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In this paper, we investigate the current—voltage (/~V) characteristics between adjacent bases in two types of artificial
metal-DNA (M-DNA) models, i.e., hydroxypyridone (=2-methyl-3-hydroxy-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,
we considered /-V characteristics from the following viewpoints: the effect of spin states, the effect of backbone, and the
effect of metal ions. We have found that the magnitude of the current of the H complex tends to become larger than that of
the S complex. We also found that a difference in the spin states drastically changes the /-V characteristics. These
behaviors suggest the possibility of the control of the /-V characteristics in the artificial M—DNA by an external magnetic

field.

Molecular devices have attracted much attention in nano-
electronics 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.' In
molecular devices, especially in a molecular wire, a delocal-
ization of a r-electron cloud is useful for 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 molecular wire along the 7r-stacking
axis. In order to utilize DNA for molecular wire, a large
number of studies on the mechanism of electron transfer in
DNA have been reported.>'2 However, little is known about
whether DNA is a conductor or not. Zhang et al. observed low
electron conductivity of DNA wire, and concluded that it was a
typical insulator.® On the other hand, Kasumov et al. reported
that DNA molecules could be a good conductor.'® From
theoretical studies, Tada et al. reported that DNA molecules
were semiconductors if the base was directly connected with
gold leads, but were insulators if the sugar—phosphates were
connected with gold leads.!! In this way, there are contrary
observations of the DNA conductors.

On the other hand, there have been several attempts to
synthesize novel DNA-based compounds to achieve DNA
conductors. One promising candidate is a metal-complexed
DNA (M-DNA). This system is expected to conduct an electric
current through redox of the metal atom. Coordination of DNA
to metal ions causes a change in the structure and physical
properties. Particularly, the complex formation sometimes

leads to the double-helical structure of DNA becoming loose,
and that the linear one-dimensional chain of the DNA duplex is
damaged by the large transformation. For example, cisplatin,
which is known as an anticancer drug, attaches to the outer
region of the DNA duplex and distorts the structure of the
duplex.’>1¢ Therefore it is thought to be a unproductive to
arrange metal ions on the outside of DNA duplexes. Mean-
while, incorporation of metal ions into the inner region of DNA
duplexes has been attempted in recent years. One of the
examples is an artificial M—DNA.

As mentioned above, DNA has a double-helical structure
made from a complementary hydrogen-bonding pair called the
Watson—Crick base pair, and is stabilized by a w—m stacking
interaction. Tanaka et al. succeeded in making complexes by
putting Cu* ions into the DNA double helix using hydroxy-
pyridone (=2-methyl-3-hydroxy-4-pyridone, H) ligand as an
artificial nucleoside.!” Here, it is transcribed as H-Cu?*t-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.'® A ferromagnetic interaction between electron spins on
adjacent Cu®* ions has also been found by electron para-
magnetic resonance (EPR) spectra,!” suggesting that this has a
possibility for spintoronics'® of DNA wire. From these points
of view, it is interesting to investigate magnetism and the
electron transport in this system.

The first theoretical calculation of the magnetism of this
system was reported by Zhang et al.2’ They showed that the
ferromagnetic (F) and the antiferromagnetic (AF) phases were
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energetically almost degenerate. Jishi et al. also calculated the
total energy of [H-Cu?*—H] with three different symmetries.!
On the other hand, our group demonstrated that the thermal
excitation from the antiferromagnetic (AF) state to the ferro-
magnetic (F) state would occur in the system by Boltzmann
distribution simulation based on a simulation with calculated
effective exchange integral (J,,) values.?? Mallajosyula and Pati
also reported that optical conductivity showed a peak of a low
frequency excitation at 0.8 eV.?* In addition, according to our
previous density functional theory (DFT) studies®* with an
Anderson-Langreth-Lindqvist van der Waals (vdW) func-
tional,?® the spin—spin interaction among Cu’* ions was not
important for the stacking stabilization of H-Cu?>*—H, and we
could reproduce the experimental distance between Cu?* ions.

Another development of an artificial M-DNA was carried
out by Clever et al. using salen (=N,N’-bis(salicylidene)ethyl-
enediamine, S) ligand in which a variety of metal ions could be
introduced as coordination partners.?®?’ 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 antiferromagnetic
interaction from theoretical studies.?®?° Afterward, Clever et al.
reported that this system experimentally showed antiferromag-
netic interaction.3%3!

Our other interest in the artificial M—DNAs is to calculate the
I-V characteristics. Up to now, various artificial M—DNAs3233
and artificial nucleosides**-3® have been reported. However, the
electron conductivities of artificial M—DNA have not been
reported yet in spite of the many reports of the electron
conductivity of natural DNA. Therefore, it is necessary to
examine the electron conductivity of artificial M-DNAs to
understand the effect of metal ions and so on. Mallajosyula and
Pati also have pointed out the importance from a theoretical
perspective.®’

The elastic scattering approach from the original work by
Muyjica et al. is often used to investigate the /-J characteristics
between two reservoirs with each electronic state at the two
terminals of the molecular wire.***? However, it is difficult to
calculate the /-V characteristics for large systems that consist
of many atoms in their approach, because it needs quite high
computational resources. For that reason, Luo et al. modified
the approach with a simple model which uses (1) the overlap
matrix elements, (2) the terminated atoms connected to the
reservoirs, and (3) the probabilities that the electrons exist at
the terminal atoms within LUMO.®* In the paper, they
demonstrated that the calculated results agreed with experi-
mental results of the I~V characteristics for a benzenedithiol
molecule. They also succeeded in the calculation of the
molecular electron conductance of the vertical distance
between two aromatic molecules. From both points of view,
i.e., the computational costs and the quantitativeness, we
decided to modify this method and to apply it to the
investigation of artificial M—DNAs.

Because of the above reasons, this paper aims to investigate
the I-V characteristics of the artificial M—DNAs, [H-Cu>*—H]
and [S—-Cu?*—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.
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We first extended Luo’s elastic scattering Green’s function
theory to an open-shell system in order to compute the /-V
characteristics of the artificial M-DNAs using the broken-
symmetry (BS) DFT results. The difference in the I~V
characteristics between high-spin (HS) and BS low-spin (LS)
states was investigated because the existence of electron spins
played a key role in these systems. The HS state means that the
localized spins on two Cu?* ions of adjacent molecules are in
parallel state (ferromagnetic interaction), and the BS LS state
means an untiparallel state (antiferromagnetic interaction).
Hereafter, we use these definitions. To our knowledge, no one
has ever reported the comparison of the HS with the BS LS
results of the /-V characteristics. Finally, it should be noted that
there are many calculated reports about electron structures of
DNA using the DFT method, which does not involve m—m
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 Refs. 12 and 46). In
addition, it is also important for the electron transport in DNA
to consider the effect of water molecules and counter ions,
although we carried out all calculations in the gas phase, as a
first step for the elucidation of the electron conductivity of
these systems.

Theoretical Background

The elastic scattering theory proposed by Luo et al.*** was

originally developed for closed-shell systems, so we extend the
method to open-shell systems. The Hamiltonian of the system
is written as

H=Hy+ H.+ Hr + U,

Hy = Z ZEm,m (o] =

Hp = Z ZEigllU {ig]s
o=+ i

Hy =YY" E%ljo) ol

o=t |

U=y Z(Z Violio) I+ y_,-,,g|ja><1|) +ee (1)
o=+ I i Jj

where Hy and Hy ) are the Hamiltonians of the molecule and
the left (right) side reservoirs, respectively. U is the interaction
potential between the molecule and the reservoirs and Yo
represents the interaction between the /-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*’° (.7) is defined as

T =U+UGU 2)

Z Z EYCE o Caosl 1) (1,

Assuming that only the reservoirs directly interact with the end-
sites (site 1 and N) of the molecule,**> the transition matrix
element (7 ,) can be rewritten as

yil,aGlN,o(Z)yNj,m
1
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where {|¢ o)) s the eigenstate of the total Hamiltonian H
(H |¢p’0 = 8];,(;|¢p,0 ). Here, the end-site is defined as the
terminal atom connected to the reservoir as explained above.
The eigenstate p that overlaps with the molecular end-sites only
contributes to the Green’s function matrix element significant-
ly. Therefore, {|¢,,)} can be approximated by orbitals
obtained from the Kohn-Sham equation of a finite system
consisting of the molecule sandwiched between reservoirs
(HI9,5) = &)51¢,50)-"

In the llnear response theory, the current density®! (iL®) of
the system that are applied the voltage (Vp) by right and left
reservoirs is given as

emkgT [
it =5 Z /  SEITo(EY,fo(E)

(©))

2m2h3

folE) = {ln[l ]
B

—ln|:l +exp(%>“ 4)
B

where Ey is the Fermi energy. Here, we define the intermediate
value of HOMO and LUMO orbital energies of the extended
molecular system as the Fermi energy. Since the spacing
between molecular orbitals is large, we can assume that the
interference between different scattering channels is negligi-
ble.* Then |.7 (E)|(27 represents the transition probability,

(11, 5) 1 (& |N>I2
To(E)? = V2, ) poll 1€o
| 0( )| yLI,HVNR,U; (SZG—E) +r pa

where I, , denotes the spin-dependent escape rate determined
by the Fermi golden rule, i.c.,

yLl,a(l |¢p,o> + yNR,a<¢p,G|N>
2

(&)

Fpo = ©6)
(11¢,,) and (@, ,|N) represent the site-orbital overlap matrix
elements 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. In this paper, we adopt the orbitals from HOMO—-9
to LUMO+9 as the orbitals concerned with the conductivity.

y is a parameter to determine the /-V characteristic and it
is in proportion to a transition probability. To determine the
y parameter, on the assumption of the Dewar, Chatt, and
Duncanson (DCD) model,*>>* Luo et al. proposed a procedure
that the occupied orbitals of the reservoirs interacted with
LUMO of the molecule according to frontier orbital theory.**
Therefore, ) can be written as

Y11.0(LUMO) = Vi o(LUMO)d; ,(LUMO) 7)
V2 (LUMO) = (AEgnomo-Lumo — AEg1umo)A EgLumo
Lo - )
®)
Z C%,i,ﬂ
2 (LUMO) = ©
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where AE;pomo-Lumo is the HOMO-LUMO gap of the ex-
tended molecule and AE, ymo is the energy difference between
the HOMO of the dlzﬂ (LUMO) reservoirs (gold clusters) and the
LUMO of the isolated molecule which is not connected with the
reservoirs. is the square of an expansion coefficient of the wave
function of the isolated molecule at the end-site.

In the system where the LUMO of the molecule is not
degenerate, we can use eqs 7-9. However, we cannot apply the
equations to the degenerate LUMO. So in the system we extend
the equations to the degenerate system using the Boltzmann
distribution. Here, assuming that eq 7 can apply to the
degenerate LUMO, eqs 7-9 becomes the following,

Yile = VL,UdT,(T (10)
Voo & Vi o(LUMO) (11)
Z exp[—(Erumo+k — Erumo)/RT ldLumo+k
dTa =t

> expl—(ELumo+k — ELumo)/RT]
x

Z Bidiumo+k
k

2B

k
where k& means the number of degenerate orbitals around
LUMO and By is a parameter calculated by the Boltzmann
distribution. In k=0, (that is, the nondegenerate LUMO),
eqs 10-12 are equal to eqs 7-9. Here, this approach is based on
the single reference method but not on the multireference
method as shown in eq 3.

The total current is ILR AzLR, where A4 is the effective
injection area, A~ m‘g 4 Here, r, is defined by ry=
[3/(47tN,)]"/? and the density of electron is Ny = 2mEqg)*/?/
3Brm).

(12)

Computational Details

In this study, we examined the -V characteristics of two
types of artificial M—DNAs, hydroxypyridone (H)'7 and salen
(S)?” complexes. In order to calculate the /~V characteristics
for both of the systems, we first optimized the geometry of
monomer structures of [H-Cu?*—H] and [S—Cu?*-S], where
[X-Cu?*—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 those monomers. We assumed that the rotation
angle was 36° clockwise. The distances of adjacent planes of
[H-Cu?t-H], and [S—Cu?**-S], are 3.7A!7 and 3.375A,275
respectively. The bond lengths of Au-Au and the distance
between a S atom and the gold cluster surface is fixed to 2.88
and 2.3 A, respectively.** Finally, the models of the artificial
M-DNAs were connected to the hollow site of Au(111) surface
as illustrated in Figure 1. As mentioned above, we used the
results of DFT calculations for the /-} characteristics simu-
lations. These calculations were performed by UB3LYP?3 on
the Gaussian03 program package.’® Basis sets used for the
ligands were 6-31G* for the geometry optimization and
6-314G* for the single point energy calculations. Huzinaga
MIDI+pd basis set’” and LANL2DZ were used for Cu and Au
atoms, respectively. We set the temperature at 300 K to evaluate
the I~V characteristics.
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Figure 1.
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The calculated dimer models of Cu?*-mediated base pairs of a) [H-Cu>**—H], and b) [S—Cu’>*-S],.
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replaced by S atoms in the models and connected to the hollow site model structures on Au(111) surface.

Table 1. The Coupling Constants y of Each Orbital for [H-Cu?*t-H], and [S—-Cu?**-S], in the HS and the BS

LS States®
HS BS

o orbital B orbital o orbital B orbital
[H-Cu?**-H],
le(a)/eV 0.207 le(ﬁ)/eV 0.210 le(a)/eV 0.097 le(ﬂ)/eV 0.274
Vive/eV 0336 yiyp/eV 0312 Vive/eV 0197 yiypg/eV  0.258
Va/eV 0.070  yp/eV 0.066 Ya/eV 0.019  yg/eV 0.071
[S-Cu?™-S],
le(a)/eV 0.127 le(ﬂ)/eV 0.212 le(a)/eV 0.068 le('B)/CV 0.199
yLN(a)/eV 0.154 VLN(/S)/GV 0.263 )/LN(O,)/eV 0.081 VLN(ﬁ)/eV 0.256
Ya/eV 0.020  yp/eV 0.056 Ya/eV 0.006  yg/eV 0.051

a) Yo = ViR@VLN@)» VB = YIRBYLNEB)

Results and Discussion

Comparison of the High-Spin State with the Broken-
Symmetry Low-Spin State. In this section, we explain the
results of the I~V characteristics especially in terms of a
comparison between the HS and the BS LS states.

We summarized the calculated coupling constant ()/) values
in Table 1 and the current values at 1V in Table 2 for the HS

and the BS LS states. In the [H-Cu>**—H], model, LUMO and
LUMO+1 are degenerate, so we adopted both LUMO and
LUMO+1 for the calculation of the coupling constants. On
the other hand, in the [S—Cu?*—S], model, we included from
LUMO to LUMO+3. As mentioned above, the DFT results are
utilized i.e., Kohn—-Sham orbital energies and the site-orbital
overlap matrix elements (simply transcribed as overlap element
hereafter) for these calculations. These parameters are summa-
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Figure 2. [-V curves of a) [H-Cu?>*—H], and b) [S-Cu?*—S], connected to the hollow site model on Au(111) surface in the HS and

the BS LS states at 300 K.

Table 2. The Current Values at 1V of Each Orbital for
[H—Cu?*-H], and [S—-Cu?**-S], in the HS and the BS LS
States

HS BS

[H-Cu**-H],

« orbital/nA 1.45  « orbital/nA 482 x 1073

B orbital/nA 1.46 B orbital/nA 0.117
Total (¢ + B)/nA 291  Total (¢ + B)/nA 0.122
[S-Cu?™-S],

« orbital/nA 0.304 o orbital/nA 0.0356
B orbital/nA 1.51  f orbital/nA 1.20

Total (o + B)/nA  1.81  Total (& + B)/nA 1.22

rized in Table S1 in Supporting Information. The /-V curves
are shown in Figure 2.

In the HS state of the [H-Cu**—H], model, the current
values for o and B orbitals at 1V are iy, = 1.45nA and ig=
1.46nA, respectively, and the total current is iy g =2.91 nA.

In Luo’s approach,*** the most important parameter to
determine the current of the molecular wire is the coupling
constant ()). In the elastic scattering method, an electron from
the source is scattered through the unoccupied molecular
orbital and reaches the drain. According to frontier orbital
theory, the occupied electrode orbitals mainly interact with
the LUMOs of the molecule in the case of the closed-shell
calculation. In that case, we have already confirmed the validity
of the calculated parameter  in our previous paper.®® In this
calculation however, the coupling constants of each end-site
(1, N) i.e., Vi) and Ynep), might be different from each other
(YiaB) # Yna(p)) because of the BS approach and the anti-
symmetry of the molecule (In the case of a symmetric
molecule, e.g., the benzenedithiol molecule, the parameters
are strictly equal to each other (Viq(8) = Yva(g)-**). In the HS
state of the [H—Cu®>*—H], model, the Y« Value is almost equal
to the y value, and there is no difference in the magnitude of
the current between o and B orbitals (Table 1). 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-5, and
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Figure 3. Transition probability of a) [H-Cu?>T—H], and b) [S—Cu?>*-S], connected to the hollow site model on Au(111) surface in

the HS and the BS LS states.

HOMO—4 for B orbitals have a large orbital overlap as
summarized in Table S1 in Supporting Information. It is found
that these orbitals mainly delocalize over both the Au—S moiety
and the six-membered rings, and dominantly contributes to the
electron conductivity. In the BS LS state, the current values at
1 Vare iy =4.82 x 1073 nA, ig=0.117nA, and iy g = 0.122
nA, and are different from the values 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 element
becomes very small. However, in the BS LS state of the [H—
Cu?*—H], model, we found that ¥ value was much larger than
Y« value (Table 1). This behavior of the BS LS state, which is
different from the HS state, is due to the fact that the S-LUMO
of the isolated molecule spatially extends on the molecule more
than that of the o orbital in the BS LS state.

In order to discuss the difference between the I~V character-
istics in the BS LS and the closed-shell LS state, we calculated
the -V characteristics of the [H-Cu?>*—H], using a restricted
B3LYP (RB3LYP). We adopted the orbitals from LUMO to
LUMO+2 and calculated the coupling constants. The differ-
ence of the total energies between the BS LS and the closed-
shell LS is 43.2kcal mol~! and the BS LS is more stable than
the closed-shell LS. The obtained current of the closed-shell
LS state (i = 1.18 x 10~*nA at 1 V) is much smaller than that
of the BS LS state as shown in Figure S1 in Supporting
Information. In the closed-shell calculation, 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 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 the necessity of calculations of the /-V characteristic
based on static correlation such as BS method.

Next we show the results of the I~V characteristics of the
[S—Cu?T-S], model. In the HS state at first, the calculated
current values for o and B orbitals at 1V are iy = 0.304nA,
ig=1.51nA, and iy, g = 1.81 nA. We found that the y,, value

and the overlap element of the o orbitals are different from
those of the B orbitals. The dominant overlap elements are
HOMO—4 and HOMO-3 for a orbitals, and HOMO-7,
HOMO—-6-HOMO—4, and HOMO-3 for f orbitals. On the
other hand, the current values at 1V in the BS LS state are
iq = 0.0356nA, ig=120nA, and iy;g=1.22nA. And the
orbitals that mostly contributed to the electron conduction are
HOMO—4 and HOMO-3 for both ¢ and B orbitals.

These above indicates that the current of [H-Cu?*—H], tends
to become larger than that of [S—Cu?*—S], in the HS states.
This is because 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-Cu?*—H], is larger than that
of [S—Cu?*-S],, 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-Cu>*—H], is larger than that of [S—Cu’*—S],. It seems
that this originates in the particular structure of [S—-Cu?*-S]
type DNA. The dihedral angle between the planes defined by
the aromatic rings was 22° in [S—Cu?*—S] because of a
crosslink by ethylenediamine in the metal-salen complex,> so
that the overlap of the r-orbital between the adjacent base pairs
becomes small and the current becomes lower.

However, in the BS LS state, the current of [S—Cu?T—S],
becomes larger than that of [H-Cu?>"—H],. This is especially
obvious at higher voltage (more than 3 V). This phenomenon
is because the transition probability (Figure 3) is almost zero
up to E — Er=3(eV) in [H-Cu’*—H], in the BS LS state
although it has a nonzero value even at 1V in the case of
[S—Cu?T-S],. Hence the current of [S—Cu**—S], in the BS LS
state is slightly larger than that of [H-Cu>*—H],.

In [S—Cu?*-S],, the difference of the current values between
the HS and the BS LS states is smaller than that of
[H-Cu’>*—H],. From the distorted structure of [S—Cu®*—S],,
it is thought 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.
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Figure 4. -V curves of a) [H-pc—H], and b) [H-H], connected to the hollow site of Au(111) surface at 300 K.

Interestingly, in both systems, the current of the HS state is
larger than the BS LS state. It originates from the interaction
between the occupied electrode orbitals and the LUMO of the
molecule being strong in the HS state. From eq 7, a coupling
constant depends on the d value, which is the existence
probability of sulfur atomic orbitals in the 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 to the HS state.

Effects of Metal Ions. In order to understand the effect of
Cu ions, we next examined the /-J characteristics without
metal ions for [H-Cu?*—H],. We investigated the two models
without metal ions here. In one model Cu ions are replaced by
the point charge (pc) (+2) ([H-pc—H],), and the other is a
hydrogen bond model ([H-H],). These systems are connected
to the hollow site on the Au(111) surface, as shown in
Figure S2 in Supporting Information. In the [H—pc-H],
model, the geometry of all atoms is the same as that of the
[H-Cu>**—H], model except for the Cu ion. In the [H-H],
model, we referred to a structure suggested in Ref. 18 and
performed full optimization for this monomer structure. We
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.
We adopted the orbitals of LUMO and LUMO+1 for
calculation of the coupling constants because of the orbital
degeneracy. The calculated results of the /- characteristics,
and y values, the orbital energies, and the overlap elements are
summarized in Figure 4 and Table S2 in Supporting Informa-
tion, respectively.

The magnitudes of the current in both models are much
smaller than the original models with metal ions, indicating that
the coupling constant and the overlap elements are much
smaller. By comparing [H-pc—H], with [H-H],, the current of
[H—pc—H]; is larger than that of [H-H],. In the case of [H-H],,
the delocalization of the molecular orbital between two H
fragments is avoided by the absence of Cu®* ions, therefore the
conductivity decreases. But the point charge changes an
electrostatic field between two H fragments and the delocal-
ization of s-orbitals, so that the conductivity is slightly

increased. However, both models show much lower conduc-
tivity in comparison with models with metal ions. In this way,
the introduction of Cu?* ions significantly contributes to the
increase of the current value.

I-V Characteristics of [S-Cu?*-S], with the Backbone.
Here, we examine the effect of the backbone on the -V
characteristics. It has been reported that the electron conduc-
tivity between the backbone and reservoirs in natural DNA is
small.!! In order to consider the effect in the artificial M—DNA,
we incorporate the modeled backbone into our calculation
based on the [S—Cu?*-S] structure as shown in Figure S3 in
Supporting Information. As a “backbone” model, we use the
X-ray geometry of the metal-salen base pair complex.> The
calculated results of the /-J characteristics are shown in
Figure 5 and y values, the orbital energies and the overlap
elements are summarized in Table S3 in Supporting Informa-
tion.

From the calculated results, we 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-Cu?*-8],) model, indicating that the backbone cuts off the
conductivity. This significant decrease of the current is simply
explained by the fact that sr-orbitals do not delocalize to the
backbone where the electrodes are connected. This behavior
agreed with the calculated result of the electron conductivity of
the natural B-DNA reported by Tada et al.!' This indicates that
the “without-backbone” model for the artificial M—DNAs can
transmit electricity, although a realistic model with backbone
seems to scarcely conduct electrons.

I-V Characteristics of [H-Cu**—H] In-Plane. We also
investigated the /-V characteristics of the [H-Cu>*—H] mono-
mer connected to the hollow site on Au(111) surface as shown
in Figure S4 in Supporting Information. This calculation
represents the in-plane electron conductivity of the system.
We adopted the orbitals from LUMO to LUMO+1 orbitals for
the calculation of the coupling constants because of the orbital
degeneracy. The calculated results of the /-V characteristics are
shown in Figure 6 and y values, the orbital energies and the
overlap elements are summarized in Table S4 in Supporting
Information.
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Figure 6. -V curves of [H-Cu?’*—H] monomer model
connected to the hollow site of Au(111) surface at 300 K.

From the calculated results, the magnitude of the in-plane
current of the [H-Cu?>T—H] monomer is larger than the dimer
model of [H-Cu?>"—H],. The reason for this high conductivity
is explained as the d orbital of Cu ions assisting the 77-electrons
to delocalize from one hydroxypyridone to the opposite one in
the same plane. In other words, the mixture of d and 77 orbitals
causes the delocalization on the extended molecule in the
plane, and then the in-plane electron conductivity becomes
large. However, the Cu ion does not intermediate the
delocalization between two monomers, because the distance
(3.7 A) is too long. Therefore, the conductivity between the two
monomers is quite small in comparison with that of in-plane
conductivity of the monomer model.

Conclusion

We investigated the -V characteristics between adjacent
bases in two types of artificial M—DNAs, i.e., [H-Cu’**—H],
and [S—Cu?*-S],, using the elastic scattering Green’s function

with the DFT. We focus especially on the difference between
the HS and the BS LS states in the /-V characteristics. To our
knowledge, this is the first report of comparison between them.

For this purpose, we extended the elastic scattering method
reported by Luo et al. for the open-shell systems by separating
the o and B spacial orbitals.

From our calculated results, we found that i) the magnitude
of the current of [H-Cu?*—H], tends to become larger than that
of [S—-Cu?*-S],, ii) the I-¥ characteristics are changed by the
spin states, and iii) introduction of metal ions into DNA
remarkably increases the intraplane electrical transport by
increasing the delocalization of s-orbitals. These results
suggest the possibility of the control of the I~V characteristics
in artificial M—DNAs. The simple breakthrough for obtaining
larger electron conductivity of artificial M—DNA seems to be
replacement of a metal ion with a larger radius metal, because
of the larger interaction between adjacent planes.

In our model of the stacked [H-Cu?>*—H], base pairs, we use
a model structure in which the backbone is replaced by S atoms
connected to a Au(111) hollow site. The N-S linkages that may
be very unstable in a real situation (e.g., hydrolysis) are very
important for conductivity. However, our calculated results
indicate that the electron transfer mainly comes from the
stacked metallo-base pairs but not from the N-S linkages. If the
N-S linkages dominate the electron transfer, the calculated
current values should not be changed by the existence of the
metal ions and by the stacking, although the calculated current
values change. Therefore, the electron transfer mainly reflects
the nature of the stacked metallo-base pairs.

In addition, the results also suggest that the system can
be applied to spintoronics materials. Previously, our group
reported the possibility of a system for molecular switching
devices by an external magnetic field.®® From both results, it
seems that we can control the conductivity by changing the
spin state with an external magnetic field.

Based on our approach, we 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 drastically changed the current value.
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