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The structure-property relationship of diarylethene (DAE)-derivative molecular isomers,
which involve ring-closed and ring-open forms, is investigated by employing the nonequilibrium Green’s function formalism combined with density functional theory. Molecular
junctions are formed by the isomers connecting to Au(111) electrodes through ﬂanked pyridine groups. The diﬀerence in electronic structures caused by diﬀerent geometry structures
for the two isomers, particularly the interatomic alternative single bond and double bond of
the ring-closed molecule, contributes to the vastly diﬀerent low-bias conductance values. The
lowest unoccupied molecular orbital (LUMO) of the isomers is the main channel for electron
transport. In addition, more electrons transferred to the ring-closed molecular junction in
the equilibrium condition, thereby decreasing the LUMO energy to near the Fermi energy,
which may contribute to a larger conductance value at the Fermi level. Our ﬁndings are
helpful for understanding the mechanism of low-bias conductance and are conducive to the
design of high-performance molecular switching based on DAE or DAE-derivative molecules.
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I. INTRODUCTION

The core task in single-molecule electronics is to establish a relationship between molecular structures and
their transport properties [1–8] and utilizing that to
achieve functional electronic devices, such as sensors
[9–13], memories [14–17], light-emitting diodes or transistors [18–23], ﬁeld-eﬀect transistors [24–27], and negative diﬀerential resistance devices [28–30]. A highly
challenging and promising aspect is to create molecular switching, which has two isomeric states since the
seminal work was reported by Jia et al. [31–34]. The
isomeric states can be tuned or interchanged through
external stimuli, such as electrons [35–37], electric ﬁelds
[38, 39], and light irradiation [31, 40–43]. To achieve
applicable molecular switching, isomeric states must
be preserved at the molecular junction, which can result in a signiﬁcantly high-low conductance ratio. Diarylethenes (DAEs), which have good thermal stability and high fatigue resistance, are a promising type
of molecule to realize the abovementioned behavior because they can switch structures between ring-closed
and ring-open forms [44–46]. The electronic structures or conjugation characteristics change signiﬁcantly,
resulting in vastly diﬀerent conductance values and
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prominent high-low conductance ratios ranging from 10
to 300 [31, 47–50]. However, alternating the two conductance states continuously remains challenging. According to a large number of studies in recent years
[31, 46, 50, 51, 62, 63], the electron transport properties of DAE depend on the anchoring group, electrode
properties, and switch core sulfur atoms in the thiophene ring of DAEs. The sulfur atoms interact strongly
with the metallic surface, which can aﬀect the switching
properties. Meanwhile, the interaction between electrodes and the core sulfur atoms may hinder the switching process. In addition, an appropriate interfacial interaction between electrodes and DAE molecules must
occur to yield a large conductance; however, it does not
change the molecular switching function. To obtain an
ideal switch using a DAE molecule, the conductance
mechanism of DAE molecular junctions must be understood. Recently, a DAE derivative functionalized with
oxygen instead of sulfur in thiofuran to form furan has
been synthesized to reduce interactions with metal substrates; in this case, using a scanning tunneling microscope probe is beneﬁcial for investigating the electronic
transport characteristics [48, 50, 51]. Although a good
on-oﬀ ratio was observed in the experimental measurement, the characteristics of electron transport must be
further elucidated.
In this study, we theoretically investigated the
structure-property relationship of a DAE derivative
(C5F-4Py) accessed on Au(111) electrodes by employing the non-equilibrium Green’s function formalism
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combined with density functional theory (NEGF+DFT
method) [52–56], while focusing on the internal transport mechanism of open-circle and close-circle isomers
and the reason for the diﬀerent conductance values. Our
calculations show that the low-bias conductance is predominantly attributed to the lowest unoccupied molecular orbital (LUMO) of both DAE derivatives. When
the structure of the DAE-derivative molecule changes
from an open-circle to a closed-circle, an excellent conductive path is formed, which is similar to the single
bond and double bond alternative alkene throughout
the molecular backbone. This results in a more delocalized electron distribution and a more remarkable
π-conjugation, which facilitate electron transfer. Additionally, more electrons are transferred to the closedcircle conformation in the equilibrium condition, which
decreases the energy level of the LUMO to near to the
Fermi energy. Consequently, an appropriate on-oﬀ ratio
is obtained by interchanging the diﬀerent conformations
of the DAE-derivative molecules.

II. THEORETICAL AND COMPUTATIONAL DETAILS

The SIESTA software package was employed to investigate the geometric and electronic structures of molecular junctions, such as Au-molecule-Au. After capturing optimized junctions, the SMEAGOL code was used
to study electronic transport properties [56, 57]. It is
well known that SIESTA is an eﬃcient DFT program
that can numerically simulate large systems with aﬀordable resources. The wave functions of valence electrons
are expanded over a ﬁnite-range numerical basis set,
and the core electrons are described by norm-conserving
Troullier-Martins pseudopotentials [58, 59]. Whereas a
double-zeta plus polarization (DZP) basis set was used
for H, C, O, N, and F atoms, two diﬀerent types of basis
set functions were used for Au in the bulk and at the
surface, respectively. More speciﬁcally, a DZP basis set
extended with diﬀuse functions was used to describe Au
surface atoms, and a single-zeta plus polarization basis
set was used for the bulk. The exchange-correlation
functional was treated at the level of generalized gradient approximation (GGA) formulated by the PerdewBurke-Ernzerhof (PBE) [60]. The real-space grid was
equivalent to a cutoﬀ of 200.0 Ry. Geometry optimization was performed using the standard conjugate gradient method until all the atomic forces were smaller
than 0.03 eV/Å.
SMEAGOL was employed to implement the
NEGF+DFT approach, which utilizes SIESTA as the
DFT platform [57]. Periodic boundary conditions
were applied in the plane, which was transverse to
the transport direction. The unit cell of the extended
molecule included a central switching molecule and 10
atomic layers of Au electrodes with a (4×4) supercell.
Furthermore, 24 energy points along the semi-circle
and 24 points along the line in the complex plane
DOI:10.1063/1674-0068/cjcp1911204

were used to integrate the charge density, whereas 24
poles were used for the Fermi function (the electronic
temperature was 300 K). The transmission spectrum
T (E) of the Au-molecule-Au junction was evaluated as
follows:
∫
(
)
1
T ⃗k; E d⃗k
(1)
T (E) =
Ω2DBZ 2DBZ
where Ω2DBZ is the area of the two-dimensional Brillouin zone in the transverse direction (orthogonal to
the transport direction). The transmission coeﬃcient
T (⃗k; E) was obtained as follows:
(R+)
T (⃗k; E) = Tr[ΓL GR
]
M ΓR GM

(2)

where GR
M is the retarded Green’s function matrix of the
extended molecule; ΓL (ΓR ), which is called the broadening function matrix, is used to describe the interface
interaction between the extended molecule and the lefthand (right-hand) side electrodes. We calculated the
transmission coeﬃcient samples of 4×4 k-points in the
transverse Brillouin zone and one k-point in the transport direction.
III. RESULTS AND DISCUSSION

1,2-Bis(2-methyl-5-((Z)-(2-cyano-2-(pyridine-4-yl)vinyl)furan-3-yl) hexaﬂuoro-cyclopentene (C5F-4Py-O)
can be synthesized according to Kim et al. [48]. When
illuminated by ultraviolet light or stimulated by a voltage pulse, the closed isomer (C5F-4Py-C) of C5F-4Py
can be observed in experiments [48, 50, 51, 61]. To
resolve the switching mechanism, we ﬁrst investigated
the atomic and electronic structures of these two
isolated isomers. For the C5F-4Py-O isolated molecule,
its optimized atomic structure is shown in FIG. 1(a).
On both sides of the central ﬂuorocyclopentane, all the
C, H, O, and N atoms were nearly coplanar separately,
whereas the two ﬂanked molecular groups were nearly
perpendicular to each other with a dihedral angle of
80.0◦ , which can be ascribed to the steric eﬀect of
methyl (-CH3 ). Speciﬁcally, the methyl moiety linked
to furan was coplanar with the furan or pyridine plane.
Considering that the length of C atoms in both methyl
groups was 3.68 Å, we inferred that the interaction
between them was weak and hence produced an
open-circle structure. By contrast, the methyl moiety
was almost perpendicular to the plane of furan with
a dihedral angle of 98◦ in the C5F-4Py-C isomer.
Considering the weak steric repulsion, two C atoms in
the two furans interacted with each other to form a
C−C bond with a length of 1.52 Å. The closed-cycle
isomer is shown in FIG. 1(b). Because the molecular
structure changed, the structure of alternative single
bonds and double bonds between C atoms, e.g., for
oleﬁns, is through the entire molecule. Consequently,
the delocalization of molecular orbitals increased
c
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FIG. 1 Optimized atomic structures: closed-ring structure:
C5F-4Py-O (a), open-ring structure: C5F-4Py-C (b).

and the conjugation of the molecule improved. To
demonstrate these diﬀerences, the electronic structures
were calculated and are shown in FIG. 2. Overall,
all the frontier molecular orbitals exhibited excellent
delocalization characteristics.
In the case of the
C5F-4Py-C molecule, the highest occupied molecular
orbital (HOMO) and the LUMO were dominated by C
2p, N 2p, and O 2p atomic orbitals across the molecule.
Nevertheless, the O 2p atomic orbital contributed by
lone pair electrons was absent in LUMO+1. All of
these orbitals contributed to the π-conjugation system,
thereby enabling electron transfer along the entire
molecule. Quantitatively, the energy gap between the
HOMO and LUMO was 0.64 eV, which was less than
the experimental value of 1.9 eV approximately [45].
This can be ascribed to the well-known deﬁciency
of the exchange-correlation functional GGA-PBE.
Because we only need to calculate the conductance
ratio between the diﬀerent isomers in this study, the
diﬀerence in energy gap between the calculation results
and experimental measurements can be disregarded
and the system error can be cancelled. By contrast,
the HOMO−LUMO gap was 2.1 eV in the case of
C5F-4Py-O. Although this value was lower than the
experimental value of 3.4 eV [45], the diﬀerence in
energy gap between the two conformations was nearly
identical. This further supports that the study based
on the exchange-correlational GGA-PBE is acceptable.
Furthermore, the HOMO energy of C5F-4Py-O was
lower than that of C5F-4Py-C. The result can be
veriﬁed by experimental observations [35, 37, 38].
The energy gap between the LUMO and LUMO+1
was only 0.09 eV, indicating that the two orbitals
were degenerate. Their wave functions were similar,
but a sign diﬀerence was observed in the left leg, as
shown in FIG. 2. The O 2p atomic orbital appeared
in the LUMO and LUMO+1, but it was absent in the
HOMO. Considering the diﬀerence in electron density
distribution between C5F-4Py-C and C5F-5Py-O, the
conductance ratio must be calculated by connecting
them to compose molecular junctions.
Next, we connected the C5F-4Py-C molecule to a protruding Au atom, which is called an adatom through
ﬂanked pyridines, to investigate its electronic transport properties. The optimized atomic conformation
of the Au-C5F-4Py-C-Au molecular junction is shown
in FIG. 3(a). We assumed that it was linked to the Au
DOI:10.1063/1674-0068/cjcp1911204

FIG. 2 Frontier molecular orbitals of isolated C5F-4Py isomers and their orbital energies.

atom through the N atom in pyridine through the AuN coordinate bond. The length of the Au−N bond was
2.19 Å, and the distance between the left and right electrodes was 20.53 Å, as deﬁned by the distance between
the adatoms in the transport direction. A comparison
between the atomic structures of the isolated molecules
with those in the molecular junction indicated the rigidity of the C5F-4Py-C molecule. This implies that its
electronic structures can be maintained at the molecular
junction. FIG. 3(b) shows the equilibrium transmission
spectrum. It is clear that all the peaks in the transport
spectrum are sharp, which veriﬁes the weak interaction
between the electrode and C5F-4Py-C molecule. In general, the transmission coeﬃcient at the Fermi energy is
dominated by its adjacent orbitals. Under the Fermi
energy, the ﬁrst transmission peak located at −0.44 eV
decayed signiﬁcantly toward the Fermi level (EF ), which
did not contribute to the transmission coeﬃcient. However, above the Fermi level, the transmission peak was
close to the Fermi level with an energy separation of 0.02
eV. The other three prominent transmission peaks were
located at −1.93, 0.85, and 1.88 eV, which contributed
to three excellent conductive channels with high transmission coeﬃcients. Considering their narrow widths,
they were ascribed to weak interactions with the electrodes. The transmission coeﬃcient calculated at the
Fermi level was 2.5×10−1 G0 . Considering the weak
interaction of the Au−N dative bond, we projected the
transmission spectrum onto the frontier molecular orbitals of the central C5F-4Py-C molecule, as shown in
FIG. 3(c). It is clear that the transmission peak at
−0.44 eV was dominated by the HOMO and that at
0.85 eV was primarily from the LUMO+1. By contrast,
the transmission peaks at 0.02 eV and the Fermi level
were both dominated by the LUMO of the C5F-4Py-C
molecule. To obtain a deeper insight into the nature
of the transmission at the Fermi level, the eigenchannel
of the Au-C5F-4Py-C-Au molecular junction was calculated at EF (see FIG. 3(d)). A comparison of the
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FIG. 3 Optimized atomic structure of the Au-C5F-4Py-C-Au molecular junction (a), equilibrium transmission spectrum
of the Au-C5F-4Py-C-Au molecular junction (b), transmission spectrum projected onto the frontier molecular orbitals of
isolated C5F-4Py-C molecule (c), and eigenchannel calculated at the Fermi level of the Au-C5F-4Py-C-Au molecular junction
(d).

FIG. 4 Optimized atomic structure of Au-C5F-4Py-O-Au molecular junction (a), equilibrium transmission spectrum of the
Au-C5F-4Py-O-Au molecular junction (b), transmission spectrum projected onto the frontier molecular orbitals of isolated
C5F-4Py-O molecule (c), and eigenchannel calculated at the Fermi level of the Au-C5F-4Py-O-Au molecular junction (d).

eigenchannel state density with the frontier molecular
orbitals of the isolated molecule indicated that the electron transport channel at the Fermi level was dominated
by the LUMO of the C5F-4Py-C molecule.
The conductance mechanism of the C5F-4Py-C
molecular junction has been explained thus far. Although the molecular conformation of C5F-4Py-O will
occur when C5F-4Py-C is irradiated by visual light,
the transport mechanism of the C5F-4Py-O molecular junction must be investigated further. Hence, we
investigated the electronic transport properties of the
Au-C5F-4Py-O-Au molecular junction, which was constructed in the same manner as the C5F-4Py-C molecular junction. This was appropriate because the interfacial conformation did not change signiﬁcantly when
DOI:10.1063/1674-0068/cjcp1911204

it transformed from C5F-4Py-C to C5F-4Py-O or vice
versa. The optimized distance of the central functional
region deﬁned as the C5F-4Py-C molecular junction was
21.79 Å, and the length of the Au−N bond was 2.20 Å,
as shown in FIG. 4(a). In addition, the optimized structure of C5F-4Py-O in the molecular junction was similar
to that in an isolated situation with comparable bond
lengths, bond angles, and dihedral angles. The equilibrium transport spectrum was calculated and is shown
in FIG. 4(b). The transmission coeﬃcient at the Fermi
level was 6×10−3 G0 . The ﬁrst transmission peak below
the Fermi level was at −1.96 eV. Additionally, the other
two prominent transmission peaks were above the Fermi
level and were located close to the energy axis. They
appeared at 0.035 and 0.12 eV, respectively. By pro-
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jecting the transmission spectrum onto the molecular
orbitals (see FIG. 4(c)), it was discovered that the two
peaks were dominated by the LUMO and LUMO+1, respectively. By contrast, the HOMO of C5F-4Py-O contributed to the ﬁrst transmission peak below the Fermi
level. The energy gap acquired from the transmission
spectrum was 1.99 eV, which agreed well with that of
the isolated C5F-4Py-O molecule. This further conﬁrmed the weak interfacial interaction. At the Fermi
level, the contribution to conductance from the LUMO
was approximately eight times higher than the contribution of the LUMO+1. Comparing the eigenchannel calculated at the EF (see FIG. 4(d)) of the Au-C5F-4PyO-Au molecular junction with the orbitals in FIG. 2, we
conﬁrmed that the transmission coeﬃcient was mainly
ascribed to the LUMO of the C5F-4Py-O molecule. The
coupling between Au 5d orbitals and N 2p orbitals contributed to the interfacial interaction. Thus far, we
have calculated and interpreted the transport mechanism of the isomers of the C5F-4Py molecule. We discovered that the ratio of the high conductance of C5F4Py-C to the low conductance of C5F-4Py-O was 41.7,
which agreed with the experimental result of 45.9. Although the conductance value calculated in this study
was higher than the experimental observation, it did
not aﬀect the ratio and mechanism. Considering the
similar atomic structure and the same electron transport channel, we inferred that the higher conductance of
C5F-4Py-C was ascribed to its LUMO, which was much
closer to the Fermi level than that in the case of C5F4Py-O. In addition, we calculated the electron transfer
number between the electrodes and the central molecule
in an optimized equilibrium molecular junction. The
0.35 electron transfer to the C5F-4Py-C molecule from
the electrodes was higher by 0.23 electrons than that in
the C5F-4Py-O molecule. Although the length of the
Au−N bond was the same in both isomers, the interfacial interaction between the electrodes and the C5F4Py-C molecule was much stronger than that in the
Au-C5F-4Py-O-Au molecular junction. This may be
another reason contributing to the larger conductance
value of the Au-C5F-4Py-C-Au molecular junction.

IV. CONCLUSION

In this study, we investigated the atomic and electronic structures of two isomers of C5F-4Py molecules
and the electron transfer properties when connecting
them to a protruded Au atom along the Au(111) direction using the NEGF+DFT method. Our calculations revealed that the LUMO of the central molecule
was critical in determining the low-bias conductance
value. Because the atomic structures changed signiﬁcantly from C5F-4Py-O to C5F-4Py-C, a good electron
transport channel was obtained, similar to the alternative single bond and double bond structure of the alkene
skeleton crossing the entire C5F-4Py-C molecule, which
DOI:10.1063/1674-0068/cjcp1911204
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rendered the electron distribution more delocalized and
the conjugation characteristics more remarkable. The
greater number of electrons transferred to the C5F-4PyO molecule from the electrodes in the equilibrium condition caused the LUMO to be nearer to the Fermi energy, which contributed to a large conductance at the
Fermi level. Our calculation elucidated the conductive
mechanism of the C5F-4Py isomer molecular junctions
and the reason for the moderate high-low conductance
ratio, which facilitates the design of high-performance
molecular switching in the future.
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