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Japan

1. Introduction

Recently, research and development of next-generation devices have been very active (1).
Quantum-dot cellular automata (QCA) (2) which is constructed from many quantum dot cells
(QDC, Fig. 1) is one of such new-generation devices. The QCA devices such as a majority logic
gate and a signal transmission wire (Fig. 2) are expected to achieve a dramatic saving of energy
and an increase in processing speed of computing since these devices are free from a current
flow. Successful operations of several QCA devices have been already demonstrated (3; 4).
However, for improvement in operation temperature and size of the QCA devices, the idea
of molecular quantum-dot cellular automata (molecular QCA) devices (5), in which a QDC
constructed from small metallic dots is replaced by a single molecule, was proposed. Toward
the experimental operation of molecular QCA devices, syntheses of tetranuclear complexes
(6-10) and simplified dinuclear complexes (11; 12), and single-molecule observation of the
dinuclear complexes (13-16) have been paid attention. However, the capacity of molecular
QCA devices for molecular computing is still not clear.

Fig. 1. (a) Quantum dot (QD) and quantum-dot cell (QDC) constructed from four QDs. (b)
Schematic energy curve of two localized degenerate states, "0" and "1", and one delocalized
transition state of QDC after injection of two electrons into QDC. Charge of open circles is
positive relative to that of filled circles. In the transition state, charges of four dots are all
equivalent.
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Fig. 2. Examples of QCA devices constructed from many QDCs: (a) QCA logic gate (OR gate)
and (b) QCA signal transmission wire.

Braun-Sand and Wiest (17; 18) have reported theoretical studies on the electronic response
of Ru dinuclear complexes to Li™ in order to propose molecular QCA candidates. Lent et
al. took up hydrocarbons with allyl end-groups (19; 20) and tetranuclear complex (21). In
these studies, however, only the static response of molecular QCA to the switch of input was
focused, and dynamic properties such as signal transmission time after the switch had not
been discussed. About this point, Timler and Lent (22), and Lu and Lent (23) have reported the
dynamic behavior of multi-cellular systems using model Hamiltonian. However, the detailed
discussion about a relation between the electronic structure and dynamic properties had not
been made in their studies. For understanding the behavior and performance of molecular
QCA devices and development of high-efficient devices, it is necessary to clear the relation.

Very recently, I have proposed the simple method for an analysis of dynamic behavior of
QCA devices, taking Creutz-Taube complexes [LsM-BL-ML;]"" (M=Ru, BL=pyrazine(py)
and 4,4’-bipyridine(bpy), L=NHs, n=5) as examples (24), based on the methods proposed by
Remacle and Levine (25; 26). These analyses are all based on the simple one electron theories,
density functional theory (DFT) and Hartree-Fock theory (HF). Time evolution of the wave
function is expressed by the initial and final stationary states. Initial wave function is expanded
by final wave function. Using this method, main properties concerning the signal transmission
such as the signal period T, the signal amplitude A, and the signal transmission time tg; (see
Fig. 3) can be interpreted as follows (24):

¢ Signal period (T) is inverse proportional to an orbital energy gap, Aepr, between HOMO
(the highest occupied molecular orbital, H) and LUMO (the lowest unoccupied molecular
orbital, L) of the final stationary state.

* Signal amplitude (A) is proportional to an overlap integral, d; p/, between HOMO of the
initial stationary state (H') and LUMO of the final stationary state (L).

¢ Signal transmission time (tst) is determined depending on the balance of A and T.

This method has advantage that signal transmission behavior can be analyzed from the
viewpoint of one electron properties, which are shapes of molecular orbitals (MOs) and
MO energies. Thus, the proposed method is suitable for simple design of high-performance
molecular QCA. Additionally, in my next paper (27), metal-dependence of dynamic behavior
of signal transmission through metal complexes [LsM-BL-ML5]"* (M=Fe, Ru, and Os, BL=py
and bpy, L=NH3, n=5), was discussed.

In this Chapter, I review my approaches (24; 27) for the theoretical study on the two-site
molecular QCA (Fig. 3) . Additionally, I discuss the influence of complex charge n on the
signal transmission through molecular QCA. The reason why mixed-valence complexes are
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suitable for molecular QCA is shown from the calculation of complexes with charge n=4,
5, and 6. Summarizing these results, I propose a new and simple approach for designing
high-performance molecular QCA.

before the switch | & signal

> @O ar| PO
1

Input Unit1 Unit2

(Q,())

Charge of Unit u

v

Fig. 3. Simplified two-site QCA and schematic picture of signal transmission between two
units after the switch of input. A, T, and ts; are the signal amplitude, the signal period, and
the signal transmission time, respectively.

This Chapter is organized as follows. In section 2, model, theory, and computational method
of dynamic simulations are presented. A detailed explanation about the time evolution
of the Mulliken charge (28) is also given. Calculated results of geometric parameters and
molecular orbitals of selected complexes are shown in section 3. In section 4, the dynamic
responses of molecular QCA cell upon the switch are calculated by the DFT and HF methods.
In subsection 4.1, the relation between "input position" and signal transmission behavior
is discussed. Detailed procedure of analysis from MOs are explained in this subsection.
Relation between "switch power" and signal transmission behavior is shown in subsection
4.2. "Complex charge" also have great influence on the signal transmission (subsection 4.3).
Lastly in subsection 4.4, the influence of "metal kind" on the signal transmission is discussed.
In all subsections of section 4, factors which determine the dynamic properties of molecular
QCA cell are discussed from the viewpoint of MOs and orbital energies. Finally, this Chapter
is summarized in section 5.

2. Model, theory, and computation

2.1 Model

Schematic picture of signal transmission behavior is shown in Fig. 3. Before the switch
(input charge is positive), unit 1 (Ul) and unit 2 (U2) have negative and positive charges,
respectively. Ul is constructed from one M atom near to the input plus five NH3 ligands, and
U2 is constructed from one M atom far from the input plus five NHj ligands (see Fig. (4).
The moment of the switch of input corresponds to t=0. After the switch of the input charge
from g¢' to gf, as time flows after the switch, Q,(t) decreases and Q(t) increases, namely,
signal (electron) is transmitted from Ul to U2 by the Coulombic repulsion. Via transition
state, signal transmission is completed when Q1 becomes almost same to Q,(t=0), and Q>
becomes almost same to Q1(t=0). This time is called the signal transmission time (ts;). After
the signal transmission, periodic behavior is repeated with a period of T and an amplitude of
A.
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Like the previous work by Braun-Sand and Wiest (18), dinuclear metal complexes shown in
Fig. 4 are used to understand the essence of signal transmission through the molecular QCA
cell. Bridging ligand (BL) of the complexes is pyrazine (py) or 4,4’-bipyridine (bpy), and
ligand is NHj3. Total charge of the whole molecule is n+, excluding the input charge. Metal
atoms (M) are selected as Fe, Ru, and Os and charges (n+) of the complexes are 4+, 5+, and
6+. These complexes are well-known to have mixed-valence electronic state when n = 5, and
such complexes are called Creutz-Taube complexes (29; 30). Point charge g placed parallel to
M-Np, axis at a distance of r;_\ =5, 10, and 15 A from the M atom is used as an input to the

complexes. For the discussion of switch power, three kinds of switch patterns, (qi, qf) = (+0.1,
-0.1), (+0.3,-0.3), (+0.5, -0.5) (in e unit), are selected.

- n+
NS ® R |
q g7’ N C H s
0 ‘B iy e &
Input 4 N, ‘,\:‘ < NS Y
rq—M <J_Nc ‘ o
I J" o I l o4 < I
Unit 1 Unit 2
Py complex
N . M 4 C ,r'.‘ " _|n+
/NBL" e
,? . 3 a vy eds
N ‘ &4 4 &
&4
e o
pr complex

| n=4,5,6 || M=Fe,Ru,Os | | roy=5,10,15A]

| (q', ") = (+0.1,-0.1), (+0.3, -0.3), (+0.5, 0.5) |

Fig. 4. Input and structures of py and bpy complexes.

2.2 Theory

Dynamic calculation for the simulation of signal transmission is all based on one-electron
theories. A method of time evolution is similar to that of Remacle and Levine (24-27). All
procedures shown below are repeated for both « and g MOs.

In initial stationary state before the switch, the following one-electron equation

W lh) = e |yh) (1)

is satisfied, where 'hi, l¢l), and ¢!, denote one-electron Hamiltonian, nth MO, and nth orbital
energy when g=g', respectively. Similarly, in final stationary state after the switch, the
following equation

Wty = el |yh) )

is satisfied, where hf, \1/)51), and s; denote one-electron Hamiltonian, nth MO, and nth orbital
energy when g=qf, respectively. At the moment (t = 0) of switch of input (9=¢' — g=g°),
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one-electron Hamiltonian / suddenly changes from k! to hf(0) (31) but MOs are remaining

1), so that time evolution of nth MO |, (t)) is represented by the following time-dependent
Schrédinger equation (in atomic unit)

20 oo, ®

where |,,(0)) corresponds to |¢},). Neglecting the time dependence of hf(t) (assumed to be
equal to if of Equation 2) and expanding |,,(t)) in a complete set of the final stationary states
\¢]f. ) of Equation 2, |¢,(t)) is written as

all all

u(8)) = e (0)) = Y eyl (0)) = Y [whhe (4)

] ]

where d;,, = <l/)]f|l/)n(0>> = <1p]f|1p}l> is the overlap integral between MOs and j runs over all

MOs when g = gf. This approximation gives not only a drastic reduction of computational
time but also a simple picture of signal transmission based on MOs. Then, an inner product
of |Pn(t)) is

L i Aeiity f) o

LAQE
(Wn(O)9n(t)) = Y djudyue’ 7 Wjly) =1, )

il

where Agji = ef — 8?,. In actual calculation, |¢;) and |¢;) are expressed by localized gaussian

J
functions |¢) and molecular coefficients ¢ as

all

|¢]> = chy|¢ﬂ>/ (6)
M

all

i) = Y cjvle), )

where p and v run over all basis functions. Total number of electrons N is defined as

OocCcC.

N =} (@n(t) [¢u(t))- (8)

Substituting Equations 5 and 7 into Equation 8, N can be explicitly rewritten like the form of
Mulliken population as (32; 33)

all | occ. all

N = Z Z Zd]nd]/n . C]'MC]'/V . COS(AEJ']'/ t) <¢P‘|4’V>

py | nojj
all all
- ZPVVS;“/ - Z(PS)VVI (9)
[TRY v
where S is an overlap matrix of Sy, (= (¢u|¢v)), and P is a population matrix of Py,:
occ. all
Pyy = Z Zdjndj’n “CjuCjry - cos(Aejjr t). (10)
g
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Then, the time-dependent Mulliken charge of unit u is defined as

Atom Basis
Qu(t)y =Y {za— ) (PS)W}, (11)

acu vea

where Z, is a nuclear charge of an atom a. The value in the braces of Equation 11 corresponds
to the Mulliken charge of a.

2.3 Computation

All dynamic calculations were performed by the restricted DFT method for 4+ and 6+
complexes, and unrestricted DFT method for 5+ complexes, using B3LYP functional. It is
well-known that DFT method generally over-estimate the electron delocalization (35), so that
the HF method which generally under-estimate the electron delocalization was also checked.
However, detailed results of HF method are not shown in this chapter (see my previous paper,
ref. 24). Conventional basis set was used for H, C, and N atoms (6-31G(d) for C and N
atoms, and 6-31G for H atoms). All-electron 3-21G basis set was used for Fe and Ru atoms,
and LANL2DZ basis set and LANL2 pseudo potential were used for Ru and Os atoms. It
was confirmed about Ru complexes that there is only a small difference between the results
obtained by 3-21G and LANL2DZ basis sets. Therefore, the comparison between Fe (3-21G),
Ru (3-21G), and Os (LANL2DZ) complexes will be valid. All results of Ru complexes shown
in this chapter are those obtained by 3-21 basis set for Ru atom.

Gaussian 03 program package (34) was used for geometrical optimizations and self-consistent
field electronic calculations. Fortran 77 program for the time evolution of the Mulliken charge
and its analysis was coded by myself.

3. Structures

3.1 Geometries

Geometrical optimizations were performed for only 5+ complexes. The schematic structures
of py and bpy complexes with are shown in Fig. 4. Npr, N, and N; represent N atoms
of M-BL, cis-M-NH3, and trans-M-NHj3; bonds, respectively. Geometrical optimizations of
py and bpy complexes have already been studied by other research groups, imposing or
without imposing symmetry (35-39). In this chapter, all possible symmetries (including C;
point group) were checked in the search of the stable structures, and it was confirmed that the
most stable structures have no vibrational modes with imaginary frequencies.

Table 1 shows a summary of the computed geometries of this work. For py complex,
imposing Cyj,, Coy, C, Cs, and C; symmetries, the most stable symmetries were obtained as
Cyy symmetry (>Bg state) for Ru complex and C, symmetry (B state) for Fe and Os complexes.
Some calculations starting from C; symmetry also converged into these symmetries, so that
stable structures of py complex were concluded to be symmetric. Energy differences between
the most stable structures in each symmetry are very small that the symmetry of the stable
structure will strongly depend on a selection of calculation method and basis set. Two
M atoms of the complex are equivalent so that py complexes are regarded as Class III of
Robin-Day’s classification (40). The results of this work about Ru complexes are very similar
to the results obtained by Braun-Sand and Wiest (17), but Ru-Npr, bond lengths are estimated
a little longer due to the polarization basis function of N atoms. Compared with X-ray crystal
structure (42; 43), computed bond lengths, especially Ru-Npp, bond length, are over-estimated
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by about 0.2 A. This is because that inter-molecular interactions are neglected in calculations
of this article.

py bpy
Metal Fe Ru Os Fe Ru Os

Symmetry C Gy G C G Cy

Electronic State 2B 2Bg ’B B ?B ’B
M-Ngi, 1.939 2.206 2.099 1.927 2.169 2.115
M-N, 2.028 2.210 2.197 2.026 2.205 2.192
M-N; 2.075 2.191 2.211 2.071 2.208 2.214
dihedral angle - - - 151 283 23.0

Table 1. Summary of symmetries, irreducible representations of electronic state, and
computed M-N bond lengths (A) of py and bpy complexes with charge n = 5. M-N. bond
length is averaged over all M-N. bonds.

For bpy complex, the most stable symmetries finally converged to C, symmetry (>B state).
Another structure starting from C; symmetry also converged into this structure, so that
Cy symmetry was concluded to be the most stable structure. Computed bond lengths of
Ru complexes in Table 1 is similar to the results obtained by Braun-Sand and Wiest (17).
The dihedral angles between two CsN rings are 15.1°, 28.3°, and 23.0° for Fe, Ru, and Os
complexes, respectively. These calculation predicts bpy complex to be classified into Class III.
Contrast to above results by DFT method, HF method gives C; symmetry as stable structure
of bpy complexes (not shown in the text)(24). HF calculation predicts large difference between
two M-Npp bond lengths. This result is consistent with the fact that Ru-bpy complex
is thought to belong to Class II due to the experimental result of near-IR spectrum (41).
These calculated results are not surprising because HF method tends to give more localized
electronic structures than DFT method.

In my previous paper (24), bpy complexes were classified into Class III and Class II by DFT
and HF methods, respectively. And it was found that signal transmission does not take
place in Class II complex by HF method. Therefore, I focused only on the Class III result
by DFT method in order to analysis signal transmission behavior and expand knowledge
about molecular design of QCA even though the classification of bpy complex into Class III
is contradict to the experimental observation.

3.2 Frontier molecular orbitals

Frontier molecular orbitals of Ru complexes (BL = py and bpy, n = 5) are shown in Fig. 5. Be
careful that no input charge is put at the side of complex in this figure. Other orbitals do not
contribute to the signal transmission so that are not shown here. For py complexes, 112« and
113« orbitals are linear combinations of 4d,2_,» orbitals of Ru atoms. 112 and 1138 orbitals
are constructed from 4d,, orbitals of Ru atoms and 77* orbital of BL. In 112 orbitals, 4d,, and
rt* forms bonding orbital so that it has lower energy than 1138 orbital. Both 114« and 114
orbitals are almost same to the 77* orbitals of BL and have anti-bonding character between
metals and BL. Similar to the frontier orbitals of py complex, those of bpy complexes are
also constructed from 4dy,; and 4d,. . orbitals of Ru atoms and 77* orbital of BL. However,
contribution of BL 7r* orbital to 132 orbital in bpy complex is smaller than that of BL 7
orbital to 112 orbital in py complex. Orbitals of Fe and Os complexes are not shown here but
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are qualitatively same to those of Ru complexes. 3d and 5d orbitals contribute to frontier MOs
of Fe and Os complexes, respectively.

(a) Py (b) Bpy
b 2 b % - iy y ¥
- PRI - P EEEET - FEREL- T E
2,999 3 - o » 4 - SR ?
114a 114 1340 —— — 1345
= 0oy % Fed, P i - e L
1138« T 11348 133« —T— — 1335

Fig. 5. Frontier molecular orbitals of (a) py and (b) bpy complexes without input charge.

4. Signal transmission

4.1 Input position
The relation between input position and signal transmission behavior is discussed. About Ru

complexes with 5+ charge, switch position r,_gy is changed from 5 A to 15 A. Input charge is
p & p q & p &

switched from g'=+0.5 to 4f=-0.5.

4.1.1 Ru-py complexes

(a) Py (b) Bpy
2.8
2.6 |r

o 22 \\ Q 22

/ \
Q . “\ ) 54
2.0 AN | 104 2.0
15A
1.8 ‘ ‘ ‘ ‘ 1.8
0 1 2 3 4 5

t(fs)
Fig. 6. Dependence of dynamic behavior on input position. Results of (a) py and (b) bpy
complexes.

Figure 6 shows time-evolution of Q1 (t) and Q,(t) after the switch of the input. The moment
of the switch of input corresponds to t=0. Summation of Q1, Q», and charge of LB is always
exactly +5. Time evolution of the charge of BL is very small so that is not shown here. As time
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flows after the switch, Q, decreases and Q; increases, namely, signal (electron) is transmitted
from U1 to U2 by the Coulombic repulsion.

In py results shown in Fig. 6(a), Q; becomes almost same to Q, at t ~ 0.8fs. Att ~1.2fs, Q;
becomes almost same to Q»(0), and Qy becomes almost same to Q1(0). Signal transmission
is completed at this time, so that the signal transmission time (fst) is estimated as tst ~ 1.2 fs.
After the signal transmission, periodic behavior is repeated with a period of T ~ 4.3 fs.

As a whole, the amplitude of the time evolution (signal amplitude: A) is strongly dependent
on r;_Ry, on the other hand, signal transmission time (fst) and period of the evolution (signal
period: T) are almost independent of r;_gy. Charge of BL remains almost constant throughout
the time evolution, so that signal transmission is said to occur via a hopping mechanism (26).
Whenr, ry=5 A, dynamic behavior is a little complicated because that electric field originated
from g is so strong that electronic structure is strongly perturbed.

4.1.2 Ru-bpy complexes

Fig. 6(b) shows time-evolution of Q1(t) and Q»(t) after the switch of the input. Charge
of BL (not shown) remains almost constant throughout the time evolution, so that signal
transmission is said to occur via a hopping mechanism as py complex. At t ~ 1.8fs, Q;
and Q; become almost the same. Att ~ 2.6fs, Q; becomes almost same to Q,(0), and Q,
becomes almost same to Q1(0), so that the signal transmission time is estimated as st ~ 2.6 fs.
Periodic behavior is repeated with T ~ 9.1 fs. A is strongly dependent on r; gy, but fs
and T are almost independent of 7, _gy. It should be noted that A of bpy complex is a little
larger than that of py complex, and tst and T of bpy complex are about twice as large as
those of py complex. Thus, signal transmission through bpy complex with long BL is slower
than that through py complex with short BL. From the viewpoint of signal amplitude, bpy
complex is better suited for molecular QCA, but from the viewpoint of signal transmission
time, dynamic calculation gives the opposite result. This means that for the simulation and
design of molecular QCA, dynamic consideration is indispensable.

Signal transmission time tg is 1-2 fs at the maximum. On the other hand, the period T of
nuclear motion is usually several tens - several hundreds fs. Therefore, nuclear vibration will
have only a small influence on the signal transmission and can be neglected.

4.1.3 Analysis from molecular orbitals (MOs)

It was found that signal amplitude (A) is strongly dependent on r; gy, on the other hand,
signal transmission time (tst) and signal period (T) are almost independent of r, g,. Here,
these points are discussed from the viewpoint of MOs and orbitals energies.

4.1.3.1 Molecular orbitals

Figures 7 and 8 show frontier MOs and orbital energies of stationary states of py and bpy
complexes before (g=¢') and after (3=¢f) the switch of the input when n = 5.

For py complex (Fig. 7), 112« and 113a orbitals dramatically change before and after the
switch. Two d, orbitals, 112« of (a) and 112« of (b), are originally degenerated when 4=0.0.
This is also applied to a set of 113« of Fig. 7 (a) and 113« of Fig. 7 (b). When g=+0.5, one
of two orbitals in which U1 has large distribution is stable due to the Coulombic attraction to
the positive . Inversely, when g=—0.5, the other orbital in which U2 has larger distribution
is stable due to the Coulombic repulsion to the negative q. 112 and 1138 are almost same to
the 1128 and 1138 orbitals without input charge shown in Fig.5 and are constructed mainly
from a linear combination of two 4d,, orbitals of two Ru atoms, one bonding and the other
anti-bonding. 1128 has larger distribution on Ul when g=+-0.5 and on U2 when g=—0.5 due
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Fig. 7. Frontier molecular orbitals and orbital energies of py complex when n = 5. (a) Initial

stationary state (|¢')) with g=4'=+0.5 and (b) final stationary state (|if)) with g=¢=—0.5. In

this figure, input g is placed at a distance of ,_r,=10A on the left of the complexes (also see
Fig. 4).

1 (a) Initial State { (b) Final State

14 1840 —— —— 1348
TR E - _ SRR I SRERT - 7 {3
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> 13343
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Fig. 8. Frontier molecular orbitals and orbital energies of bpy complex when n = 5. (a) Initial
stationary state (|g')) with g=g'=+0.5 and (b) final stationary state (|yf)) with g=¢°=—0.5.

to the Coulombic interaction to the input (see enlarged figures in Fig. 7). However, 1138 has
opposite character, that is larger distribution on U2 when 4=4-0.5 and on Ul when g=—0.5,
because 112 and 113 are a pair of bonding and anti-bonding orbitals. Larger distribution
on one unit of 112 naturally results in smaller distribution on the same unit of 113p.
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The same interpretation can be applied to results of bpy complex in Fig. 8. 132« and 133«
are localized on Ul when 4=+0.5 and are localized on U2 when g=—0.5 due to Coulombic
interaction. 132p and 1338 have bonding and anti-bonding character, respectively, and are
mainly constructed from two 4dyz orbitals.

4.1.3.2 Signal period (T)

Time-dependent part of Equation 11 is extracted as

all
Z _Au]]/ COS(ZT[t/T]’jl), (12)
Ji'#i

where

T]]/ = 27T/A€]']'/, (13)

Atom Basis all occ.

Awjjr = Z Z Z Z djndjry - CjuCiry - Spv- (14)

acu vea p n

Ty and A,y are the signal period and signal amplitude of unit u of the time evolution,
respectively. The term —A,;ycos(27tt/Tj;) represents the contribution of the interaction
between |l[J]f> and |l/)]f,> to the time evolution of Q,(t). All terms with j = j' are excluded
because they are time-independent (A¢j; = 0). In Table 2, two values of Tj; are tabulated
in order of |[A,ji|. For both py and bpy complexes, (j, j)=(H, L) term is dominant in U1l
and U2 so that the transmission character is almost determined by H and L, where H and L
denote HOMO(B) and LUMO() of the final stationary state (g=¢'=—0.5). The values of the
second largest A, are negligibly small. Thus, consideration of only (H, L) term is enough to
reproduce Fig. 6.

The Tjy (or Agjjr) with the largest A, mainly determines the period (T) of the time evolution.
Tj;r is almost independent of 7, g, because orbital energies £§- are influenced by the strength of

electric field originated from the input but energy gaps A¢;» between frontier MOs are almost
determined by the interaction between Ru atoms, bridging ligand, and ligands, and are little

influenced by the strength of electric field originated from the input (see orbitals energies of
Figs. 7 and 8).

4.1.3.3 Signal amplitude (A)

In dynamic behavior, signal amplitude (A) is almost determined by the value of A, yr. AyHr
is divided into two terms as

Aynr = CyurDHL, (15)

where

Curr = Y Y. Y cruCrvSuv, (16)

acuvea u
Dur = Y_dundry. 17)
n

Absolute values of A, g1, C,yr, and Dy are tabulated in Table 3. As seen from the time
evolution in Fig. 6, A,y sharply decreases as rg—Ru Increases. Cuh1 changes only a little as
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’g—Ru

Unit 1

Unit 2

it Ay Ty

jj Asy Ty

1% 5A

1128, 1138 0.128 4.26
106w, 115x 0.006 0.57

1128, 1136 -0.140 4.26
111, 114a 0.008 1.03

10A

1128,1138 0.052 4.47
1128,1144 0.001 1.47

1125,113B -0.053 4.47
109«, 114« 0.002 0.94

15A

112,1138 0.027 4.47
109«, 114« -0.001 0.92

112B, 113B -0.028 4.49
1092, 1144 0.001 0.92

bpy 5A

132B,133p 0.143 9.06
1238,1358 0.006 0.53

1328, 133 -0.145 9.06
131a, 1340 0.004 1.04

10A

132B,1338 0.061 9.34
114a, 1350 -0.001 0.44

132,133 -0.061 9.34
131a, 1344 0.001 0.93

15A

1325,1338 0.033 9.36
1144,1358 0.000 0.43

132,133 -0.033 9.36
130«,134a 0.001 0.91

Table 2. Contribution of a set of (j, ') orbitals to the time-evolution of Mulliken charge. Two
values of Tjy (fs) are shown in order of |Aj| (e). For all complexes, the set of (HOMO(B),
LUMO(p)) gives the largest A,
rq—Ru increases, but Dy sharply decreases as r; gy increases. Thus, the decrease in A, gy
attendant on the increase of r;_gy is mainly due to the decrease in Dyy. Although Dy is
defined as a summation over all MOs 7 as seen in Equation 17, dgpdyppy among all dpy,dr,
has the dominant contribution to Dy, where H' is HOMO(B) of the initial stationary state
(g=g'=+0.5), because dy;, is almost zero except for n = H'. Additionally, although the values
of dgy are almost constant (0.926 < dyp < 0.998) for all BL and r; gy, dry is strongly
dependent onr; gy as shownin Table 3. Asr; g, becomes smaller, the values of dyyp deviate
from 1. The values of dpy// A, are almost constant for all 7, g,. Consequently, we can
approximate Equation 15 as

|Aymr| o< |dpr]. (18)

H'’ and L have been already shown in Figs. 7 and 8. In both complexes, larger distribution
of H' is located on Ul. Similarly, larger distribution of L is on Ul. For both complexes,
the function lpr 1/)}{, has positive value around Ul and negative value around U2. tpr 1/)}{,
has larger distribution on U1 than on U2, so that the overlap integral drpr = (¢! i) has
non-zero value in total. If the input is positioned considerably far from the complex (this
situation is equivalent to ' ~ gf = 0), the value of d; ;r is almost zero because L and H’ are
almost orthogonal. Namely, the input placed nearer to the molecule leads to more asymmetric
H' and L, so that d;y, in other words, A,y tends to be large. All complexes with bpy
BL have small coefficients on BL and MOs distribute mainly on the metal atoms. Thus, the
distribution of frontier orbitals of bpy complexes is strongly influenced by the switch of the
input and signal amplitude A of bpy complexes is larger than that of py complexes.

4.2 Switch power

The relation between switch power and signal transmission behavior is discussed. Switch
power corresponds to the difference between g' and ¢f. About Ru complexes with n = 5 and
rg—ru = 10 A, three kinds of switch, (¢, qf) = (+0.1, -0.1), (+0.3, -0.3), and (+0.5, -0.5), are
simulated.
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Py ___ bpy
r9—Ru 5A. 10A 15A 5A 10A 15A
AyHL 0.128 0.052 0.027 0.143 0.061 0.033
CuHL 0.378 0.418 0.424 0.412 0.444 0.448
Dyr 0.338 0.125 0.065 0.348 0.137 0.075

drpdp 0.338 0.125 0.065 0.348 0.137 0.075
dyp 0.931 0.992 0.998 0.926 0.990 0.997

dr 0.364 0.126 0.065 0.376 0.139 0.075
drg/Augr 2.84 242 241 263 228 227

Table 3. Absolute values of A, g1, Cunr, DaL, A driy, Aunr, dip, and dy g/ Ay gr, of unit
2.

4.2.1 Ru-py and Ru-bpy complexes

Figure 9(a) shows the results of py complex. Signal fperiod (T) is 4.3 fs and signal transmission
time (fst) is 1.2 fs, and both are independent of (4, g'). On the other hand, signal amplitude (A)
decreases as (q', ') becomes small. This is because that MOs become more symmetric as (4,
qf ) becomes small so that values of dj iy becomes small. Figure 9(b) shows the results of bpy
complex. Signal period (T) is 9.1fs and signal transmission time (tst) is 2.6 fs. Dependence of
A and T on the switch power is same to the result of py complex.

(a) Py (b) Bpy
2.6 2.6
25 € 25
= 24 E 24}
S 23 S 23—
2.2 2.2
2.1 2.1
t (fs) t (fs)

Fig. 9. Dependence of dynamic behavior on switch power. Results of (a) py and (b) bpy
complexes

4.2.2 Analysis from MOs

In Table 4, the largest |A,j;| and corresponding Tj; are tabulated. Similar to the discussion
about the input position, (j, j') = (H, L) term is dominant so that the transmission behavior is
almost determined by H and L. The Tj; (or Aej) with the largest A, mainly determines the
period (T) of the time evolution of Figure 9.

Absolute values of Ay, C,yr, and Dy are tabulated in Table 5. We can see that the
order of Dy qualitatively correspond to that of A,p;. Therefore, the analysis of Dy is
necessary for understanding the values of A,yr. dypdry term among all dy,d;, terms
has the dominant contribution to Dyj. Although the values of dppy are almost an unit
(0.990 < dyp < 1.000) for all complexes, dy - is strongly dependent on the switch power.
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Unit 1 Unit 2

(4, 4" i Ay Ty g Agjy Ty

py (+0.1,-0.1) 1125, 1138 0.011 450 1126, 1136 -0.011 4.50
(+03,0.3) 112B, 113f 0.032 449 1128, 1138 0.032 4.49
(+0.5,0.5) 1128, 113f 0.052 4.47 1126, 1138 0.053 4.47
bpy (+0.1,-0.1) 1325, 1335 0.012 9.37 1328, 133 -0.012 9.37
(+0.3,0.3) 132, 1336 0.037 9.36 1324, 1338 -0.037 9.36
(+0.5,0.5) 1328, 133p 0.061 9.34 1324, 1335 0.061 9.34

Table 4. Dependence of dynamic parameters, |A,;y| and T}, on switch power.

Consequently, we can qualitatively discuss the values of |A, g | from those of |dp|. As the
switch power increases, asymmetry of H' and L increases. Therefore, signal amplitude A
also increase. These discussions about switch power are qualitatively same to those of input
position in the subsection 4.1. Thus, a decrease in (4!, 4') is equivalent to an increase in g—Ru-

. Py bpy

(¢', 9 (+0.1,-0.1) (+0.3,-0.3) (+0.5,-0.5) (+0.1,-0.1) (+0.3,-0.3) (+0.5,-0.5)
ALHL 0.011 0.032 0.053 0.012 0.037 0.061
CuHL 0.429 0.429 0.429 0.449 0.448 0.445

Dy 0.025 0075  0.125 0.028 0.083  0.137
dupdi 0025 0075 0125 0.028 0.083  0.137
A 1.000 0997  0.995 1.000 0.997  0.990

dp g 0025 0075  0.126 0.028 0.083  0.139
drp/Augr 227 2.34 2.38 2.33 2.24 2.28

Table 5. Absolute values of A, 51, Cunr, DaL, Adugdry, Agp, dpp, and dy pr/ Ay g of U2.

4.3 Complex charge

The relation between complex charge and signal transmission behavior is discussed about Ru
complexes. Complex charge n+ is set at 4+, 5+, and 6+. Electronic structures of complexes
with n+ = 44,64 charges were obtained by the single point calculations of the complex
with the optimized geometry in n+ = 54 charged state. Complex with 5+ charge is
open-shell systems, and those with 4+ and 6+ are closed-shell system. In the calculation,
other parameters are fixed at 7, gy = 10A and q', qf)=(+0.5, -0.5).

4.3.1 Ru-py and Ru-bpy complexes

Figure 10(a) shows time evolution of Q1(¢) and Q;(f) of py complexes with 4+, 5+, and 6+
charges. Signal transmission time ts; is estimated as 0.3 fs (4+) < 1.2fs (5+) < 1.5fs (6+) and
values of signal amplitude A are estimated as 0.01e (6+) < 0.02e (4+) < 0.05e (5+). After
the signal transmission, periodic behavior is repeated with a period (T) of 1.5fs (4+) < 4.5fs
(5+) < 5.7fs (6+). From the viewpoint of operation speed of QCA device, 4+ complex is most
useful. On the other hand, from the viewpoint of signal amplitude of QCA device, 5+ complex
is most useful.

Figure 10(b) shows time evolution of Q1 (t) and Q»(t) of bpy complexes. Signal transmission
time fs, signal amplitude A, and signal period T are estimated as 0.2fs (4+) < 2.2fs (5+) ~
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Fig. 10. Dependence of dynamic behavior on complex charge. Results of (a) py and (b) bpy

complexes

2.2fs (6+), 0.01e (4+) < 0.02e (6+) < 0.06e (5+), and 1.4fs (4+) < 8.3fs (6+) < 9.3fs (5+),
respectively. From the viewpoint of operation speed of QCA device, 4+ complex is most
useful. On the other hand, from the viewpoint of signal power of QCA device, 5+ complex is
most useful. This result is qualitatively same to the results of py complex.

4.3.2 Analysis from MOs

Figures 11 and 12 show frontier MOs and orbital energies of stationary states of py and bpy
complexes before and after the switch of the input. Only HOMO and LUMO are shown here
since other orbitals play almost no role in signal transmission (24). These MOs are almost
same to the orbitals shown in Fig. 5. However, LUMO of 6+ complexes are different between
initial and final stationary states for py and bpy complex.

(a) Initial State

(b) Final State

4+ 4 14 = Laanl . L
%2 ut b~ A

W x é: ‘d/' ’;‘ ar IAgHL

N A S

5+ 4 * x %“‘i‘%‘ L
1138 - 4 IAEHL

* s - o / - Py L

6+ ¢ _-*%«4*{ d. %g;ﬁ L
113 ~ 48 ik : 1 2¢

* H;:I_vﬁz * i‘ / f‘“-"" ﬂ_H

Fig. 11. Frontier molecular orbitals and orbital energies of py complex. (a) Initial stationary

state (|¢')) with g=g'=+0.5 and (b) final stationary state
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(a) Initial State (b) Final State

4+ ¢ . & x . E ¥ L
RE L - L RERE T - ]
W i / b : . Agy,
H'$|133_‘§'«?’3:r#§‘-8;'_ .vgq:ga.;-.%. %-H
5+ t ‘ét’::}f::ué.‘ d ._&!::!ﬁ”é___ L
1338 3 i s s :l: $ dgy
% e =
wl12s - @8aanrg ‘3**’“-’**_&"
6+ 4 -ﬁ;ﬂasé- ?M’“ ,
133 = G 2. : $ ey
©W . ) -
H |y 132 -'#"“-’""?'f 13-’3:.:_:1:@.-

Fig. 12. Frontier molecular orbitals and orbital energies of bpy complex. (a) Initial stationary
state (|y')) with g=¢'=-+0.5 and (b) final stationary state (|ipf)) with g=gf=—0.5.

In Table 6, two values of Tj; are tabulated in order of [A,j;|. Except for bpy complex with 4+
charge, (j, ) = (H, L) term is dominant so that the transmission behavior is almost determined
by H and L except for bpy complex with 4+ charge. The Tj; (or Aej) with the largest A,
mainly determines the period (T) of the time evolution of Figure 10. H-L energy gap (eyr) of
4+ complexes is very large so that signal period T is very short.

Unit 1 Unit 2

nt g Ay Ty g Ay Ty

py 4+ 113,114 0005 145 113,114 -0.004 1.35
106,119 0.001 0.48 101,117 0.000 0.45

5+ 1125, 1136 0.052 4.47 1128, 113p -0.053 4.47
1126,1148 0.001 1.47 109, 114a 0.002 0.94

6+ 112,113 0015 574 112,113 -0.015 5.74
102,115 0.001 0.58 101,116 -0.001 0.53

bpy 4+ 133,134 0.003 1.36 130,134 -0.001 1.24
124,143 0.002 0.47 133,134 -0.001 1.36

5+ 1325, 1336 0.061 9.34 1325, 1336 -0.061 9.34

114«,135a -0.001 0.44

131a,134a 0.001 0.93

6+ 132,133 0.017 8.29
125,133 0.002 2.11

132,133 -0.017 8.29
125,133 0.002 2.11

Table 6. Dependence of dynamics parameters, |A,;y| and T;

j,» on complex charge.

Absolute values of A, 1, Cynr, and Dy are tabulated in Table 7. In previous sections, the
values of |A, 1| were proportional to those of |d} | since the values of C,y; were almost
constant for all cases (24). In this section, however, the values of |A, | are not exactly
proportional to those of |d] | since the values of C, 1 also depend on the number of occupied
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orbitals. We can see that the order of Dy qualitatively corresponds to that of dy . 4+ and
6+ complexes have much smaller djjp than 5+ complexes. This is because that 4+ and 6+
complexes have closed-shell electronic structures, therefore, input switch has little influence
on the shapes of H and L. On the other hand, 5+ complexes have open-shell electronic
structures, so that the molecular orbital is sensitive to the input charge. These results mean
that mixed-valence complexes are suitable for QCA application.

Py bpy
n+ 4+ 5+ 6+ 4+ 5+ 6+
A,y 0.004 0.053 0.015 0.001 0.061 0.017
Cuygr  0.122 0.429 0.461 0.037 0.445 0.428
Dyr  0.029 0.125 0.033 0.023 0.137 0.039

dyprdp 0.025 0.088 0.033

0.009 0.137 0.039
0.497 0.990 0.999

Ay 0.926 0.996 0.999

drgr 0.027 0.088 0.033 0.018 0.139 0.039

Table 7. Absolute values of A, g1, Cunr, DHL, A dig, Ay, and dp g of U2

4.4 Kind of metals

The relation between metal atoms and signal transmission behavior is discussed. Metal is
changed Fe, Ru, and Os. Complex charge and switch power are selected as 5+ and (+0.5, -0.5),
respectively.

4.4.1 M-py and M-bpy complexes

Figure 13(a) shows time evolution of Q1 (t) and Q(t) of py complexes after the switch of the
input from q = +0.5 to g = —0.5. Signal transmission time ¢ is estimated as 0.6 fs (Fe) < 0.7 fs
(Os) < 1.1fs (Ru). After the signal transmission, periodic behavior is repeated with a period
(T) of 2.0fs (Fe) < 2.5fs (Os) < 4.5 fs (Ru). From the Figures, values of signal amplitude A are
estimated as 0.05e (Fe) < 0.06 e (Os) < 0.10e (Ru). All ts, T, and A are dependent on the kind
of metal. From the viewpoint of operation speed of QCA device, Fe complex is most useful.
On the other hand, from the viewpoint of signal power of QCA device, Ru complex is most
useful.

Figure 13(b) shows time-evolution of Q1 (t) and Q»(t) of bpy complexes. Signal transmission
time fg is estimated as 1.4fs (Fe) < 1.7fs (Os) < 2.5fs (Ru). After the signal transmission,
periodic behavior is repeated with a period (T) of 5.2fs (Fe) < 6.3fs (Os) < 9.3fs (Ru). These
values of T are almost twice as large as those of py complexes, and are valid considering
the difference in molecular size between py and bpy bridging ligands. The values of A are
estimated as 0.11e (Os) < 0.12e (Ru) < 0.13e (Fe). From the viewpoints of both operation
speed and signal power of QCA device, Fe complex shows good result.

4.4.2 Analysis from MO

Figures 14 and 15 show frontier MOs and orbital energies of stationary states of py and bpy
complexes before (a) and after (b) the switch of the input. Only HOMO and LUMO with B
spin are shown here since other orbitals play almost no role in signal transmission (24). These
MOs are mainly constructed from 7t* orbital of BL and dy, orbital of M atom. HOMOs have
larger distribution on Ul when q = +0.5 e due to the Coulombic attraction. On the other hand,
when g = —0.5e, HOMOs have smaller distribution on U1 due to the Coulombic repulsion.
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Fig. 13. Dependence of dynamic behavior on metal atoms. Results of (a) py and (b) bpy
complexes.

In Table 8, the largest |A,j;| and corresponding value of Tj; are tabulated. For all complexes,
(j, /) = (H, L) term is dominant so that the transmission behavior is almost determined by

H and L. The Tj; (or Aejy) with the largest A, mainly determine the period (T) of the

time evolution of Figure 13. Orbital energies s§. are influenced by the strength of electric field

originated from the input, but energy gaps Ae it between frontier MOs are almost determined
by the interaction between metal atoms, bridging ligand, and ligands. Difference in the kind
of metal atoms results in the difference in this interaction (A¢;; and Tjj).

Absolute values of A,y;, Cyyr, and Dpj are tabulated in Table 9. We can see that the
order of Dy qualitatively correspond to that of A,pr. Therefore, the analysis of Dy is
necessary for understanding the values of A, ;. dgpydp g term among all dp,d;, terms has
the dominant contribution to Dy . Additionally, although the values of dpp are almost an
unit (0.980 < dyp < 0.996) for all complexes, dypy is strongly dependent on the kind of
metal. Consequently, we can qualitatively discuss the values of | A, 1 | from that of |dyp|. H'
and L have been already shown in Figures 14 and 15. The values of |A, ;| are not exactly
proportional to those of |dy | since the values of C, 1 also depend on the kind of metal
atoms. In all complexes, larger distribution of H' is located on U1 (left-hand side). Similarly,
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Fig. 14. Frontier molecular orbitals and orbital energies of py complex. (a) Initial stationary

state (|¢')) with g=¢'=-+0.5 and (b) final stationary state (|ipt)) with g=gf=—0.5.
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Fig. 15. Frontier molecular orbitals and orbital energies of bpy complex. (a) Initial stationary

state (|¢')) with g=¢'=40.5 and (b) final stationary state (|yf)) with g=¢'=—0.5.

larger distribution of L is on U1. For all complexes, ¢fL L, has larger distribution on U1 than

on U2, so that the overlap integral dpr = (¢! |p1,,) has non-zero value in total.

About py complexes, H' and L of Ru complex have large distribution on the Ru metal but
those of Fe complex have small distribution on the Fe metal from Figure 7. Therefore,
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Unit 1 Unit 2
M7 Ay Ty g7 Ay Ty
py Fe 94p,95p 0.0212.00 94B,958 -0.026 2.00
Ru 1126, 1136 0.052 447 112, 113f -0.053 447
Os 84p,85p 0.031 248 84B,85B -0.033 2.48
bpy Fe 1146,1156 0.065 515 1148, 1158 -0.071 5.15
Ru 1326, 1336 0.061 9.34 1328, 1336 -0.061 9.34
Os 1046, 1056 0.056 626 104p, 1053 -0.057 6.26

Table 8. Dependence of dynamics parameters, |A,;y| and Tj;r, on kind of metals.

Py bpy
M Fe Ru Os Fe Ru Os

Aun. 0026 0.053 0.033 0.071 0.061 0.057
Cunr  0.295 0.429 0.352 0.372 0.445 0.401
Dy 0.088 0.125 0.093 0.192 0.137 0.141
dppdy g 0.088 0.125 0.093 0.192 0.137 0.141
dyp 0.996 0.992 0.996 0.980 0.990 0.990
diy 0.088 0.126 0.094 0.195 0.139 0.143

Table 9. Absolute values of A, g1, Cunr, DaL, Adgpdiy, Ay, and dp g of U2.

the distribution of frontier orbitals of Ru complexes is strongly influenced by the switch of
the input. Consequently, strongly deformed H’ and L give large d;pr and A. About bpy
complexes, simple interpretation like py complexes are a little difficult because the difference
in MO coefficients between metals of bpy complexes is smaller than that of py complexes. All
complexes with bpy BL have small coefficients on BL and MOs distribute mainly on the metal
atoms. Thus, signal amplitude A of bpy complexes is larger than that of py complexes and
the difference in A between bpy complexes is small.

5. Summary

With a view to analysing the dynamic behavior of molecular QCA device and designing
molecular QCA candidate, a new theoretical approach from frontier molecular orbitals are
discussed. From the detailed analysis of the dynamic behavior based on MOs and orbital
energies, the following three general points were found:

e Signal amplitude (A) through the complexes strongly depends on (4!, gf) and rg—M, and
its magnitude is explained from the asymmetry of MOs due to the input charge and the
overlap between MOs.

e Signal period (T) is independent of (', 4f) and rg—m because T is determined from energy
gaps between MOs (A¢) which is independent of (4!, gf) and rg—M-

* Signal transmission time (tst) is determined depending on the balance of A and T.

For dinuclear complexes discussed in this Chapter, discussions mainly about dp and Aepy
are valid except for only one system, bpy complex with 4+ charge. These results could be
useful guidelines for molecular design of molecular QCA candidates. Generally, Class III
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complexes with large A (large overlap) and small T (large A¢) tend to give small tst, and could
be good molecular QCA candidates.

This analysis method was applied to many varieties of QCA pattern, input position, switch
power, complex charge, and kind of metals, and we found that

* bpy complexes generally have stronger signal amplitude (A), but waste longer time (tst)
for signal transmission than py complexes

e Strong switch power (g', ) results in the large signal amplitude (A). Change in switch
power corresponds to the change in input position (7).

* MOs of mixed-valence complexes (n = 5) are sensitive to the change in input charge
g. Thus, these complexes are suitable for molecular QCA from the viewpoint of signal
amplitude (A).

¢ Large MO coefficient on metal atoms leads to the large A since shapes of such MOs are
greatly influenced by the switch.

Lastly, it should be noted that these method can be easily applied to the reverse switch (24).
Results by HF method can be discussed similarly, but signal transmission is difficult to occur
since HF method tends to overestimate the electron localization.
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