JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Orbital Views of Molecular Conductance Perturbed by Anchor Units

Yuta Tsuji, Aleksandar Staykov, and Kazunari Yoshizawa*

Institute for Materials Chemistry and Engineering and International Research Center for Molecular Systems, Kyushu University,

Fukuoka 819-0395, Japan

o Supporting Information

ABSTRACT: Site-specific electron transport phenomena through

benzene and benzenedithiol derivatives are discussed on the basis of a (=) (F—>@ O\OD QU.

qualitative Huckel molecular orbital analysis for better understanding
of the effect of anchoring sulfur atoms. A recent work for the orbital
control of electron transport through aromatic hydrocarbons pro-

HOMO LUMO SOMO SOMO

para = Symmetry allowed meta - Symmetry forbidden

vided an important concept for the design of high-conductance

connections of a molecule with anchoring atoms. In this work the origin of the frontier orbitals of benzenedithiol derivatives,
the effect of the sulfur atoms on the orbitals and on the electron transport properties, and the applicability of the theoretical concept
on aromatic hydrocarbons with the anchoring units are studied. The results demonstrate that the orbital view predictions are
applicable to molecules perturbed by the anchoring units. The electron transport properties of benzene are found to be qualitatively
consistent with those of benzenedithiol with respect to the site dependence. To verify the result of the Hiuickel molecular orbital
calculations, fragment molecular orbital analyses with the extended Huckel molecular orbital theory and electron transport
calculations with density functional theory are performed. Calculated results are in good agreement with the orbital interaction
analysis. The phase, amplitude, and spatial distribution of the frontier orbitals play an essential role in the design of the electron

transport properties through aromatic hydrocarbons.

1. INTRODUCTION

During the last two decades studies of single-molecular electro-
nic devices have gained great attention in nanoscale science and
technology.' > The variety of potential applications of molecular
devices such as switches, rectifiers, and memories requires detailed
understanding of the electron transport properties through a single
molecule.*”® Recently, various 77-conjugated molecular junctions
have been investigated theoretically and experimentally (e.g,,
benzenedithiol (BDT),>*” polycyclic aromatic hydrocar-
bons,”®’ and diarylethenes”'°). BDT is one of the most well-
researched molecules, due to its simple geometrical and 7-
electronic structure. Several theoretical methods for calculation
of the electron transport properties through single molecules
have been develolped, for instance, elastic-scattering Green’s
function method,""'* hopping models,"*'* Lorentzian transmis-
sion model*'* Lippmann—Schwinger method,"*” nonequili-
brium Green’s function (NEGF) method,'® ** and free-electron
network model.** These theoretical approaches yield a good inside
view, which is required for better understanding the nature of
electron transport through a single molecule and for design of
single-molecular electronic devices. The NEGF method combined
with density functional theory (NEGF-DFT) is the most common
method used for description of the coherent electron transport,
due to a proper treatment of the open-boundary conditions for a
quantum system under a bias voltage, a fully atomistic treatment of
the electrodes, and a self-consistent calculation of the charge
density via the NEGF.*” Qualitative views are of great importance
for our understanding since qualitative methods take into account
a few parameters and it is relatively easy to separate the most
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important contribution to the investigated phenomenon, which
facilitates formulation of intuitive rules.”®

Parallel to progress in theoretical approaches, rapid advances in
fabrication techniques of single-molecular junctions have enabled
us to obtain electron transport properties of individual molecules
such as conductance, current—voltage characteristics, and shot
noise.'® After the pioneering measurement of the current—vol-
tage characteristic of BDT located between two gold electrodes by
Reed et al,* various experimental techniques have been devel-
oped, for instance, mechanically controllable break junction
(MCBYJ),>**” scanning tunneling microscopy (STM),***” atomic
force microscopy (AFM) 031 mercury drop contact junction,32’33
cross-wire junction,”** and electromigration technique.***’
However, it is difficult to compare directly results observed with
different methods since the conductance might be influenced by
the binding sites (e.g, hollow site, bridge site, and on-top
site)*®*® and the number of molecules placed between the
electrodes.” To settle these problems, the statistical approaches
combined with MCBJ,“O_42 STM, ¥~ ** and AFM**° have been
developed and refined in recent years. In these methods,
thousands of molecular junctions can be fabricated quickly and
a large number of conductance traces and conductance histo-
grams can be obtained, which allow us to determine the
conductance of a sin§le molecule with the most preferable
contact geometry.>**** It is particularly worth noting that Song
et al. recently reported direct electrostatic modulation of orbitals
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in BDT using the electromigration technique.*” This experi-
mental result represents the realization of the molecular transis-
tor and stimulates further investigations in the field of molecular
electronics. Application of BDT to the molecular single-electron
transistor has become an active area for theoretical research.*®

In previous studies we proposed an orbital symmetry rule for
electron transport properties of single molecules from analysis of
Green’s function in terms of the molecular orbital.*>**~>* The
orbital symmetry rule provides a powerful tool to predict the
conductance through a single molecule. We demonstrated
how to apPly it on s-conjugated systems such as graphene
sheets,* ' polycyclic aromatic hydrocarbons,**** and diary-
lethenes.>>* Qualitative predictions based on the orbital sym-
metry rule with Hiickel molecular orbital (HMO) theory are
consistent with more quantitative DET calculations.*>*>~>* The
necessary preconditions for application of the orbital symmetry
rule can be summarized as follows: (a) the coupling between the
molecule and electrodes is weak, (b) there is electron—hole
symmetry (pairing theorem)** in orbital energies and molecular
orbital (MO) expansion coefficients, and (c) the Fermi level is
located at the midgap of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).*® According to Landauer’s model, the conductance
of a molecular junction composed of a molecule and two gold
electrodes, in the limit of zero temperature and zero bias voltage,
is written as follows™"

g = T (E) (1)

where 2¢%/h is the quantum conductance, T is the transmission
probability, and Eg is the Fermi energy. We can calculate the
transmission probability from eq 2>

T(E) = Tr[[L(E)G"(E)Ix (E)G*(E)] (2)

where G® (G*) and I'y (I'g) represent retarded (advanced)
Green’s function and the broadening function for the left (right)
electrode, respectively. The broadening function is defined as
I'w = i[ZE(R) - ZQ(R)]. EE(/Q) (E) is the self-energy matrix
for the left (right) electrode and given by ZE(/Q) = T}:(R) gf(/f:)rL(R) ’
where gﬁ/ﬁ) is the Green’s function of the left (right) electrode
and 7y (g) is the molecule—electrode interaction. We take only
the nearest neighbor interactions between the electrode and the
molecule into account. Retarded and advanced Green’s functions
are written as follows***’

GNAE) = [1- GONVAEBTVAEB)]GONAR)  (3)

where T is the unit matrix and GO®? is the zeroth Green’s

function, which is the Green’s function of the molecule. The
orbital symmetry rule is derived from the nature of the zeroth
Green’s function. According to eq 3, for a weak-coupling system,
the Green’s function is nearly proportional to the zeroth Green’s
function.’®*® The conductance increases with an enhancement
of the zeroth Green’s function at the Fermi level. At the Fermi
level the matrix elements of the zeroth Green’s function, GSSO IR/ A
which describes the propagation of the tunneling electron from
one side denoted with r to another side denoted with s through
the orbitals in a noninteracting molecule, can be written as
follows®®

CuC,
G(O) E — K~k
& ( F) ;EF — & + 17’]

(4)

where Cyis the kth MO coefficient at the rth atomic orbital (AO)
in an orthogonal basis, &k is the kth MO energy, and # is an
infinitesimal number determined by a relationship between the
local densitz of states (LDOS) and the imaginary part of Green’s
function.”””" Equation 4 shows the correlation between the MOs
and Green’s function and makes it possible to predict the
conductance from the MOs. In eq 4 the contributions from the
HOMO and LUMO are written as follows

Craomo C:HOMO CrLumo C:LUMO ( 5)
Eg — enomo + i Ep — éLumo £ i

The contributions from these frontier orbitals are significant in the
zeroth Green'’s function since the denominators of eq S are the
smallest of all the terms of eq 4 because of the vicinity of the Fermi
level. Subjacent and superjacent orbitals should not be important
in electron transport since these orbitals are far away from the
Fermi level and hardly contribute to the zeroth Green’s function.
It is described by the Fermi functions of the left and right
electrodes, f,(E) and fg(E).”" A level that is way below both
electrochemical potentials of the left and right electrodes, 1, and
Ug, will have f;(E) = fx(E) = 1 and will not contribute to the
electron transport, just like a level that is way above both potentials
ty and ug has f; (E) = fr(E) = 0. It is only when the level lies within
a few kgT of the potentials ¢; and iy that we have f; (E) # fr(E)
and an electron can move. The electron transport is thus a result of
the difference in agenda between the left and the right electrodes.
With attention to the reversal of the signs between the denomi-
nators in eq 5, we can derive the orbital symmetry rule, which
requires enhancement of the contributions from the HOMO and
LUMO. The orbital symmetry rule can be summarized as follows.
To obtain effective electron transport through a single molecule,
(a) two atoms in which the orbital amplitudes of the HOMO and
LUMO are significant should be connected with electrodes and
(b) two atoms in which the sign of the product of the MO
expansion coefficients in the HOMO is different from that in the
LUMO should be connected with electrodes.”>*~>* One of the
assumptions required for the orbital symmetry rule is that two
gold electrodes have weak contact with the 77-conjugated mol-
ecules, in which only the weak interactions between the 2p, AO in
carbon and the 6s AO in gold are considered.*~>! However, in
actual molecular junctions, the measured molecules are functio-
nalized with two anchor groups that can chemically bind to the
electrodes. Anchor groups play a crucial role in the reproducible
formation of a molecular junction.® A wide range of anchor groups
has been employed, for instance, thiol,'~® isocyanide,®"%>
pyridine,** selenide,**** carboxylate,*® phosphine,®® amine,*”%®
and Cgo.% The most widely used anchor group is thiol (—SH)
because of the high binding affinity of the sulfur atom with the
gold surface, where strong covalent Au—S bonds are formed.'™®
Sulfur atoms should influence the spatial distribution of the
frontier orbitals and the energy level alignment of the molecule.
In this manuscript we consider the impact of the sulfur atoms on
the orbital symmetry rule for the benzene molecule.

2. COMPUTATIONAL METHODS

2.1. Huckel Calculations. To look at the orbital symmetry rule for
dithiol derivatives, we performed HMO calculations about p-BDT and
m-BDT. The 0-BDT is not appropriate for a molecular wire because the
distance between the two sulfur atoms is too short. The parameters
employed for sulfur atoms are O = O.c and B¢ s = 0.5 Bc_¢, where
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o and 3 are the Coulomb integral and resonance (transfer) integral,
respectively. A wide range of methods to estimate ¢ and S for
heteroatoms is proposed.”® We determined these values after a careful
comparative review of various studies in the literature.””””* In the
treatment of dithiol derivatives with HMO we considered six 2p, orbitals
of the carbon atoms and two 3p, orbitals of the sulfur atoms. We
assumed that one electron is allocated to each atom on the basis of the
resonance structures shown in Scheme 1.

We performed the NEGF-HMO theory calculations to obtain the
transmission spectra using the formalism given in previous papers.zs’w_54
The transmission spectra as a function of electron energy at zero bias
provide qualitative and essential insights into the electron transport
through BDT. In addition to the o and 3 values for the sulfur atoms,
parameters for gold atoms are also required in the calculations. The
parameters employed for gold atoms are 5, , = 0.68c_c and fa, s =
0.28B¢_c. The value of Bay_aq was chosen from the literature,”® while
that of Ba,_s was estimated with the Wolfsberg—Helmholz approximation”®
within the framework of the extended Hiickel molecular orbital (eHMO)
method.”” The distance between the sulfur and the gold atoms was set to
be 2.31 A for estimation of Sx,_s.

2.2. Extended Hiickel Calculations. To obtain a better under-
standing of the effect of the sulfur atoms on the spatial distribution of the
frontier orbitals and energy level alignment of benzene, we performed a
fragment molecular orbital (FMO) analysis based on the eHMO
method”®”® using the YAeHMOP program.*® The parameters used
for the sulfur, carbon, and hydrogen atoms are S3s (H;; = —20.00 eV,
¢ =2.122), S3p (Hy = —11.00 eV, { = 1.827), C2s (H, = —21.40 eV,
¢ =1.625), C2p (H; = —11.40 eV, = 1.625), and H1s (H; = —13.60
eV, ¢ = 1.300), in which H; and { are the orbital energies and Slater
exponents, respectively. For the eHMO calculations all C—C, C—H, and
C—S bond distances were set to be 1.40, 1.09, and 1.79 A, respectively.

2.3. DFT Calculations. We performed more quantitative electron
transport calculations with the NEGF-DFT method using realistic
molecular junction models to verify the efficacy of the qualitative
calculations with HMO theory and eHMO theory. Prior to the electron
transport calculations, geometry optimizations were performed with the
Gaussian 03 program®" at the B3LYP level of theory.*'** Models for
geometry optimizations include one Au atom from the electrodes
connected to each S atom. The 6-31G(d) basis set™ was used for the
C, H, and S atoms, and the LANL2DZ basis set®® was used for the Au
atoms. The electron transport calculations were performed for the zero-
bias optimized geometries because studies in the literature®”* have
shown that the applied electric field between the electrodes does not
significantly alter the molecular geometry. The electron transport calcu-
lations were performed using the ATK 2008.10 program.® The method
includes the full self-consistent field (SCF) treatment of molecular
devices, in which the two gold electrodes are strongly coupled with
BDT through Au—S chemical bonds. The effect of the external electric
field on the electronic properties of the molecules is taken into account.*’
The adsorption site of BDT adopted in this study is the fcc 3-fold hollow
site since a large number of studies” °* show that the hollow site

6 2
5 3
e12u egu 4
LUMO Symmetry allowed
f e el
HOMO Symmetry forbidden

Figure 1. Frontier orbitals of benzene, symmetry-allowed, and symme-
try-forbidden routes for electron transport.

bonding is more favorable in energy than other bonding manners.
However, Ratner and co-workers” suggested that the interaction be-
tween the S atom and the electrode does not significantly influence the
conductance. The electron transport calculation using the model opti-
mized with three gold atoms from the Au(111) surface on each side of the
molecule was performed, but the main features in the transmission
spectrum were not affected significantly, as shown in the Supporting
Information. The adsorption structure was determined by reference to
the literature.”" The semi-infinite left and right electrodes were modeled
by two Au(111)-(3 x 3) surfaces (i.e, each layer includes nine Au
atoms). The two probe models we used for the scattering region include
99 atoms from the Au(111) electrodes; six layers and five layers were used
for the left and right electrodes, respectively. To save computational time,
the single-C basis set (SZ) was used for the gold atoms and the double-§
basis set with polarization (DZP) was used for all other atoms.”> The
exchange-correlation potential described by the Perdew—Zunger local
density approximation (LDA-PZ) was employed.”®

3. RESULTS AND DISCUSSION

The frontier orbitals of benzene calculated with HMO theory
are shown in Figure 1. For connection 1—4 (para) the product of
the MO coeflicients on atoms 1 and 4 in the el HOMO is
different in sign from that in the es, LUMO and the orbital
amplitudes of the HOMO and LUMO on those atoms are
suﬁic1ently large. It is not necessary to consider the elg HOMO
and €%, LUMO since the amplitudes on atoms 1 and 4 are zero.
According to the orbital symmetry rule, we expect that the para
connection should have high conductance and be described as
symmetry allowed. For connection 1—3 (meta) the product of
the MO coefficients on atoms 1 and 3 in the elg HOMO has the
same SIgn as that in the e5, LUMO. We do not need to consider
the elg HOMO and 3, LUMO since the amplitudes on atom 1
are zero. According to the orbital symmetry rule, we expect that
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Figure 2. MO energy diagrams near the Fermi level and frontier orbitals of (a) p-BDT and (b) m-BDT calculated with HMO theory.

the meta connection should have low conductance and be
described as symmetry forbidden.

The MO energy diagrams near the Fermi level and the frontier
orbitals of benzene derivatives with two anchoring sulfur atoms
calculated with HMO theory are shown in Figure 2. For p-BDT
the product of the MO coefficients 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, we expect that the electron
transport through p-BDT is also symmetry allowed. The orbital
symmetry rule holds true for the p-dithiol derivative. For m-BDT
the b, HOMO and a, HOMO are degenerate, which is accidental
degeneracy from the perspective of group theory. According to
Scheme 1, the meta isomer belongs to the group of non-Kekulé
molecules,® for which no classical structure can be drawn.
Alternant hydrocarbons with n* starred atoms and n unstarred
atoms have (n* — n) nonbonding MOs (NBMOs), in which the
conjugated atoms can be divided into two groups, starred and
unstarred, in such a way that no two atoms of the same label are
directly linked.>® Longuet-Higgins also 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 maximum
number of double bonds occurring in any resonance structure.”’
The degeneracy of NBMOs is called topological degeneracy since
it is determined by the sequence of carbon atoms forming the
conjugated system.98 We can regard the b, HOMO and a,
HOMO as degenerate NBMO by expanding the concept of the
topological degeneracy to the molecules with heteroatoms. The
benzene derivatives with two organic radicals at the meta position
such as m-quinodimethane® and m-quinone'® have triplet

5958

ground states resulting from the 2-fold-degenerate orbitals con-
sisting of the NBMOs.”®'"" In order to apply the orbital
symmetry rule to the degenerate system, let us look back at the
zeroth Green’s function. In eq 4 the contributions from the b,
HOMO and a, HOMO are written as follows

* *
CrszOMO CsszOMO CrazHOMO CsazHOMO

Er — ep,nomo £ i Ep — &,n0M0 T 17

(6)

The contributions from the b, HOMO and a, HOMO should
be significant in the zeroth Green’s function, for which the
denominators in eq 6 are the smallest of all the terms in eq 4
because of the vicinity of the Fermi level. In eq 6, the values
of the denominators are the same, due to the degeneracy of the
b, HOMO and a, HOMO, and the sign of the Cy4 nomo
Ca,fiomo is different from the sign of the C,, omoCsa tiomo-
Therefore cancellation occurs between the b, HOMO and a,
HOMO. We expect that the electron transport through m-BDT
is symmetry forbidden. The orbital symmetry rule holds true for
the m-dithiol derivative. Thus, we can apply the orbital symmetry
rule to the molecule with anchoring sulfur atoms just like the
molecule without anchor units.

‘We show in Figure 3a and 3b computed transmission spectra
for benzene and the benzene derivatives with two anchoring
sulfur atoms calculated with HMO theory as a function of
electron energy, respectively. The transmission probability at
the Fermi level (E = 0) is important since the conductance
through a single molecule is proportional to the transmission
probability at the Fermi level.”" Figure 3a and 3b shows that at
the Fermi level the para connections have high transmission
probability whereas the meta connections have low transmission

dx.doi.org/10.1021/ja111021e |J. Am. Chem. Soc. 2011, 133, 5955-5965
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Figure 3. Computed transmission spectra of (a) benzene and (b) BDT calculated with HMO theory.

Scheme 2

probability. These computational results are fully consistent with
the qualitative analysis based on the frontier orbitals and other
theoretical investigations based on the concept of quantum
interference effects.”*'>"'% The two transmission dips at 1.0
p and —1.0 S in the meta connection can be explained based on
the zeroth Green’s function formalism. In the transmission dip at
1.0 B in Figure 3b, the HOMO—1 and HOMO—2 shown in
Figure 2b play an important role. At E = 1.0 5 the denominators
of the zeroth Green’s function are written as 1.0 8 — €gomo-1
and 1.0  — exomo.o respectively; 1.0 B — eponmo.; is smaller
than 1.0 f — éyomo., but the contributions from the
HOMO—1 and HOMO —2 are equivalent since the amplitudes
on the sulfur atoms in the HOMO—1 are also smaller than those
in the HOMO—2. Since the signs of the denominators are the
same, the difference in sign between C,yomo-1CiHomo-1 and
Criomo-2Cliomo-2 results in the cancellation of the contribu-
tions from the HOMO—1 and HOMO—2. However, in the case
of the para connection, at E = 1.0 3 the cancellation does not
occur since only the HOMO—2 contributes to the zeroth
Green’s function, due to the absence of the amplitudes on the
sulfur atoms in the HOMO—1. The transmission dip at —1.0 f is
also explained by a similar procedure using LUMO and
LUMO+1. The orbital symmetry rule based on the zeroth
Green’s function formalism is very useful for the discussion on
the origin of transmission peaks and dips. Additionally, Figure 3b
clearly shows that the transmission probability at the Fermi level
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is enhanced by introduction of the anchoring sulfur atoms since
the sulfur atoms localize the 77-electronic populations in the MOs
near the Fermi level, as shown in Figure 2. The calculations
including the anchoring units provide important understanding
for the effect of those connecting groups on the conductance;
however, the qualitative results remain unchanged.

In terms of orbital interactions one can reasonably character-
ize the difference between the electronic structures of p-BDT and
m-BDT, which can be theoretically built up from the benzene
molecule and a virtual disulfur molecule, as shown in Scheme 2.
We thus apply the FMO method to better understand the
electronic structures of p-BDT and m-BDT.

An orbital interaction diagram for p-BDT is shown in Figure 4,
where the 0 orbitals are neglected for clarity. Since the interac-
tion between the two sulfur atoms is negligible because of the
large distance between them, the 77, and 77, orbitals consisting of
the 3p, AOs of the sulfur atoms are almost degenerate. The e} 1g
HOMO of benzene and the 7, orbital of the disulfur molecule
interact nicely at the connecting sites so that the in-phase
combination by, orbital, the HOMO—2 of p-BDT, is stabilized
and the out-of-phase counterpart by orbltal the LUMO of p-
BDT, is destabilized. Moreover, since the e3, LUMO of benzene
and the 71, orbital of the disulfur molecule also interact nicely, the
in-phase combination a,, orbital, the HOMO of p-BDT, is
stabilized and the out-of-phase combination a,, orbital, the
LUMO+-2 of p-BDT, is destabilized. As a consequence, the
symmetry of the HOMO and LUMO of benzene is switched in p-
BDT. However, the orbital symmetry rule is conserved in p-BDT
since the combination of symmetry in the HOMO and LUMO
remains unchanged. Additionally, it is essential to note that the
HOMO—-LUMO gap of p-BDT gets narrow as a result of the
interaction between the benzene and the anchoring sulfur atoms.

We show in Figure 5 an orbital interaction diagram for m-
BDT. The a, SOMO and b, SOMO are degenerate and satlsfy
the rule of topologlcal degeneracy. In the case of p-BDT, the elg
HOMO and e, LUMO of benzene transform to the by
HOMO-1 and a;, LUMO+1 of p-BDT without interaction
with the sulfur atoms. In the case of m-BDT, the energy levels of
the b, HOMO—1 and b, LUMO of m-BDT, which correspond
to the b,y HOMO-1 and a;, LUMO+1 of p-BDT, respectively,
are shifted from the energy levels of the HOMO and LUMO of
benzene. Therefore, the two SOMOs of m-BDT should be

dx.doi.org/10.1021/ja111021e |J. Am. Chem. Soc. 2011, 133, 5955-5965
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Figure 5. Orbital interaction diagram for m-BDT partitioned into benzene and a virtual disulfur molecule.
generated as a consequence of the contributions from the
degenerate HOMOs and LUMOs of benzene and the two

bonding and antibonding 77 orbitals of the disulfur molecule.
The extended validity that the orbital symmetry rule works in
the model including the anchoring sulfur atoms lies in the energy
level location of the disulfur molecule. The energy level of the
two bonding and antibonding 77 orbitals of the disulfur molecule
is the same as that of the 3p AO in sulfur, which is very close to
that of the 2p AO in carbon. The ionization potentials of the 3p
AO in sulfur and 2p AO in carbon are —11.0 and —11.4 eV,
respectively. Since the two 77 orbitals of the disulfur molecule are

5960

located at the nearly midgap of the degenerate HOMOs and

LUMGO:s of benzene, the two 77 orbitals of the disulfur molecule
can almost equally interact with the degenerate HOMOs and
LUMOs of benzene. The MOs perturbed by the anchoring sulfur
atoms still keep the electron—hole symmetry, in particular
combination of symmetry in the HOMO and LUMO.

The MO energy diagrams near the Fermi level of p-BDT and
m-BDT calculated with HMO theory, shown in Figure 2, and the
orbital interaction diagrams calculated with eHMO theory, shown
in Figures 4 and S, were verified by DFT calculations at the

B3LYP level of theory. We show in Figure 6 MO energy diagrams

dx.doi.org/10.1021/ja111021e |J. Am. Chem. Soc. 2011, 133, 5955-5965
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Figure 7. Computed transmission spectra of p- (blue) and m-benzene
dithiolates (red) for zero bias with the NEGF-DFT method.

near the Fermi level and the frontier orbital distributions of the p-
and m-benzene dithiolates with one gold atom attached to each
sulfur atom. In this figure the 0-type orbitals, orbitals 53 and 55 for
the para derivative and 54 and S5 for the meta derivative, are not
shown because the 7 orbitals play the important role in the
electron transport through 77-conjugated molecules.

Although some energetically proximal orbitals flip places, the
energy level alignments and orbital distributions are almost all

consistent with the qualitative HMO and eHMO calculations. In
particular, the meta derivative has 2-fold-degenerate NBMOs, as
predicted by HMO calculations, while the para derivative does
not have NBMOs. The existence or nonexistence of NBMOs in
the vicinity of the Fermi level is closely related to the difference in
the electron transport properties of the symmetry-allowed and
symmetry-forbidden connections. A major difference between
the HMO calculations and the DFT calculations is the location of
the Fermi level. We assumed the Fermi level to lie just at the
midgap of the HOMO and LUMO of benzene in the HMO
calculations, whereas the location of the Fermi level is slightly
lower in energy than the assumption.

We performed more quantitative calculations, which are closer
to experimental models, using the NEGF-DFT method imple-
mented in the ATK program. Computed transmission spectra
are shown in Figure 7. The Fermi level is located at the origin of
the energy (E = 0),'®*" which was determined from DFT
calculations of the bulk gold electrodes. The calculated transmis-
sion probability at the Fermi level for the para derivative is 0.41;
on the other hand, that for the meta derivative is 0.09. This result
is in good agreement with the qualitative expectations based on
the frontier orbital analysis discussed earlier in this manuscript. In
general, the conductance of molecules at low bias voltage
decreases exponentially with an increase in molecular length L,
which is described as G = A exp(—yL), where A is a constant and
y is the decay constant.*”® Although the molecular length that
corresponds to the distance between two sulfur atoms of the para
derivative is 0.85 A longer than that of the meta derivative, the
conductance of the para derivative is about four times higher than
that of the meta derivative. This result suggests that the factor of
MOs is more important than the molecular length for the
molecular conductance. The peaks in the transmission spectra
can be ascribed to the MOs that provide the conduction
channels. Both transmission spectra have broadened peaks
around —1 eV, which results from multiple conduction channels,
ie, the HOMO and close-lying occupied MOs. This result
indicates that the HOMO and close-lying occupied MOs are
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Figure 8. Molecular projected self-consistent Hamiltonian (MPSH) states of (a) p-BDT and (b) m-BDT contributing to the peaks in the transmission

spectra.

closer to the Fermi level. We should pay more attention to the
HOMO of BDT than the LUMO in interpreting the results of the
more quantitative NEGF-DFT calculations.

The transmission peaks are related to the molecular orbitals of
p-and m-BDT. The spatial distribution of the frontier orbitals for
p- and m-BDT is affected by the electrodes. To obtain these
affected orbitals, an effective method has been proposed, where
the self-consistent Hamiltonian of the molecular junction is
projected onto the molecule, and this molecular projected self-
consistent Hamiltonian (MPSH) matrix is diagonalized.””*"'"”
The MPSH states are the eigenstates of the molecule within the
two-probe environment and do not include the self-energies of
the electrodes. The complex portion of the self-energy broadens
the transmission peaks, while the real part will give a shift of the
transmission peaks, relative to the MPSH states. Therefore, the
transmission peaks and the MPSH energies do not always
coincide. MPSH analysis helps us to qualitatively understand
the origin of the transmission peaks. We show in Figure 8 MPSH
states and spatial distributions of the four closest orbitals to the
Fermi level for p- and m-BDT. In this figure MPSH states
composed of the o-type orbitals, states 18 and 19 for p-BDT
and 17 and 18 for m-BDT, are not shown and orbitals extended
to the electrodes are excluded for clarity. The energy level
alignments and orbital distributions of the MPSH states are
almost all consistent with the results of the qualitative HMO,
eHMO, and higher-level DFT calculations for the insulated
molecules. MPSH states 21 and 22 for both p- and m-BDT do
not make significant contributions to transmission peaks since
only MPSH states that are spatially delocalized throughout the
scattering region and possess significant values on the terminat-
ing anchor atoms, which results in good overlap between the
molecule and electrodes, will give peaks in the transmission
spectra. MPSH states 17 and 20 for p-BDT and 19 and 20 for m-
BDT play a crucial role in the electron transport through BDT
molecules, and these orbitals are responsible for the transmission
peaks around —1 eV. In m-BDT the energy difference between
the MPSH states 19 and 20 is 0.39 eV, and these orbitals are not
exactly degenerate because of the strong coupling between the
molecule and the electrodes. In eq 4 the contributions from
MPSH states 17 and 20 for p-BDT and 19 and 20 for m-BDT are

50 T T T T

— para
—meta

Current (pA)

0 0.2 0.4 0.6 0.8 1
Bias (V)

Figure 9. Computed I—V curves of p- (blue) and m-benzene dithiolates
(red) with the NEGF-DFT method.

written as follows
Cr17(19) Ci1719) Cra0Ca

7
Ep — €709) £ i Ep — &0 £ iy @)

In eq 7, the signs of the denominators are the same and the signs
of the numerators are different in both p- and m-BDT. In p-BDT
the energy difference between MPSH states 17 and 20 is 1.26 eV,
which is nearly three times larger than that in m-BDT. Eg — &59 =
1.33 eV is much smaller than Ex — &;; = 2.59 eV in p-BDT,
whereas Egp — &, = 1.46 eV is not much smaller than Ep — €9 =
1.85 eV in m-BDT. According to eq 7, in p-BDT at the Fermi
level MPSH state 20 mainly contributes to the transmission
probability whereas in m-BDT at the Fermi level both MPSH
states 20 and 19 contribute to the transmission probability.
Therefore, the smaller transmission probability at the Fermi
level in m-BDT compared to that in p-BDT is attributed to the
partial cancellation of the two nearly degenerate transport
channels, MPSH states 20 and 19. The difference in conductance
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behavior between p- and m-BDT results from the difference in
energy splitting between states 17 and 20 for p-BDT and 19 and
20 for m-BDT.

Computed I—-V curves of p-BDT and m-BDT with the NEGF-
DFT method are shown in Figure 9. This figure describes the
difference in the electron transport properties between the para
derivative and the meta derivative. The current ratio of the para
connection and meta connection is 1 order of magnitude. The
computed I—V curves clearly show good agreement between the
qualitative predictions based on the phase and amplitudes of the
frontier orbitals within the HMO method and the quantitative
calculations with the DFT method.

4. SUMMARY AND CONCLUSIONS

Our recent work for the orbital control of electron transport
through aromatic hydrocarbons® provided an important concept
to design high-conductance nanoelectronic devices. The theore-
tical framework was developed for weak interactions between the
hydrocarbons and the electrodes; however, calculations with
more quantitative methods have shown that the predictions hold
true for realistic junctions that include anchoring units between
the molecules and the electrodes. In this work we investigated the
origin of the frontier orbitals of BDT derivatives, the effect of the
sulfur atoms on the orbitals and on the electron transport
properties, and the applicability of the theoretical concept on
aromatic hydrocarbons with anchoring units. Our results clearly
demonstrate that the orbital view predictions hold true for
molecules perturbed by the anchoring units. The conductance
through p-BDT is expected to be symmetry allowed, whereas that
of m-BDT is expected to be symmetry forbidden. The difference
between the symmetry-allowed and symmetry-forbidden connec-
tions was characterized from the detailed orbital interaction
analysis within eHMO theory, i.e,, FMO analysis. The MO energy
diagrams and orbital interaction diagrams near the Fermi level of
p-BDT and m-BDT were verified by DFT calculations at the
B3LYP level of theory. The energy level alignments and orbital
distributions are consistent with the qualitative HMO and eHMO
calculations. We compared the qualitative expectations based on
the frontier orbitals with HMO theory and eHMO theory with
the NEGF-DFT calculations using more realistic two-probe
models. The qualitative frontier orbital analysis is fully consistent
with the quantitative NEGF-DFT calculation. The orbital sym-
metry rule is applicable to site-dependent electron transport
properties of molecules with anchoring sulfur atoms. The results
are not unique to the benzene and BDT derivatives. We obtained
similar results for naphthalene and naphthalenedithiol derivatives.
In this manuscript we considered a sulfur-anchoring system. The
orbital symmetry rule will be expanded to other anchoring
systems in our future work. Since essential orbital natures are
very similar among Huckel, extended Hiickel, Hartree—Fock, and
DFT calculations, especially regarding symmetry,"*® the qualita-
tive orbital views are useful in rationalizing the electron transport
phenomena in molecular junctions.
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