFT close shell MOs into the UHF or UDFT MOs occurs at

the triplet (T) instability threshold where the lowest eigenvalues of the T-instability matrix is zero.

This means that Joa value around the instability threshold involves a difficulties.

The UHF and UDFT methods offer qualitatively correct orbital pictures and the orbital corre-

lation diagram for the dissociation of a covalent bond being applicable to biradical and polyradical

species. However, the low-spin (LS) species of BS method suffer from a spin contamination of higher

spin states, which influence total energy, optimized geometry, excited energy and so on.

9.3 ComputationDetails

I calculated J!6 values of [H] , (n = 2,4, 100) cluster models, and ones of H2 and Ha models with the

periodic boundary conditions (below transcribed PBC such as pbc-H2 and pbc-Ha) as shown Figure

9.2.

For all models, the total energies and (S2) values are calculated by UBLYP [37], UBHandHLYP

ll38l, UB3LYP [38], and UHF methods with the use of 6-3lG**. The calculation that was not PBC

(below transcribed non-PBC) was performed with GaussionO3 program [82]. The PBC calculation

was performed with CRYSTAL06 program [39].

For calculated spin states of H16s model are the highest (s = 50) and BS LS (alternate spin (l I

t l. . . I I I l)states. Iestimated LI'andl"valuesof HamodelswithandwithoutthePBCby

consideringfourtypesspindirectionsuchas(a,b,c,d)=(llll),(llll),(llll),(llll)asshown

Figure 9.2(b).
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model. c) Unit cell and two spin states (HS and BS LS) required for the calculation of. J"n of pbc-Hz.
d) Unit cell and four spin states (HS and BS LS) required for the calculation of. J"6 of pbc-Ha.

9.4 Results and Discussion

9.4.1 Discussion on H2, H16s and pdc-H2 models

Potential Energies

I investigated the potential energies of the HS and the BS LS solutions for Hz, Hroo and pdc-H2 mod-

els.

I show the relative energies of the HS and the BS LS states for Hles defined as AE = E(llroo) -
l00E(H) in Figure 9.3. (S'z) values of BS LS state for H2 and Hrss was also summarized in Table .

The potential energies of the HS state of Hlss and H2 do not have a minimum value because

there is no covalent bond between hydrogen atoms as shown Figure 9.3(a). The relative energies of

BS LS state withAP procedure are almost equal to BS LS state withoutAP procedure as shovvn Figure

9.3. This is understood as the following procedure. The total energy for many spin sites with AP

procedure is given by

}1機
A

}1撻
A

=ノ
(2)|(s2)ISLE(AP) = ELS (AP) - EB - s,(s, + u] rr - h(Ml. (9.1)
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where

the BS LS states with and without the AP procedure

ん(ハの=αV-2)2/A′ (fOr N>2 and even numbeり ,

ん(」V〕 =(Ⅳ -3)/(IV+1)(fOr N>2 and odd number),

And substitute Eq.9.2,9.3 for Eq.9。 1.Then l can gain the fonowing equation.

(9.3)
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(9.4)

^E(Ap) 
= Lll<Sry" - s,ts, * rt 

]

LE (Ap) = Lrlf<Stytt - s, ts, * rt 
]
卜(Ⅷ】・ (9.5)

Finally, I take a limit for N,

liln△E(AP)=0 (9.6)
x-@

Therefore the modified energy by spin projection has little advantage for a large cluster model. The

potential energies of the BS LS state of Hles have a minimum value around 1.0 A regardless of the

calculation methods. However the value of H2 is around 0.8 A. An order of lAEl in each calculation

methods is IAE(UHF)I << lnrrunHandHlYP)l < IAE(UB3tyf)l < IAE(UBLYP)|. DFT methods often

tend to stabilize the LS state than HF method since the hybridization parameters involved in the

exchange-correlation term are fitted to evaluate usual bonding energies, so that AE is quite different

between HF and DFT methods. The lAEl for DFT methods became large with the increase of the rate

of Hartree-Fock exchange term.
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Figure 9.4: Total energies of a) the HS and b) the BS LS states for pbc-H2.

I show the total energies of the HS and the BS LS states of pbc-H2 in Figure 9.4.

The tendency of pbc-Hz, that is the following order; IAE(UHF) | << IAE(UBHandHLYP) | < IAE(UB3LYP) |

< IAE(UBLYP)1, are almost equal to non-PBC models for both the HS and the BS LS states.

Effective Fxchan ge Inte gral Value

I next investigated the dependency of the louvalues on interatomic distance for H2, H166 and pbc-H2

models. The pbc-H2 was estimated the spin-unproj ected Jo1values. It, ^a lL'Jvalues based on the

AP procedure are given by Eq. 8.2 or 8.3. ff)value based on spin-unprojected procedure is obtained

by following scheme. On dealing with the spin operator of Eq. 8.1 as a classical spin, /jrj value is

calculated by the following equation (called Ising model),

甥 =4(N― DSaSb
(9,7)

I show the calculated results of the various Jo6 values with the change of interatomic distance in

Figure 9.5.

In the strong overlap region I (R < l.B A; in figure 9.5(a), fi) ^a{3f values of H2 are quite dif-

ferent, while in the weak bonding region III (2.7 < R < 3.0 A) their values are similar, The difference

between and originates a spin contamination. On the other hand, in the region I in Figure 5b, I:)
ana lflvalues of H1s6 are completely different. This is because of both a spin contamination and a

long-distance interaction between local spins described later.

There are edge effects in a cluster model, but not in PBC model. As a chain becomes longer, the

effects hardly influence it. {3j values of pbc-H2 are almost equal to that of H1se, but not equal to H2

ヽき べヽ:嶽さざ
｀゙ 蓼ミ tミ tl..ヽド

、 き僚 ミrざF
‐St難
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of duster model.This seems to be callsed by edge erects oflocal spins,that is,in H2 edge efbcts

become largerthan Hl∞ .h this sense,現 valuesin lsmg model ofthe duster modd Hl∞ alld the

pbC‐H2beCOme the similarvalues.

9.4。2 Discusslon on H4 andPbc‐ H4MOdelS

Ifha■yexaminedthevariousttbinteractioninH4 alldpbc‐ H4mOdels usingtotalenergies ofthe HS

and the BS LS solu」 ons。

On dealing wi■ dle spin operator of Eq.8.l as a dassical spin,spin unpr9jected ttb Values for

follr spin sites are given bythe fo■ owing equation,

E=-20Sα Sb+/SbSb+JScS′ +ノ′SaSc+ノ′SbSa)          0・ 8)

where Sxは =a,b,C,d)denOtes the spin magnitude.When four spin sites have(a,b,C,0=(l↑ ↑↑)

spin alignment,Eq 9.8 becomes,

Simttaly(a,b,C,0=(||||):

(a,b,C,0=(|↓ ↓↑):

Eα =―ノー
:ノ
ーノ".

Eb=ノ+:ノーノ".

EC=ノー
:ノ
+ノ ".

E′ =―ノ+:ノ +ノ ".

(9.9)

(9。 10)

(9。 11)

(a,b,C,d)=(1111):

(9。 12)
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From Eqs 9.9 - 9.12, I simply obtained

ノ= =♭
―E′ +Ec― Eα

4      '
E′ ―F。 +Eb― Eα

2      '
E。 ―Eα ―

=b+E′

(9.13)

(9.14)

(9。 15)

/=

ノ =

The various /o6 values were summarized in Table I . Especially, it is often seen around 1.4 A. This

interatomic distance is a bifurcation point as mentioned section 9.2.1. For Hl, / and /' values are

almost equal in the region III but the values are different each other in the region I. Edge effects

becomes smaller as the interatomic distance is longer. / and /" values are different for Ha, so that

it is found that a long-distance interaction between spin sites is important. On the other hand, for

pbc-Ha, ,[values are twice as large as /' ones although these should be equal to each other because

the edge effects do not exist in the PBC. The differences of / and,f" values are a long-distance inter-

action illustrated in Figure 9.2(b). The difference between /'values of non-PBC and PBC calculation

stems from the model Hamiltonian. I have to construct more appropriate Hamiltonian to estimate

/' values quantitatively. On the other hand / values of non-PBC and PBC models are almost same in

the region III.
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114 9.5 Conclusion

9.5 Conclusion

I investigated differences of Jo6 values of [H]o (n = 2,4, 100) cluster models and pbc-Hn (n = 2, 4)

models based on the periodic boundary conditions. To my knowledge, this is a first report of quan-

titative calculation for difference of Iab value with and without the periodic boundary conditions.

In Ising model {3f values of pbc-H2 are almost equal to that of H16s. Also, for Ha, ,I, /" values with

andwithout the PBC are almost equal to each other as edge effects become small or a long-distance

interaction becomes smaller. These calculated results strongly indicated that lou values of cluster

model were quite similar to ones of PBC calculations in region III. In this sense, I can demonstrate

that the use of cluster model for the calculations of Jo6 values in reasonable.



Part VI

General Conclusion
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Chapter l0

General Conclusion

In this thesis, I described the electron conductivity calculation method for open-shell molecules,

and I applied the developed method to the following various systems; i) the extended metal atom

chain (EMAC) complex, the problems on the connection the electrodes and the molecules and the

artificial metal-DNA. In the artificial metal-DNA" there is the report on the magnetism, so that I

studied the magnetism for the system.

In chapter 4, I described the derivation of the developed method. In order to define the model

Hamiltonian, I think the electrode-molecule-electrode system. Whole Hamiltonian is divided in

three Hamiltonian ( left electrode, molecule and right electrode). I introduce the spin index in order

to describe the open-shell system. This view is to split a and p electrons into two different orbitals.

Assuming that the electrodes directly intact with the end-site of the molecule only, the transition

matrix element can be given simply. For the estimation of the interaction between the electrodes

and the molecule, I referred to the Luo' idea. This idea is that the occupied orbitals of the electrodes

interact with LUMO of the molecule according to the frontier orbital theory. However, in their idea,

there is the problem. Their idea strongly depends on the LUMO, so if there is the generating LUMO,

it gives an unsuitable result. In order to resolve it, I extended to the generating LUMO using the

Boltzmann distribution.

In chapter 5, I investigated the validity of the developed method for the EMAC complex contain-

ing 5 nickels. In this molecule, the LUMO and LUMO+I are generating, so that it needs using the

method based on the Boltzmann distribution. The calculated results are close to the experimental

results. However, considering the LUMO only, the calculated current value is considerably different

from the experimental result.This indicates that the method based on the Boltzmann distribution is

useful for the generating LUMO.

In chapter 6, I investigated the effect on the connection between the electrodes and the molecule.
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In general, the interaction is interpreted as the electron coupling between the electrodes and the

end-site atom of the molecule. It is well-knovvn the the electron coupling strongly depends on the

distance between the electrode and the end-site atom of the molecule. In calculated results, the spin

polarization stems when the distance between the electrode and the end-site is longer. The electron

conductivitybecomes small if the spin generates on the end-site.

In chapter 7, I investigated the current-voltage I-V characteristics between adjacent bases in

two tn)es of artificial metal-DNA M-DNA) models, i.e. hydrorypyridone (= 2-methyl-3-hydrory-

4-pyridone, H) and salen (= N,N ' -bis(salicylidene)ethylenediamine, S) complexes, using an elastic

scattering Green's function method together with a density functional theory. In order to estimate

quantitative behaviors of the I-V characteristics of the artificial M-DNAs, I considered I-V charac-

teristics from the following several viewpoints: the effect of spin states, the effect of backbone and

the effect of metal ions. I have found that the magnitude of the current of the H complex tends to

become larger than that of the S complex. I also found that a difference in the spin states drasti-

cally changes the /-Vcharacteristics. These behaviors suggest the possibility of the control of the /-V

characteristics in the artificial M-DNAby an external magnetic field.

In chapter 8, The origrn of a ferromagnetic interaction between Cu2* ions in the Cu2*-DNA sys-

tem which reported by Tanaka el. al. is examined by using DFT calculations. The calculated results

show that louvalues are weak anti-ferromagnetic couplings. Boltzmann distribution simulation in-

dicates that the high spin (HS) species exist 2LTo at 1.5K by thermal excitation within the model

structure. The magnetic and other physical properties between Cu2* ions coordinated by salen-

base pairs (Cu2+-DNA) are examined by using DFT calculations. The calculated results show that

/o6 values are weak anti-ferromagnetic couplings, and agreed with experimental results presented

by Clever et al.

In chapter 9, Jouvalues calculated by cluster models were compared with values calculated un-

der the periodic boundary conditions. So far, to estimate the lat value of a macro system, I have

considered that of the corresponding to cluster one. However, they will get absolutely nothing out

of it if a cluster model and the periodic boundary conditions method give different results to us. The

main aim of this report is to give an opinion to this issue using a one-dimensional polyhydrogen

system as example.

This thesis would lead to the understanding the knowledge of the electron conductivity for open-

shell molecules, and I hope this thesis will be help for the development in material science.
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