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CONS P EC TU S

T he transfer of electrons in molecules and solids is an essen-
tial process both in biological systems and in electronic

devices. Devices that take advantage of the unique electronic
properties of a single molecule have attracted much attention, and
applications of these devices include molecular wire, molecular
memory, and molecular diodes. The so-called Landauer formula
with Green's function techniques provides a basis for theoretical
calculations of coherent electron transport inmetal�molecule�metal
junctions.

We have developed a chemical way of thinking about elec-
tron transport in molecules in terms of frontier orbital theory.
The phase and amplitude of the HOMO and LUMO of π-conjugatedmolecules determine the essential properties of their electron
transport. By considering a close relationship between Green's function and the molecular orbital, we derived an orbital rule that
would help our chemical understanding of the phenomenon. First, the sign of the product of the orbital coefficients at sites r and
s in the HOMO should be different from the sign of the product of the orbital coefficients at sites r and s in the LUMO. Second,
sites r and s in which the amplitude of the HOMO and LUMO is large should be connected. The derived rule allows us to predict
essential electron transport properties, which significantly depend on the route of connection between a molecule and
electrodes. Qualitative analyses of the site-dependent electron transport in naphthalene (as shown in the graphics)
demonstrate that connections 1�4, 1�5, 2�3, and 2�6 are symmetry-allowed for electron transmission, while connections
1�8 and 2�7 are symmetry-forbidden. On the basis of orbital interaction analysis, we have extended this rule to
metal�molecule�metal junctions of dithiol derivatives in which two gold electrodes have direct contacts with a molecule
through two Au�S bonds.

Recently we confirmed these theoretical predictions experimentally by using nanofabricated mechanically
controllable break junctions to measure the single-molecule conductance of naphthalene dithiol derivatives.
The measurement of the symmetry-allowed 1,4-naphthalene dithiol shows a single-molecule conductance that exceeds
that of the symmetry-forbidden 2,7-naphthalene dithiol by 2 orders of magnitude. Because the HOMO and LUMO
levels and the HOMO�LUMO gaps are similar in the derivatives, the difference in the measured molecular conductances
arises from the difference in the phase relationship of the frontier orbitals. Thus, the phase, amplitude, and spatial
distribution of the frontier orbitals provide a way to rationally control electron transport properties within and between
molecules.

Introduction
Electron transfer in molecules and solids is an essential

process in biological systems and electronic devices.1 Mo-

lecular scale devices that use unique electronic properties of

a single molecule have attracted much attention with

applications to molecular wires, memory, and diodes in

mind.2 The Landauer formula3 with Green's function

technique4 is of great use for theoretical consideration of

electron transport phenomena in metal�molecule�metal

junctions. The nonequilibrium Green's function method

combined with density functional theory (DFT) is a popular

method at present for reliable calculations of coherent



Vol. 45, No. 9 ’ 2012 ’ 1612–1621 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1613

An Orbital Rule for Electron Transport in Molecules Yoshizawa

electron transmission probability.5�10 Several important

mechanisms that determine fundamental aspects of molec-

ular conductance have been discussed as a function of

molecular length, molecular conformation, and applied bias

voltage.11�19 In particular, conduction channel analysis in

terms of molecular orbital (MO) amplitude near the Fermi

energy has shown good guidelines for understanding mo-

lecular conductance. Orbital amplitude analysis based on

first principles calculations revealed that the delocalization

of the orbital is important to make a good conduction

pathway.5,20�22

Tada and myself have carefully investigated a relation-

ship between frontier orbitals and electron transport proper-

ties of π-conjugated systems,23�26 where frontier orbitals

mean highest occupied molecular orbital (HOMO) and low-

est unoccupied molecular orbital (LUMO). The derived rule

describes the importance of the orbital phase and the

amplitude of the HOMO and LUMO to determine essential

features of electron transport in molecules. The orbital

analysis is based on Green's function for the molecular part

of a metal�molecule�metal junction, in which two gold

chains are assumed to have weak contacts with a molecule.

By looking at the phase and amplitude of the HOMO and

LUMO, we are able to predict good connections for coherent

electron transport in π-conjugated systems. The purpose of

this Account is to explain the chemical understanding of

electron transport phenomena in molecules on the basis of

qualitative orbital thinking. The analysis based on special

attention to orbital phase with respect to the physical

phenomena is in line with the frontier orbital theory27 and

the Woodward�Hoffmann rules28 for chemical reactions. It

is notable that our orbital thinking derives from Green's

function theory, while the basis of the chemical reaction

theories is on second-order perturbation theory.

Orbital Rule of Molecular Conductance
We have developed an orbital rule for electron transport

properties of single molecules from the analysis of Green's

function with the simple H€uckel method in terms of the

orbital concept for the past decade.23�26 The orbital rule

provides a powerful tool to predict the conductance through

a single molecule. The necessary preconditions for the

application of the orbital rule can be summarized as follows:

(a) the coupling between amolecule and electrodes is weak,

(b) there is electron�hole symmetry or pairing theorem29 in

orbital energies and MO expansion coefficients, and (c) the

Fermi energy is located in the midgap of HOMO and LUMO.

In fact, much of the work on molecular electronics is based

on such molecules with large HOMO�LUMO gap and elec-

tron�hole symmetry. These assumptions are useful for

a better understanding of a comprehensible relationship

between the conductance of molecules and the Green's

function formalism. According to Landauer's model, the

conductance of a metal�molecule�metal junction in the

limit of zero temperature and zero bias voltage is written as

follows:8

g ¼ 2e2

h
T (EF) (1)

where e is the magnitude of the charge on electron, h is

the Planck constant, T is the transmission probability of

electron, and EF is the Fermi energy of electrodes. We can

calculate the transmission probability for a metal�
molecule�metal junction using the nonequilibrium

Green's function method.4 For a weak-coupling system,

the Green's function of a molecule, what we call zeroth

Green's function, plays an essential role in the calculation

of electron transimission., At the Fermi energy, thematrix

elements of the zeroth Green's function, Grs
(0)R/A, which

describes the propagation of a tunneling electron from

site r to site s through the orbitals in a molecular part, can

be written as follows:32

G(0)R=A
rs (EF) ¼

X

k

CrkC�
sk

EF � εk ( iη
(2)

where Crk is the kthMO coefficient at site r, asterisk on the

MO coefficient indicates a complex conjugate, εk is the

kth MO energy, and η is an infinitesimal number deter-

mined by a relationship between the local density of

states and the imaginary part of Green's function., Equa-

tion 2 tells us about an important correlation between the

MOs and Green's function. The role of the HOMO and

LUMO is significant in the zeroth Green's function be-

cause the denominators of the two orbitals are small in

comparison with those of other MOs in eq 2 when we

assume the Fermi energy of electrodes to lie between the

HOMO and LUMO. The contributions from the HOMO

and LUMO are written as follows:
CrHOMOC�

sHOMO

EF � εHOMO ( iη
þ CrLUMOC�

sLUMO

EF � εLUMO ( iη
(3)

Considering the reversed signs in the denominators in

eq 3, we can develop an orbital rule that is useful for

chemical understanding. To obtain effective electron
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transport through a single molecule, (1) two atoms in

which the sign of the product of the MO expansion

coefficients in the HOMO (CrHOMOC*sHOMO) is different

from that in the LUMO (CrLUMOC*sLUMO) should be con-

nected with electrodes and (2) two atoms in which the

orbital amplitudes of the HOMO and LUMO are signifi-

cant should be connected with electrodes.,

Electron Transport in π-Conjugated Systems
Having described essential features of the orbital rule, let us

next consider electron transport properties in naphthalene

that has direct contacts with two electrodes.26 Naphthalene

is an alternant π-conjugated system, in which the carbon

atoms can be divided into two groups, starred and unstarred,

in such a way that no two atoms of the same group are

directly linked, as shown in Scheme 1.29

TheMOsof naphthalene are shown in Figure1, inwhichβ

is the resonance integral or transfer integral. Note that there

is electron�hole symmetry or pairing theorem with respect

to the MO energies and MO expansion coefficients of the

alternant hydrocarbon within the framework of the simple

H€uckel method, in which the overlap integral is neglected.

The zeroth Green's function of naphthalene can be easily

calculated from the MO energies and MO expansion coeffi-

cients according to eq 2. If we assume the Fermi energy to lie

in the midgap of the HOMO and LUMO, their contributions

are significant in eq 2 since the denominators are small for

the HOMO and LUMO. Therefore we can reasonably use

eq 3 to intuitively evaluate the zeroth Green's function.

We can successfully predict from their orbital phase and

amplitude that the two terms of eq 3 are enhanced in certain

connections of atoms and canceled in other connections, as

shown in Figure 2.26 When the sign of the product of the

orbital coefficients at sites r and s in the HOMO is different

from the sign of the product of the orbital coefficients at sites

r and s in the LUMO, the contributions from the HOMO and

LUMO are constructively enhanced because the signs of the

denominators EF� εHOMO and EF� εLUMO are different. Here r

and s are connection atoms to electrodes. In order to further

enhance the contributions from the HOMO and LUMO, two

atoms in which the orbital amplitude of the HOMO and

LUMO is large should be connected with electrodes. On the

other hand, when the sign of the product of the orbital

coefficients at sites r and s in the HOMO is the same as the

sign of the product of the orbital coefficients at sites r and s in

the LUMO, the contributions from the HOMO and LUMO are

canceled. This relationship holds true also in a pair of HOMO

� 1 and LUMOþ 1, a pair of HOMO� 2 and LUMOþ 2, and

so on, due to the electron�hole symmetry at this level of

theory.29 Thus, electron transport is formally forbidden in

such unfavorable connections.

Thus, the transmission probability depends on how to

connect the molecule to two electrodes. On the basis of the

qualitative thinking about orbital phase, we can easily pre-

dict symmetry-allowed and symmetry-forbidden connec-

tions for transmission probability in naphthalene, as

shown in Figure 2. The solid arrows show connections in

which we expect finite transmission probability and the

FIGURE 1. πMOs of naphthalene. Note that there is pairing theorem
with respect to the MO energies and MO expansion coefficients.

FIGURE 2. HOMO and LUMO of naphthalene and symmetry-allowed
and symmetry-forbidden connections for electron transmission.

SCHEME 1
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dotted arrows show connections in which we expect no

transmission probability. Note that orbital phase is essential

for the characterization of this simple rule. As shown by the

thick arrow, connection 1�4 (also 5�8) is predicted to be the

best route for electron transport in naphthalene because the

sign of the product of the orbital coefficients at sites 1 and 4

in the HOMO is different from that of the product of the

orbital coefficients at sites 1 and 4 in the LUMO and at the

same time the HOMO and LUMO are significantly localized

at sites 1 and 4. Although connection 1�5 is less conductive

than connection 1�4, this result is not due to the larger

distance in connection 1�5. Partial cancellation occurs in

some paired orbitals for connection 1�5 in the zeroth

Green's function of eq 2.

Having described the qualitative orbital symmetry rule

for the electron transport in naphthalene, we next look at

computational results at the simple H€uckel level of theory.26

Computed transmission spectra for various connections of

naphthalene are shown as a function of the energy of

electron in Figure 3, where the solid lines show symmetry-

allowed connections and the dotted lines show symmetry-

forbidden connections. The sharp transmission peaks come

from the so-called resonance tunneling effect at the location

of MO levels. The transmission probability at the Fermi

energy (E = 0) plays an important role for conductance, as

mentioned earlier in eq 1. This computational result is fully

consistent with the qualitative prediction based on the

orbital symmetry discussion given above. As we expect,

connection 1�4 has the largest transmission probability at

the Fermi energy, whereas connections 1�8 and 2�7 have

no transmission probability. Connections 1�5, 2�3, and

2�6 have similar transmission probabilities at the Fermi

energy. The transmission probability in the symmetry-

forbidden connections 1�8 and 2�7 is computed to be zero

at the Fermi energy because the zeroth Green's function of

eq 2 is completely canceled, due to the electron�hole

symmetry for the MO energies and expansion coefficients

within the framework of the simple H€uckel method.

In the same way, we are able to distinguish between

symmetry-allowed and symmetry-forbidden connections

for the transmission probability in phenanthrene, as shown

in Figure 4. The qualitative predictions are in excellent

agreement with transmission spectra computed at the

H€uckel level of theory.26 In phenanthrene, connections

5�8, 5�9, 1�9, 1�6, 1�8, 6�10, and 3�6 show finite

transmission probabilities, whereas connections 6�9, 4�6,

6�8, 8�9, and 5�10 have no transmission probabilities at

the Fermi energy because the zeroth Green's function is

canceled. Connection 9�10 is predicted to be the best route

from the rule, but it is too close to construct a metal�
molecule�metal junction for this connection.

Thus, the orbital symmetry rule is very useful for the

prediction of essential electron transport phenomena in

π-conjugated molecules. It has been extended to larger

conjugated systems andheteroatomic systems.33,34 Figure 5

shows HOMOs and LUMOs of various π-conjugated poly-

cyclic aromatic hydrocarbons with acene-edge and phenan-

threne-edge type structures and symmetry-allowed and

symmetry-forbidden routes for electron transport. The ap-

plicability of the derived concept for orbital control of

electron transport was tested on larger hydrocarbons in

order to estimate its predictive power for different types of

π-conjugated molecules.

Favorable connections for effective electron transport in

π-conjugated systems with weak coupling between the

molecules and electrodes are predicted on the basis of the

orbital symmetry rule by looking at the phase and amplitude

FIGURE 3. Transmission spectra for various connections of a me-
tal�naphthalene�metal junction at the H€uckel level of theory. The
Fermi energy lies at energy zero. The solid and dotted lines indicate
symmetry-allowed and symmetry-forbidden connections for electron
transport, respectively.

FIGURE 4. HOMO and LUMO of phenanthrene and symmetry-allowed
and symmetry-forbidden connections for electron transmission.
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of the frontier orbitals. Qualitative predictions based on

frontier orbital analysis were compared with DFT calcula-

tions for realistic molecular junctions with chemical bonds

between a molecule and two gold electrodes.33 Obtained

results are in good agreement with the orbital rule predic-

tions, which makes the frontier orbitals' analysis a powerful

tool in electron transport studies in π-conjugated systems.

This rule is again summarized as follows: (1) the sign of

the product of the orbital coefficients at sites r and s in the

HOMOshould be different from the signof the product of the

orbital coefficients at sites r and s in the LUMO, and (2) sites r

and s in which the amplitude of the HOMO and LUMO is

large should be connected. We might mention condition 1

in another way in terms of alternant hydrocarbon; starred

and unstarred atoms should be connected, as shown in

Scheme 1.26 Since the transmission probability of an electron

is determined by electronic states in the vicinity of the Fermi

energy, where π orbitals are dominant, the simple H€uckel

method should work well for good understanding of the

electron transport in π-conjugated systems. Essential orbital

natures are similar among simple H€uckel, extended H€uckel,

Hartree�Fock, and DFT calculations especially about sym-

metry;35 therefore the qualitative orbital views are useful in

rationalizing electron transport phenomena in molecules.

Perturbation by Anchoring Atoms
In an actual metal�molecule�metal junction, anchor

groups play a crucial role in the fixing of molecule to metal

FIGURE 5. Frontier orbitals and symmetry-allowed and symmetry-forbidden connections for electron transport in acene-edge (left) and phenan-
threne-edge (right) structures.
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electrodes. Themostwidely used anchor group that is tightly

bound to gold electrodes is thiol because of the high binding

affinity of sulfur atom with the gold surface, where Au�S

chemical bonds are formed.36�43 Sulfur atoms should influ-

ence the spatial distribution of the frontier orbitals and the

energy level alignment of a molecule. Let us look at the

frontier orbitals of benzene dithiol (BDT) derivatives with

two anchoring sulfur atoms.44 Figure 6 shows that in para-

BDT the product of theMOcoefficients on the two anchoring

sulfur atoms in the HOMO is different in sign from that in the

LUMO and the orbital amplitudes of the HOMO and LUMO

on those atoms are sufficiently large. Therefore the electron

transport through para-BDT is also symmetry-allowed. The

orbital rule holds true for the para-dithiol derivative.

In meta-BDT the b2 SOMO and the a2 SOMO are degen-

erate, which is accidental degeneracy from the nonbonding

character. The meta-isomer belongs to the group of non-

Kekul�e molecules,29 for which no classical structure can be

drawn. It is impossible to draw a structure in which the

constituent atoms are all linked in pairs by double bonds.

Alternant hydrocarbons with n* starred atoms and n un-

starred atoms have (n* � n) nonbonding MOs (NBMOs).

Longuet�Higgins proposed a similar rule to predict the

existence of NBMOs; alternant hydrocarbons have at least

(N � 2T) NBMOs, in which N denotes the number of carbon

atoms in the conjugated system and T denotes the max-

imum number of double bonds occurring in any resonance

structure.45 The degeneracy of NBMOs is called topological

degeneracy since it is determined by the sequence of carbon

atoms forming the conjugated system. This topological rule

gives us a general strategy for the synthesis of organic

ferromagnets.46�49 We can regard the b2 SOMO and the

a2 SOMO as degenerate NBMOs by expanding the concept

of the topological degeneracy to the molecules having

heteroatoms. The twoMOs are in fact degenerate in energy

at any level of calculation, due to the nonbonding character,

that is, no nearest neighboring interactions. This molecule is

thus a diradical species. It is reasonable to treat themolecule

as a diradical species rather than a dianionic species because

such a dianion is supposed to be formed as a result of

interaction with electrodes. In order to apply the orbital rule

to the degenerate system, let us look again at the zeroth

Green's function. In the sense of eq 3, the values of the

denominators of the b2 SOMO and the a2 SOMO are the

samebecause of the degeneracy, and the sign of the product

of the orbital coefficients at the sulfur sites in the b2 SOMO is

different from the sign of those at the sulfur sites in the a2
SOMO. As a consequence, cancellation occurs between the

b2 SOMO and the a2 SOMO, and we can therefore predict

that the electron transport through meta-BDT is symmetry-

forbidden. The orbital symmetry rule for electron transport

in para-BDT and meta-BDT is consistent with the quantum

interference discussion about the transport properties in the

molecules.50�53

In terms of orbital interactions, one can reasonably

characterize the difference between the electronic structures

of para-BDT and meta-BDT, which can be theoretically built

up from the benzene molecule and a virtual disulfur mole-

cule. Let us apply the fragment molecular orbital (FMO)

method54 for this purpose. An orbital interaction diagram

based on extended H€uckel calculations55 for para-BDT is

shown in Figure 7, where only π orbitals are considered.44

Since the interaction between the two sulfur atoms is

negligible due to the large distance, the πu and πg orbitals

consisting of the 3pz AOs of the sulfur atoms are nearly

degenerate. The e1g
1 HOMOof benzene and theπg orbital of

the disulfurmolecule interact at the para sites so that the out-

of-phase combination b1g orbital, which results in the LUMO

of para-BDT, is destabilized. Since the e2u
1 LUMOof benzene

and the πu orbital of the disulfur molecule also interact

nicely, the in-phase combination a2u orbital, which results

in the HOMO of para-BDT, is stabilized. As a consequence,

the symmetry of the HOMO and LUMO of benzene is

switched in para-BDT. Thus, the orbital rule is conserved in

para-BDT since the combination of symmetry in the HOMO

and LUMO remains unchanged.

Figure 8 shows an orbital interaction diagram for meta-

BDT, in which the a2 SOMO and the b2 SOMO are degen-

erate, due to the nonbonding character.44 In the case of

meta-BDT, both the e1g
1 HOMO and the e2u

1 LUMO of

benzene interact with the πu orbital of the virtual disulfur

to form the b2 SOMO. In a similar way, both the e1g
2 HOMO

and the e2u
2 LUMO of benzene mix with the πg orbital of

disulfur to form the a2 SOMO. Thus, the two SOMOs ofmeta-

BDT are generated as a consequence of the mixture of the

FIGURE 6. Frontier orbitals of para- and meta-benzene dithiols (BDTs)
calculated with the HMO theory. The SOMOs are degenerate non-
bonding orbitals.
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degenerate HOMOs and LUMOs of benzene and the bond-

ing and antibonding π orbitals of the disulfur molecule.

The validity that the orbital rule can work in molecules

including the anchoring sulfur atoms lies in the energy level

locations of the sulfur and gold atoms. The 3p AO in sulfur is

very close to that of the 2pAO in carbon. The levels of the 3p

AO in sulfur and the2pAO in carbonare�11.0 and�11.4 eV,

respectively.56 Since the two π orbitals of the disulfur

molecule are located nearly in themidgapof the degenerate

HOMOs and LUMOs of benzene, the two π orbitals can

almost equally interact with the degenerate HOMO and

LUMO of benzene. As a consequence, the MOs perturbed

by the anchoring sulfur atoms still retain the electron�hole

symmetry.44 Since the Au�S bond is weak compared with

the C�C and C�S bonds, we can reasonably use the zeroth

Green's function of eq 2 on the basis of the weak coupling

FIGURE 7. Orbital interaction diagram for para-BDT partitioned into benzene and a virtual disulfur molecule.

FIGURE 8. Orbital interaction diagram for meta-BDT partitioned into benzene and a virtual disulfur molecule.
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assumption. The 6s AO in gold (�10.9 eV) is located close to

both the 3p AO in sulfur and the 2p AO in carbon. It is

reasonable to assume the Fermi energy to lie between the

HOMO and LUMO in general. We can therefore use the

necessarypreconditions for theapplicationof theorbital-based

arguments for electron transport in π-conjugated molecules.

Experimental Confirmation of the Orbital
Rule
To confirm the orbital rule experimentally, we carried out

the syntheses and conductance measurements of 1,4-, 1,5-,

2,6-, and 2,7-naphthalene dithiol (NDT) derivatives by colla-

boration with experimental groups of the University of

Tokyo and Osaka University.57 Figure 9 shows HOMOs

and LUMOs and measured conductances for the four kinds

of NDT derivatives. Only 2,7-NDT is symmetry-forbidden for

electron transport. It has 2-fold degenerate SOMOs, which

are singly occupied. The values of the denominators in eq 3

are same, due to the degenerate SOMOs, and the sign of the

product of the orbital coefficients at the sulfur sites in one

SOMO is different from that in the other SOMO. Therefore

cancellation occurs between the two SOMOs in the sense of

eq 3, and we therefore expect that the electron transport

through2,7-NDT is symmetry-forbidden. One can thus apply

the orbital rule to the molecule with anchoring sulfur atoms

just like the molecule without anchors, that is, naphthalene,

as shown in Figure 2.

The molecular conductance of the NDT single-molecule

junctions was measured at room temperature in vacuum

using the nanofabricated mechanically controllable break

junction technique.58 As shown in Figure 10, measured

conductance histograms of the 1,4-, 1,5-, and 2,6-NDT junc-

tions show pronounced peaks at 11, 2.2, and 1.4 mG0,

respectively, whereas the 2,7-NDT junction shows a low

peak at 0.1 mG0.
57 We can reasonably conclude that the

significant difference in the molecular conductances should

come from the difference in the phase relation of the frontier

orbitals, as discussed earlier in this Account. The remarkable

response of the molecular conductance to the orbital phase

demonstrates that single-molecule junctions are applic-

able to quantum devices. We also investigated voltage

FIGURE 9. Frontier orbitals of naphthalene dithiol (NDT) derivatives
and their measured conductances. Conductance g is proportional to the
transmission probability at the Fermi energy T(EF); g = G0T(EF), where G0

is the quantum conductance constant (2e2/h).

FIGURE10. Measured conductance histogramsof 1,4-, 1,5-, 2,6-, and 2,7-NDT junctions.White lines in 1,4- and 1,5-NDT are Gaussian fits to the peak
profiles.
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dependence of single-molecule conductance by measuring

current�voltage characteristics in a bias region of �0.8 to

0.8 V when the nanoelectrode gaps were fixed in the

distance where single-molecule conductance was obtained.

In the voltage window, the current�voltage characteristics

also showed a single-molecule conductance order of 1,4-

NDT>1,5-NDT>2,6-NDT>2,7-NDT. The simple orbital rule

for electron transport in single-molecule junctions provides a

guiding principle for designing molecules that yield desir-

able molecular conductance.

Summary and Conclusions
In this Account, chemical understanding of electron trans-

port properties in molecules is presented in terms of the

orbital concept. We propose an orbital rule for electron

transport properties inπ-conjugatedmolecules, demonstrat-

ing that the phase and amplitude of HOMO and LUMO play

an essential role in the physical phenomena. Qualitative

predictions based on the orbital concept would help our

intuitive understanding of the electron transport phenom-

ena in single-molecular devices. The orbital thinking directly

derives from Green's function theory while the frontier

orbital theory27 and the Woodward�Hoffmann rules28 for

chemical reactions are based on second-order perturbation

theory. We investigated the applicability of the theoretical

concept on aromatic hydrocarbons with anchoring units by

analyzing effects of the sulfur atoms on orbitals and electron

transport properties.44 The results clearly demonstrate that

the orbital view predictions hold true for molecules per-

turbedby the anchoringunits.Weexperimentally confirmed

the orbital rule from the direct comparison of measured

conductances of naphthalene dithiol derivatives.57 Depen-

dence of molecular wire length,59,60 molecular photo-

responsibility,61�63 and molecular rectification64,65 were

investigated on the basis of the orbital discussion. The rule

was recently extended to electron transport properties of

cyclophanes for a better understanding the intermolecular

interaction in molecular crystals.66

The author sincerely thanks Tomofumi Tada, Masakazu Kondo,
Yvan Girard, Daijiro Nozaki, Shinya Hamayama, Aleksandar
Staykov, Yuta Tsuji, and Xinqian Li for fruitful discussions and
contributions to the development of the orbital rule. He is grateful
to Professors Tadashi Sugawara, Masateru Taniguchi, and
Tomoji Kawai for collaboration about synthesis and conductance
measurements. He also acknowledges a Grant-in-Aid for Scientific
Research (No. 22245028) from the Japan Society for the Promo-
tion of Science, the Global COE Project, the Nanotechnology

Support Project, the Joint Project of Chemical Synthesis Core
Research Institutions from the Ministry of Culture, Sports,
Science, and Technology of Japan (MEXT), and CREST of the
Japan Science and Technology Cooperation for their support of
this work.

BIOGRAPHICAL INFORMATION

Kazunari Yoshizawa received his Bachelor, Master, and Ph.D.
degrees at Kyoto University under the direction of Kenichi Fukui
and Tokio Yamabe. After spending one year at Cornell University
as a postdoctoral associate with Roald Hoffmann, he joined the
faculty of Kyoto University, where he became an assistant and
associate professor. He moved to Kyushu University as full pro-
fessor, where his research interests are extended to enzymatic and
catalytic reactions and electronic properties of molecules and
solids.

FOOTNOTES

The authors declare no competing financial interest.

REFERENCES
1 Kuznetsov, A. M.; Ulstrup, J. Electron Transfer in Chemistry and Biology. An Introduction to

the Theory; Wiley: Chichester, U.K., 1999.
2 Aviram, A.; Ratner, A. Molecular rectifiers. Chem. Phys. Lett. 1974, 29, 277–283.
3 Landauer, R. Spatial variation of currents and fields due to localized scatters in metallic

conduction. IBM J. Res. Dev. 1957, 1, 223–231.
4 Datta, S. Electronic Transport in Mesoscopic Systems; Cambridge University Press:

Cambridge, U.K., 1995.
5 Xue, Y.; Datta, S.; Ratner, M. A. Charge transfer and “band lineup” in molecular electronic

devices: A chemical and numerical interpretation. J. Chem. Phys. 2001, 115, 4292–4299.
6 Brandbyge, M.; Mozos, J.-L.; Ordej�on, P.; Taylor, J.; Stokbro, K. Density-functional method

for nonequilibrium electron transport. Phys. Rev. B 2002, 65, No. 165401.
7 Stokbro, K.; Taylor, J.; Brandbyge, M.; Mozos, J.-L.; Ordej�on, P. Theoretical study of the

nonlinear conductance of di-thiol benzene coupled to Au(111) surfaces via thiol and thiolate
bonds. Comput. Mater. Sci. 2003, 27, 151–160.

8 Datta, S. Quantum Transport: Atom to Transistor; Cambridge University Press: Cambridge,
U.K., 2005.

9 Seminario, J. M., Ed. Molecular and Nano Electronics: Analysis, Design and Simulation;
Elsevier: Amsterdam, 2006; Vol. 17.

10 Stokbro, K. First-principlesmodeling of electron transport. J. Phys.: Condens. Matter 2008,
20, No. 064216.

11 Mujica, V.; Kemp, M.; Roitberg, A.; Ratner, M. Current-voltage characteristics of molecular
wires: Eigenvalue staircase, coulomb blockade, and rectification. J. Chem. Phys. 1996,
104, 7296–7305.

12 Samanta, M. P.; Tian, W.; Datta, S.; Henderson, J. I.; Kubiak, C. P. Electronic conduction
through organic molecules. Phys. Rev. B 1996, 53, R7626–R7629.

13 Magoga, M.; Joachim, C. Conductance and transparence of long molecular wires.
Phys. Rev. B 1997, 56, 4722–4729.

14 Tian, W.; Datta, S.; Hong, S.; Reifenberger, R.; Henderson, J. I.; Kubiak, C. P. Conductance
spectra of molecular wires. J. Chem. Phys. 1998, 109, 2874–2882.

15 Olson, M.; Mao, Y.; Windus, T.; Kemp, M.; Ratner, M.; L�eon, M.; Mujica, V. A
conformational study of the influence of vibrations on conduction in molecular wires.
J. Phys. Chem. B 1998, 102, 941–947.

16 Cuevas, J. C.; Yeyati, A. L.; Martín-Rodero, A. Microscopic origin of conducting channels in
metallic atomic-size contacts. Phys. Rev. Lett. 1998, 80, 1066–1069.

17 Mujica, V.; Roitberg, A. E.; Ratner, M. Molecular wire conductance: Electrostatic potential
spatial profile. J. Chem. Phys. 2000, 112, 6834–6839.

18 Choi, H. J.; Ihm, J.; Louie, S. G.; Cohen, M. L. Defects, quasibound states, and quantum
conductance in metallic carbon nanotubes. Phys. Rev. Lett. 2000, 84, 2917–2920.

19 Hall, L. E.; Reimers, J. R.; Hush, N. S.; Silverbrook, K. Formalism, analytical model, and a
priori Green's-function-based calculations of the current�voltage characteristics of
molecular wires. J. Chem. Phys. 2000, 112, 1510–1521.



Vol. 45, No. 9 ’ 2012 ’ 1612–1621 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1621

An Orbital Rule for Electron Transport in Molecules Yoshizawa

20 Lang, N. D.; Avouris, Ph. Electrical conductance of individual molecules. Phys. Rev. B 2001,
64, No. 125323.

21 Derosa, P. A.; Seminario, J. M. Electron transport through single molecules: Scattering
treatment using density functional and Green function theories. J. Phys. Chem. B 2001,
105, 471–481.

22 Heurich, J.; Cuevas, J. C.; Wenzel, W.; Sch€on, G. Electrical transport through single-
molecule junctions: Frommolecular orbitals to conduction channels. Phys. Rev. Lett. 2002,
88, No. 256803.

23 Tada, T.; Yoshizawa, K. Quantum transport effects in nanosized graphite sheets.
ChemPhysChem 2002, 3, 1035–1037.

24 Tada, T.; Yoshizawa, K. Quantum transport effects in nanosized graphite sheets. II.
Enhanced transport effects by heteroatoms. J. Phys. Chem. B 2003, 107, 8789–8793.

25 Tada, T.; Yoshizawa, K. Reverse exponential decay of electrical transmission in nanosizeed
graphite sheets. J. Phys. Chem. B 2004, 108, 7565–7572.

26 Yoshizawa, K.; Tada, T.; Staykov, A. Orbital views of the electron transport in molecular
devices. J. Am. Chem. Soc. 2008, 130, 9406–9413.

27 Fukui, K. Theory of Orientation and Stereoselection; Springer: Berlin, 1970.
28 Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Symmetry; Verlag Chemie

GmbH: Weinheim, Germany, 1970.
29 Dewar, M. J. S. TheMolecular Orbital Theory of Organic Chemistry; McGraw-Hill: New York,

1969.
30 Caroli, C.; Combescot, R.; Nozieres, P.; Saint-James, D. Direct calculation of the tunneling

current. J. Phys. C 1971, 4, 916–929.
31 Combescot, R. A direct calculation of the tunnelling current. III. Effect of localized impurity

states in the barrier. J. Phys. C 1971, 4, 2611–2622.
32 Priyadarshy, S.; Skourtis, S. S.; Risser, S. M.; Beratan, D. N. Bridge-mediated electronic

interactions: Differences between Hamiltonian and Green function partitioning in a
non-orthogonal basis. J. Chem. Phys. 1996, 104, 9473–9481.

33 Li, X.; Staykov, A.; Yoshizawa, K. Orbital views of the electron transport through polycyclic
aromatic hydrocarbons with different molecular sizes and edge type structures. J. Phys.
Chem. C 2010, 114, 9997–10003.

34 Li, X.; Staykov, A.; Yoshizawa, K. Orbital views of the electron transport through heterocyclic
aromatic hydrocarbons. Theor. Chem. Acc. 2011, 50, 6200–6209.

35 Stowasser, R.; Hoffmann, R. What do the Kohn�Sham orbitals and eigenvalues mean?
J. Am. Chem. Soc. 1999, 121, 3414–3420.

36 Carroll, R. L.; Gorman, C. B. The genesis of molecular electronics. Angew. Chem., Int. Ed.
2002, 41, 4378–4400.

37 Nitzan, A.; Ratner, M. A. Electron transport inmolecular wire junctions. Science 2003, 300,
1384–1389.

38 Cuniberti, G.; Fagas, G.; Richter, K., Eds. Introducing Molecular Electronics; Springer-
Verlag: Berlin, Heidelberg, 2005.

39 Salomon, A.; Cahen, D.; Lindsay, S.; Tomfohr, J.; Engelkes, V. B.; Frisbie, C. D. Comparison
of electronic transport measurements on organic molecules. Adv. Mater. 2003, 15, 1881–
1889.

40 Tao, N. J. Electron transport in molecular junctions. Nat. Nanotechnol. 2006, 1, 173–181.
41 Chen, F.; Tao, N. J. Electron transport in single molecules: From benzene to graphene. Acc.

Chem. Res. 2009, 42, 429–438.
42 van der Molen, S. J.; Liljeroth, P. Charge transport through molecular switches. J. Phys.:

Condens. Matter 2010, 22, No. 133001.
43 Malen, J. A.; Yee, S. K.; Majumdar, A.; Segalman, R. A. Fundamentals of energy transport,

energy conversion, and thermal properties in organic�inorganic heterojunctions. Chem.
Phys. Lett. 2010, 491, 109–122.

44 Tsuji., Y.; Staykov, A.; Yoshizawa, K. Orbital views of molecular conductance perturbed by
anchor units. J. Am. Chem. Soc. 2011, 133, 5955–5960.

45 Longuet-Higgins, H. C. Some studies inmolecular orbital theory I. Resonance structures and
molecular orbitals in unsaturated hydrocarbons. J. Chem. Phys. 1950, 18, 265–274.

46 Mataga, N. Possible “ferromagnetic states” of some hypothetical hydrocarbons. Theor.
Chim. Acta 1968, 10, 372–376.

47 Ovchinnikov, A. A. Multiplicity of the ground state of large alternant organic molecules with
conjugated bonds. Theor. Chim. Acta 1978, 47, 297–304.

48 Itoh, K. Electronic structures of aromatic hydrocarbons with high spin multiplicities in the
electronic ground state. Pure Appl. Chem. 1978, 50, 1251–1259.

49 Sugawara, T.; Tsukada, H.; Izuoka, A.; Murata, S.; Iwamura, H.Magnetic interaction among
diphenylmethylenemolecules generated in crystals of some diazodiphenylmethanes. J. Am.
Chem. Soc. 1986, 108, 4272–4278.

50 Cardamone, D. M.; Stafford, C. A.; Mazumdar, S. Controlling quantum transport through a
single molecule. Nano Lett. 2006, 6, 2422–2426.

51 Solomon, G. C.; Andrews, D. Q.; Hansen, T.; Goldsmith, R. H.; Wasielewski, M. R.; Van
Duyne, R. P.; Ratner, M. A. Understanding quantum interference in coherent molecular
conduction. J. Chem. Phys. 2008, 129, No. 054701.

52 Ke, S.-H.; Yang, W. Quantum-interference-controlled molecular electronics. Nano Lett.
2008, 8, 3257–3261.

53 Solomon, G. C.; Herrmann, C.; Hansen, T.; Mujica, V.; Ratner, M. A. Exploring local currents
in molecular junctions. Nat. Chem. 2010, 2, 223–228.

54 Fujimoto, H.; Hoffmann, R. A molecular orbital study of the addition of singlet methylene to
butadiene. J. Phys. Chem. 1974, 78, 1167–1173.

55 Hoffmann, R. An extended H€uckel theory. I. Hydrocarbons. J. Chem. Phys 1963, 39, 1397–
1412.

56 Alvarez, S. Tables of Parameters for Extended H€uckel Calculations, Universitat de
Barcelona, Barcelona, 1993.

57 Taniguchi, M.; Tsutsui, M.; Mogi, R.; Sugawara, T.; Tsuji, Y.; Yoshizawa, K.; Kawai, T.
Dependence of single-molecule conductance on molecule-junction symmetry. J. Am.
Chem. Soc. 2011, 133, 11426–11429.

58 Tsutsui, M.; Shoji, K.; Taniguchi, M.; Kawai, T. Formation and self-breaking mechanism of
stable atom-sized junctions. Nano Lett. 2008, 8, 345–349.

59 Kondo, M.; Tada, T.; Yoshizawa, K. Wire-length dependence of the conductance of
oligo(p-phenylene) dithiols: A density functional theory approach. J. Phys. Chem. A 2004,
108, 9143–9149.

60 Tada, T.; Nozaki, D.; Kondo,M.; Hamayama, S.; Yoshizawa, K. Oscillation of conductance in
molecular junctions of polyacene and polyphenanthrene. J. Am. Chem. Soc. 2004, 126,
14182–14189.

61 Kondo, M.; Tada, T.; Yoshizawa, K. A theoretical measurement of the quantum transport
through an optical molecular switch. Chem. Phys. Lett. 2005, 412, 55–59.

62 Staykov, A.; Nozaki, D.; Yoshizawa, K. Photoswitching of conductivity through a
diarylperfluorocyclopentene nanowire. J. Phys. Chem. C 2007, 111, 3517–3521.

63 Tsuji., Y.; Staykov, A.; Yoshizawa, K. Orbital control of the conductance photoswitching in
diarylethene. J. Phys. Chem. C 2009, 113, 21477–21483.

64 Staykov, A.; Nozaki, D.; Yoshizawa, K. Theoretical study of donor-π-bridge-acceptor
unimolecular rectifier. J. Phys. Chem. C 2007, 111, 11699–11705.

65 Tsuji, Y.; Staykov, A.; Yoshizawa, K. Molecular rectifier based on π-π stacked charge
transfer complex. J. Phys. Chem. C 2012, 116, 2575–2580.

66 Li, X.; Staykov, A.; Yoshizawa, K. Orbital views on electron transport properties of
cyclophanes: Insight into intermolecular transport. Bull. Chem. Soc. Jpn. 2012, 85, 181–
188.


