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Abstract: A series of model molecules with 4 kinds of conformational transformations have been investigated as
optical molecular switches by using density functional theory combined with nonequilibrium Green’s function method.
The theoretical calculations show that molecules after conformational transformations have photoswitching
characteristics. We find that the photochromic molecules with the same conformational transformation usually have a
similar current on/off state when they are applied as photoshwitches. Among these transformations, the molecular switch
with E(“trans”)/Z(“cis”)-isomerisation of the N=N double bond has the highest current on-off ratio. The influences of
the energy gap (HLG) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), spatial distributions, transmission and projected density of states (PDOS) spectra on the electronic
transport through the optical molecular switches are discussed in detail.
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Photochromic molecules that change color upon
irradiation with ultraviolet (UV) light or visible (VIS)
light have attracted much attention because of their
possible applications in optical molecular switches
and devices!™ (Scheme 1). In recent years, most mec-

hanisms for optical switches are based on light-in-
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duced conformational changes, in particular cis-trans
isomerization reactions or ring-opening reactions of
the molecular bridge, ring-closing reactions of the
merocyanine and internal conversion®”.

Profiting from the recent progress in experimen-

tal techniques for characterizing and manipulating in-
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Scheme 1 The schematic representation of the photochromism process in optical molecular switch system (the molecule transforms

between current on and off states)
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dividual molecules, many characteristics of pho-
tochromic molecules have been measured during the
past decade, such as current/voltage characteristics®,
photochemical fatigue®, light wavelengths, attainable

10]

conversion efficiencies "% and so on. Interested in the

superior photoswitching characteristics of pho-
tochromic compounds, many researches have focused
on new types of optical molecular switches. For exam-
ple, Coelho have synthesized a series of novel pyrroli-
dene imines bearing functionalized aryl or naphthyl
moieties and studied their photochromic properties by
UV spectroscopy, which proved that molecule with
trans-cis photoisomerization of the N=N double
bond has good photoswitching characteristics"Y. Diana
Dulic group synthesized a 1,2-bis [5'- (5"-acetylsul-
fanylthien-2" -yl)-2" -methylthien-3’ -yl] cyclopentene
photochromic switch and used the mechanically con-
trollable break-junction technique (MCBJ) to mea-
sure electronic transport and UV/VIS spectroscopy
to measure absorption, which reflected the potential
application of molecules with ring-opening reactions
in optical molecular switches. Helge Schenderlein
prepared surface-attached polymer networks that carry
light-responsive nitrospiropyran groups in a hy-
drophilic PDMAA matrix on planar silicon and glass
surfaces and characterized them with respect to their
switching behavior under the influence of an external
light trigger, which also is based on the photoswitch-
ing characteristic of molecules with ring-closing reac-
tions of the merocyanine!™. Zhao fully encapsulated
multiresponse molecule salicylidene Schiff base, N-3,
5-dichlorosalicylidene- (S)-R-phenylethylamine (SPEA)
into the channel of amino-functionalized mesoporous
molecular sieve and characterized its photoswitching
properties by X-ray diffraction, Fourier transform in-
frared
croscopy, UV-VIS diffuse reflectance spectroscopy,

spectroscopy, transmission electron mi-
and photoluminescence spectroscopy!™.

When these model molecules with 4 kinds of
conformational transformation are applied as molecu-
lar switches, many theoretical studies have described
their own characteristics. The switchable behavior of

the series of spiropyran derivatives has been con-

firmed according to their time-dependent Ha-
tree-Fock (TDHF), coupled perturbed (CP) HF, and
Moller-Plesset (MP2) calculations™. Computed ver-
tical-absorption spectra for the stable ground-state i-
somers of salicylidene methylamine (SMA) fully con-
firm the photochromism of SMA. The photophysical
scheme which emerges from the theoretical study is
related to recent experimental results obtained for
SMA and its derivatives in the low-temperature argon
matrices!"™'”. A detailed comparison of the S,, S, (n ->
pi") and S,(pi -> pi’) potential energy surfaces (PESs)
of the prototypical molecular switch azobenzene is
obtained by Delta-self-consistent-field (Delta SCF)
(DFT), time-dependent
DFT (TD-DFT) and approximate coupled cluster sin-
gles and doubles (RI-CC2). All three methods unani-
mously agree in terms of the PES topologies, which

density-functional theory

are furthermore fully consistent with existing experi-
mental data concerning the photo-isomerization
mechanism"™"), The multi-switchable molecular sys-
tems incorporate at least one diarylethene group
which is the most successful thermally stable (P-type)
organic photochrome. The promising successes of
asymmetric diarylethene dimmers, trimers, and
molecules combine two families of photochromes,
such as diarylethene added to fulgimide or phenoxy-
naphthacenequinone. The investigation of the absorp-
tion spectra of the photochromes with time-dependent
density functional theory (TD-DFT), the analysis of
the topology of the LUMO +n (typically n = 1) of the
closed-open hybrid, and an estimation of the steric
stress in the hypothetical (ground-state) closed-closed
structure serve as a useful combination of parameters
to obtain initial insights regarding the photocydiza-
tion of the different open diarylethene groups™®’. Al-
though many efforts have been made for improving
the photoswitching characteristics of photochromic
compounds and the applicable theoretical explanation
to these characteristics, it still hasn’t been compared
between different conformational transformations un-
der the same conditions, thus it is not yet clear that
what kind of compound is most applicable in optical

molecular switch.
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We focus on the first principles theoretical in-
vestigation of the electron transport behavior for a se-
ries of photochromic molecules most widely studied
in the application of photochromes, which have been
included by the 4 kinds of chemical transformations
under photoexcitation mentioned above. By compari-
son, we find that electron transfer can affect the
molecular conductance and current significantly as
shown in the electron distribution of the molecules.
The main aim of this study is to theoretically investi-
gate the static and dynamic features of current on/off
states for photochromic molecular switches, such as
the molecular projected self-consistent Hamiltonian
(MPSH) orbitals, transmission spectra and the pro-
jected density of states (PDOS) spectra, and to further
understand their switching behavior in detail. Thus, it
can provide a useful candidate to design molecular
switch.

1 Methodology
1.1 The Model Systems

Fig. 1 depicts the photoisomerisation reactions of
several important classes of photochromic switches,
namely (A) spiropyranes, spirooxazines; (B) salicyli-
dene schiff bases, phenanthrenequinones; (C) azoben-
zenes, dihydrodibenzodiazocines; (D) fulgimides and
diarylethenes. They are the core functional molecules
that most researchers synthesize and study in pho-
tochromes field ®4. The respective conformational
transformations include (A) electrocyclic ring open-
ing to the merocyanine form (spirobenzopyrans and
spirooxazines); (B) internal conversion (salicylidene
schiff bases and phenanthrenequinones); (C) E/Z-iso-
merisation of the N=—N double bond (azobenzenes
and diazocines) and (D) electrocyclic ring closure of
the hexatriene backbone to cyclohexadiene
(fulgimides and diarylethenes). The molecular junc-
tions are shown in Fig. 1, giving the sequential series
of photoswitching units in on and off states. Each
model has two thiol groups on the opposite position
of the junction to attach onto the left and the right
electrodes, or the drain and the source electrodes.

1.2 Computational Method

All the electronic structure calculations are car-

ried out using DFT™, as implemented in the Gaus-
sian-03 software package®”. A combination of Becke’
s three-parameter (B3)FY exchange functional and
Lee, Yang and Parr (LYP) gradient-corrected correla-
tion functional i.e., B3LYP hybrid functional is used
for the entire calculations. Thus, this hybrid method
gives values that are in close agreement with the ex-
perimental data®. The LANL2DZ basis set is used
for the DFT calculation, in which LANL (Los Alam-
os National Laboratory) provides effective core po-
tential (ECP)™* for heavy atoms (Au and S atoms)
and the double zeta (DZ) type basis set D95VE is u-
tilized as valence basis set. The use of ECP for the
core electrons simplifies the problem by eliminating
the need for the core basis functions, which requires
large computation, at the same time the accuracy is
also maintained.

Fig. 1 illustrates the simulation setup. The
pre-optimized molecules are sandwiched via thiolate
bonds between two parallel Au (111) surfaces that
correspond to the surface of the Au electrode &7,
Sulfur atoms are always chemisorbed at the center of
the centers of the triangles, namely, the hollow site
which is energetically favorable for providing a good
electrical contact between the organic molecule and
the metal electrode. The relative position of Au atoms
is frozen in each triangle cluster, but the distance be-
tween the Au clusters is relaxed during the process of
further geometric optimization at the same level of
theory. Each layer of gold electrodes is represented
by a 3x3 supercell with the periodic boundary condi-
tion so that it imitates bulk metal structures™**. Pho-
toswitching molecule is rotated to an appropriate po-
sition to make sure that the 3x3 supercell is large e-
nough to avoid any interaction with molecules in the
next supercell®*!. In NEGF theory, the entire molec-
ular switch is divided into three regions: left electrode
(L), contact region (C) and right electrode (R). The
contact region includes extended molecule and two
layers of gold slab from each electrode to screen the
perturbation effect from the central region and they
are denoted as surface-atomic layers. The semi-infi-

nite electrodes are calculated separately to obtain the
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A. Electrocyclic ring opening to the merocyanine form™!
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D. Electrocyclic ring closure of the hexatriene backbone to cyclohexadienel!
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Fig. 1 The photoswitching units can convert between a circuit-on and off configuration upon photoexcitation (all the models

sandwiched between two Au(111) nanoscale electrodes with finite cross section)

bulk self-energy. The geometry of the central extend- than 1 eV -nm. This optimization and further quan-
ed molecule is optimized by minimizing the atomic tum transport calculation are based on the real-space,

forces on the photoswitching molecule to be smaller Keldysh NEGF formalism and the density functional
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theory (DFT) as implemented in the Atomistix
Toolkit (ATK) software™.

In the molecule geometrical optimization and
the electronic transport properties of the molecular
switch, the double-{ plus polarization (DZP) basic set
for the organic and a single-{ plus polarization (SZP)
adopted. The

molecule-electrode contact distance was initially set

basis set for gold atoms are
as 0.2 nm and then optimized. The reasonable range
is from 0.190 to 0.239 nm that is used by most au-
thors™®*#), The exchange-correlation potential was de-
scribed by the PBE parameterization of general-
ized-gradient approximation (GGA) function®*, An
energy cutoff of 150 Ry for the grid integration is set
to present the accurate charge density.

In NEGF theory, the transmission function 7'(F,
V) of the system is the sum of transmission probabili-
ties of all channels available at energy £ under exter-
nal bias VI

T(EV=Tr T(EV)GYEV)TR(E,V)GNE, V)] (1)

where G"* are the retarded and advanced
Green’s functions, and coupling functions Iy are
the imaginary parts of the left and right self-energies,
respectively. The self-energy depends on the surface
Green’s functions of the electrode regions and comes
from the nearest-neighbor interaction between the ex-
tended molecule region and the electrodes.

For the system at equilibrium, the conductance G
is evaluated by the transmission function 7(£) at the Fe-
rmi level Er of the system!™:

G = GoI(EY 2)

Where G, = 2¢e%h is the quantum unit of conduc-
tance, h the Planck's constant, and e is the electron
charge.

2 Results and Discussion
2.1 Spirobenzopyran and Spirooxazines

1) Electron Transport properties

Spirobenzopyrans (SPs) and spirooxazines (SZs)
are the typical photochromes by electrocyclic ring
opening to the merocyanine form upon photoexcita-
the pho-

tochromism of SPs upon ultraviolet excitation, which

tion. These properties derive from

converts the closed, colorless form (electrocyclic

ring, ¢ -SP) to an open colored form (merocyanine,
m-SP). The m-SP may be thermally converted back to
e-SP. The m-SZ is similar to m-SP and easily convert-
ed to the ring-opened form (e-SZ) upon UV irradia-
tion, and has excellent fatigue-resistance property to
light®. Therefore, SPs and SZs are considered suitable
materials for technological applications like optical
memory devices and switches, as well as models for
biological receptors.

The currents as a function of junction bias from
0 to 1.0 V are presented in Fig. 2A. One can see that
the current through e-SP is strongly suppressed over
the entire bias range and the current through m-SP is
evidently larger than that through e-SP. Thus, when
e-SP changes to m-SP under photoexcitation, it is
predicted to switch from a weakly conducting (off
state) to a highly conducting state (on state), and vice
versa. The switch status for SZs is similar to that of
SPs, in which m-SZ is on state and e-SZ is off state. In
addition, the current of m-SZ (on state) is nearly two
times higher than that of m-SP (on state). However,
the on-off ratio in the current of SPs, R(V) = I./Is,
is much higher than that of SZs, which attributes to
the higher current through e-SZ than that through
e-SP. Although the ratio difference between SPs and
SZs, their evolutions versus bias (V) are quite similar
(Fig. 2A) in that they both generally decrease as bias
rises.

The conductance-bias curves of all junctions of
SPs and SZs are presented in Fig. 2B. The conduc-
tance changes of m-SP and e-SP have a similar ten-
dency that they both rise up to a peak value and then
decline slightly. However, the conductance of m-SZ
declines, while that of e-SZ increases when the bias
further rises. This phenomenon can be explained by
the following MPSH orbital energy.

2) HOMO, LUMO, and Energy Gap between
HOMO and LUMO

The current through a single molecule that
bridges two metal electrodes is given by the Lan-

dauer-Biittiker formulal*1,

+o0

i | TRV, Egn o (B DE - (3)
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Fig. 2 A. The I-V and on-off ratio curves as function of the bias; B. The conductance-bias curves of SPs and SZs with all junc-

tions (the bias changes from 0.0 V to 1.0 V)

where T(E,V,) is the transmission probability at a giv-
en bias voltage V4, fir is the Fermi-Dirac distribution
function for the left(L)/right(R) electrode, and wx is
the electrochemical potential of the L/R electrode.
The bias window is given by = Er - eV/2 and ur =
Er + ¢eVyy2, in which Ey is the Fermi energy that can
be referred to zero. [ui(V5y), ur(Vy)] is the energy re-
gion that contributes to the current integral and is re-
ferred to as the bias window.

The levels of frontier molecular orbitals (FMOs)
are shown in Fig. 3. The Fermi level of the gold elec-
trode is set at zero and HOMO corresponds to the en-
ergy levels with the highest energy under zero while
LUMO corresponds to the energy levels with the low-
est energy over zero. Though they may not corre-
spond to the insulated molecule, they are an impor-
tant factor dominating the junction transportation. It
can be expected that only electrons with energies
around the Fermi level contribute to the total current.
To take SPs for example (Fig. 3A), since the HOMO

level of e-SP and the LUMO level of m-SP are closer
to the Fermi level compared to the LUMO level of
m-SP and e-SP at a wide bias range, the HOMO level
of e-SP and the LUMO level of m-SP mainly con-
tribute to their current. When SZs are applied as pho-
tochromes, the HOMO and LUMO levels of m-SZ
are out of the bias window in the entire bias range but
the LUMO level of e-SZ is in the bias window when
the bias is up to 0.7 V, thus the LUMO level of e-SZ
contributes to its conductance. As a result, the con-
ductance of e-SZ is larger than that of m-SZ when the
bias is higher than 0.7 V, thus the HOMO resonance
forms the main electron transport channel. When the
applied bias increases, both the HOMO and LUMO
levels of e-SZ go up whereas the HOMO and LUMO
levels of m-SZ drop down. We further analyze the
MPSH level through the bias window which is de-
fined as the energy range from - (V/2) to (V/2). The
HOMO and LUMO levels of m-SZ are both located
in the bias window at high bias (= 0.7 V) but only
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the HOMO level of e-SZ is in, thus, the LUMO level
of m-SP also contributes to its current. Hence, the
current of m-SP is larger than that of e-SP. In con-
trast, only the HOMO level of m-SZ is located in the
bias window. The conductance of e-SZ is higher than
that of m-SZ.

The parameter HLG is the gap between the ener-
gy level of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular or-
bital (LUMO) of the molecule. HLG and the conjuga
tion structure of FMOs are critical parameters in de-
termining molecular electron transport properties. In
most cases, the electron transport barrier is directly
correlated to the HLG. Because the drop of HLG can
make it easier for electron to jump from HOMO or-
bital to LUMO orbital, it may give insight into under-
standing many electron-transfer behaviors of the

molecular wire, and further facilitate the design of

(] w
T T

MPSH orbital energy/eV

—®— m-SP

—=—cSP

HLG/eV
™o

0.4 0.6
Bias/V

0.8

B

the novel molecular electronic devices. When other
factors keep the same, the conductance is propor-
tional to the HLG™®1. The HLG as a function of bias
is presented in Fig. 3B. The HLG of m-SP is greatly
lower than that of e-SP. Hence, it is easier for elec
trons to go through m-SP. Although the HLG of
m-SZ is also lower than that of e-SZ, since the HO-
MO and LUMO levels of m-SZ are both out of the
bias window, the less HLG of m-SZ has no contribu-
tion to its conductance. Therefore, the HLG curves of
SZs are not used to explain the conductance differ-
ence of SZs with different junctions.

As demonstrated by us and others, the spatial
distribution of the FMOs is a good indicator of
molecular electron transfer, which not only qualita-
tively shows whether these orbitals form the transport
channels, but also describes the coupling between the

molecule and the electrode. The higher delocalization
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Fig. 3 A. The HOMO and LUMO levels of SPs and SZs with all junctions (the region between the dash lines stands for the bias

window); B. The HLG dependence on external bias of SPs and SZs with all junctions
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is the molecule, the easier is the electron transfer, and
vice versa. The spatial distributions for the FMOs of
SPs and SZs with different junctions are presented in
Fig. 4. The results are calculated by ATK software at
the bias of 1.0 V. For m-SP and m-SZ, the HOMO
levels are both much more delocalized than those of
e-SP and e-SZ, and the spatial distributions of their
HOMO-1 and LUMO+1 channels overlap with Au
electrode greatly. Therefore, the higher currents of
m-SP and m-SZ benefit from the delocalized FMOs.
The spatial distribution results further proved the cur-
rent and conductance differences between SPs and
SZs with different junctions.

3) Transmission and PDOS Spectra

As current is the integral of the transmission co-
efficient in the bias window, the analysis of the trans-
mission spectra may give us a clear understanding of
the electron transport behavior. The transmission
spectra of SPs and SZs at the bias of 1.0 V are plotted
in Fig. 5. For e-SP, only the HOMO orbital is in the
bias windows whereas both the HOMO and LUMO
levels are in the bias windows for m-SP. The integral
area of the peaks in the bias window of m-SP is also
larger than that of e-SP, which illustrates that the cur-
rent of m-SP is higher than that of e-SP. In the case of
SZs, there is a strong HOMO peak for m-SZ in the
bias window, whereas there is no peak for e-SZ.
Therefore, the photoswitching unit with m-SZ is in
current on state.

Furthermore, PDOS spectra of SPs and SZs can
give insights into the states contributing to molecular
switching. Fig. 5 plots PDOS spectra of these two
photochromes at 1.0 V. In the case of e-SP (Fig. 5A),

two resonance peaks are observed at -0.4 and 0.5 V,
originating from the HOMO and LUMO states, re-
spectively. The resonance peaks of m-SP are at -0.3
and 0.4 V, and are originated from the HOMO and
LUMO of m-SP. The HOMO and LUMO resonances
of m-SP are wider and closer to Fermi level com-
pared to that of e-SP, which is consistent to the trans-
mission of SPs. Similar phenomenon can also be ob-
served in the PDOS spectra of SZs. The conclusions
can be initially drawn that the photochromic
molecules with the same structural transformation
usually have a similar current on/off state when they
are applied as photoshwitches.
2.2 Salicylidene Schiff Bases and Phenan-

threnequinones

1) Electron Transport Properties
(SSBs) and phenan
threnequinones (PQs) are the typical photoswitching

Salicylidene schiff bases

units by internal conversion upon photoexcitation.
After photoexcitation, in SSB molecule, the position
of a hydrogen atom has transferred from the nitroge-
nous group onto the phenyloxy group whereas the po-
sition of carbonyl group is transferred from pheny-
loxy group on the middle benzene ring to phenyloxy
group on the right benzene ring in PQ molecule*.,
In Fig. 6A, we show the self-consistently calculated
I-V characteristics curves of the two kinds of molecu-
lar switches with different forms in a bias range from
0 to 1.0 V. The current through SSB that hydrogen
atom is on the nitrogenous group (O-SSB) almost lin-
early increases with the bias voltage, whereas the cur-
rent curve of SSB that hydrogen atom is on the
phenyloxy group (OH-SSB) has a higher slope in the

HOMO-1 | HOMO | LUMO | LUMO+1

HOMO-1 | HOMO | LUMO | LUMO+1

m-SP
SPs

e-SP

g

<

ol

m-

1
e-SZ
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SZs =

el

%,

)

°§ﬁ2§k|- SO

—

Fig. 4 Spatial distributions of HOMO-1, HOMO, LUMO and LUMO+1 at the bias of 1.0 V, including SPs and SZs with electro-

cyclic ring and merocyanine junctions
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Fig. 5 Transmission and PDOS spectra for SPs (A) and SZs (B) at 1.0 V (the region between two dash lines means the bias window)

low bias and then the increasing speed slows down.
The current through OH-SSB is apparently higher
than that through O-SSB at low bias. Thus, one can
predict that there is a switch from on (low resistance)
state to the off (high resistance) state, when SSB
molecule reverses from O-SSB to OH-SSB upon
photoexitation. The current curves of PQs with differ-
ent junctions are opposite to those through SSBs in
that they have a small slope value in the low bias, and
then increase rapidly with the bias after the bias is up
to 0.5 V. Meanwhile, the current through the PQ that
the carbonyl group is on phenyloxy group of the mid-
dle benzene ring (m-PQ) is evidently greater than that
through the PQ that the carbonyl group is on pheny-
loxy group of the right benzene ring (r-PQ) over the
entire bias range.

Based on the current evolutions below, the
on-off current ratios of SSBs and PQs also show dif-
ferent trends (Fig. 6A). The ratio of SSB has a plat
form when the bias is lower than 0.4 V and then de-
creases nearly linearly with the bias, while that of
PQs first decreases and then increases at the bias of
0.3 V. The SSB switch has a max ratio value of 2.30
at 0.4 V and the PQ switch has a higher max value of
8.00 at 1.0 V. The average ratio of PQs is also much
higher than that of SSBs, which would be attributed
to the less current value of r-PQ. It can be concluded
that the bias is an important factor that can affect the
on/off ratio of a molecular switch.

The conductance-bias curves of all junctions of

SSBs and PQs are also presented in Fig. 6B. Like the
I-V curves, the conductance of O-SSB and r-PQ both
increase by the bias increasing. There is extraordinary
difference between the conductance curves of
OH-SSBs and m-PQs, as the conductance of OH-SSB
first increases and then decreases at 0.5 V, but the
conductance of r-PQ first increases slowly and then
accelerates the increasing rate at the same bias. The
conductance of PQs is lower than that of SSBs at low
bias. However, at the high bias, the conductance of
PQs has exceeded that of SSBs for many times. The
huge currents and conductance differences between
all junctions of SSBs and PQs testifies the potential
applications of SSBs and PQs in optical molecular
switches.

2) Spatial Distributions of HOMO and LUMO
Orbitals

Fig. 7 illustrates the spatial distributions of the
HOMO-1, HOMO, LUMO and LUMO+1 at the bias
of 1.0 V. The HOMO-1 and HOMO of OH-SSB are
fully delocalized and provide a good channel for the
electron transport. Meanwhile, the HOMO and LU-
MO of O-SSB also have a good delocalization de-
spite not as good as that of OH-SSB, leading to the
negligible HOMO and LUMO resonance peaks of
OH-SSB and O-SSB as shown in Fig. S2. MPSH
curves of PQs in Fig. S1 indicate that the electron
transport of PQs in on state is mainly controlled by
HOMO resonance of m-PQ as it is closer to Fermi
level. The excellent spatial distribution in HOMO of
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Fig. 6
tions (the bias changes from 0.0 V to 1.0 V)

m-PQ shows that it provides the main electronic
transport channel for m-PQ leading to low barrier for
electron transport, which further supports the MPSH
results.

As shown in Fig. S1, the current and conduc-
tance differences between OH-SSB and O-SSB can
not be explained by the MPSH and HLG curves with
the bias as the HOMO and LUMO levels are out of
the region of bias window, which indicates that the

total currents of SSBs with different junctions are not

A. The I-V and on-off ratio curves as function of the bias; B. The conductance-bias curves of SSBs and PQs with all junc-

contributed by the HOMO and LUMO resonance.
But in transmission spectra, as current is the integral
of the transmission coefficient in bias window, the
current of OH-SSB is still a little larger than that of
O-SSB, thus the molecular switch with OH-SSB is in
on state when the bias is 1.0 V (Fig. S2). However, in
the PQs system, HLG of m-PQ is less than that of
r-PQ, which results in a high conductance of m-PQ
that is 2 ~ 3 orders of magnitude larger than that of
r-PQ. And only the LUMO resonance peak of m-PQ
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Fig. 7 Spatial distributions of HOMO-1, HOMO, LUMO and LUMO+1 at the bias of 1.0 V, including SSBs and PQs with all

junctions
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is in the bias window around the Fermi level in trans-

mission and PDOS spectra, resulting in a high current

and conductance of m-PQ.

2.3 Azobenzenes and Dihydrodibenzodia-
zocine

1) Electron Transport Properties

Azobenzenes (AB) and dihydrodibenzodiazocines
(AB-C2) are the typical photoswitching units that are
achieved by E(“trans”)/Z(“cis”)-isomerisation of the
N=N double bond under photoexcitation. Azoben-
zene (AB) and its derivatives play particularly impor-
tant roles in the field of photochromic molecular
switches because of the large change in molecular
size, shape and dipole moment from the thermody-
namically favored, stretched E isomer to the energeti-
cally higher, more compact Z isomer, which can be
interconverted through reversible £-Z and Z-E pho-
toisomerisation reactions on irradiation with VIS or
UV light. In addition, AB stands out for its low pho-
tochemical fatigue, which guarantees high numbers
of switching cycles. For many applications, however,
the photoswitching properties of AB are far from ide
al. AB-C2, a bridge derivative of AB, has been syn-
thesized recently in an effort to enhance the efficien-
cy of the AB photochrome**.,

The calculated /-V curves of molecular switches
with E/Z isomers of ABs and AB-C2s in the range of
[0, 1.0 V] are plotted in Fig. 8A. The I-V curves of
E/Z isomers of ABs are fairly linear in the entire volt-
age regime. This indicates that it is a simple tunneling
for conduction electrons of the gold electrodes
through the gap between the HOMO and LUMO or-
bitals. Meanwhile, the I-V curve of the E-isomer of
AB-C2 (E-AB-C2) increases at first slowly and then
rapidly but the current through Z-AB-C2 keeps a con-
stant increasing slope in the entire bias range, as a re-
sult, the on/off state of E/Z-AB-C2 has been reversed
at the bias of 0.4 V. By comparison, the current
through E-AB is higher than that through E-AB-C2
but the current through Z-AB is much lower than that
through Z-AB-C2. It leads to the result that the on-off
ratios of ABs are greatly higher than that of AB-C2s,

and the shapes for on-off ratio curves of ABs and

AB-C2 are totally different (Fig. 8A).

The big conductance gap between E/Z isomers
of AB also proves the excellent photoswitching char-
acteristics of ABs (Fig. 8B). Experiments have testi-
fied that the AB-C2s can overcome many defects of
ABs such as low photochemical fatigue, almost the
same wavelength that the two isomers absorb for iso
merisation, and so on. However, there are many tasks
to be completed in improving its photoswitching per-
formance, especially the on-off ratio.

2) Spatial Distributions of HOMO and LU MO
Orbitals

The effects of E/Z structures and connections on
electronic structures are analyzed by HOMO, LUMO
and HLG in Fig. S3. The electron of £-AB can inject
into LUMO from electrode or hop into electrode
from HOMO more easily than that of Z-AB. The sim-
ilar conclusion can also get from the HLG-V curves
of E/Z isomers of AB-C2. The results in Fig. S4 also
give an excellent explanation to the electron transport
in E/Z isomers of AB and AB-C2 and their different
photoswitching performance by comparing the trans-
mission spectra with PDOS.

In Fig. 9, here we emphasize on the spatial dis-
tributions of HOMO-1, HOMO, LUMO and LU-
MO+1 orbitals of E/Z isomers of AB and AB-C2 at
1.0 V. The MOs are projected onto the molecule
from the junctions, as a result, the effect of Au elec-
trodes is also included. It is obvious that the m-over-
lapping and the w-electron conjugations are reduced
by switching from the E-isomers of AB and AB-C2
to the Z-isomers of AB and AB-C2. The bridge C
atoms in AB-C2 hinder the m-overlapping and the
m-electron conjugations, so they hinder the electron
transport in AB-C2.

2.4 Fulgimides and Diarylethenes

1) Electron Transport Properties

Among the many classes of photochromic com-
pounds, diarylethenes and fulgimides have generated
the greatest interest, because they meet many of the
aforementioned requirements for photoswitching u-
nits that are achieved by chemical transformations

from electrocyclic ring closure of the hexatriene
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Fig. 8 A. The I-V and on-off ratio curves as function of the bias; B. The conductance-bias curves of E/Z isomers of ABs and
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Fig. 9 Spatial distributions of HOMO-1, HOMO, LUMO and LUMO+1 at the bias of 1.0 V, including £/Z isomers of ABs and

AB-C2s

backbone to cyclohexadiene under photoexcitation.
Previous studies have demonstrated that fulgides are
unstable in hydrolytic solvents relative to the corre-
(FM). In FMs, the anhydride
moiety of the fulgide is replaced with an imide moi-

sponding fulgimides

ety. FM derivatives are considered as a series of good
switching materials because they present excellent
switching reversibility, thermal stability of the differ
ent isomers and resistance to fatigue in solution. Di-
arylethene (DT) containing heterocyclic aromatic

group is also a most promising molecular switch mate-

rial in the actual device as it has a good thermal stabili-
ty, strong light sensitivity and high fatigue resistance
characteristics. The opened-ring DT (opened-DT)
transforms into closed-ring DT (closed-DT) after ab-
sorbing UV light and reversible reaction happens after
absorbing VIS-light. However, the reversible transfor-
mation only occurs in solution. When DT is connected
to Au electrode, the closed-DT can transform to the
opened-DT but the reversible cannot happen as the
high coupling between DT molecule and Au electrode

hinders the cyclization reaction. Therefore, different
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functional groups are added onto DTs to change the
coupling degree and to make the reversible reaction
occur. It is found that adding cyclization or replacing
H in DT with F can achieve the two-way switch®",
First, we analyze the photoswitching characteris-
tics of FMs and DTs. The calculated /-V characteris-
tics of the molecular switch at bias up to 1.0 V are
plotted in Figure 10. One can see that the current
curves of FMs and DTs are a little different, in which
the current through closed-FM has a peak at 0.6 V
and then drops sharply, but both the currents through
closed and opened forms of DT increase sharply and
then their increasing trends slow down at high bias.
However, the current through the opened form of FM
is strongly suppressed over the entire bias range,
while the current through the closed form is evidently
larger than that through the opened forms of FM and
DT. As a result, their on-off ratios are different in
which the max ratio of FMs is 103.8 at 0.5 V that is
nearly 10 times to that of DTs at 0.1 V. It is attributed

to the huge difference between the currents through
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the opened form of FM and DT. This shows that the
electronic structure of molecule is of crucial impor-
tance in determining the low bias transport when
nanoscale electrodes are used.

Meanwhile, the conductance curves of FMs and
DTs are different, which is resulted from their differ-
ent current curves (Fig. 10B). The conductance of
closed-FM has a peak at 0.4 V and then decreases
with the bias, but the conductance of opened-FM in-
creases lowly in the entire bias range similar to its
current. The conductance of closed-DT keeps de-
creasing as the bias increases whereas the conduc-
tance of opened-DT has a peak at the bias of 0.5 V.

2) Spatial Distributions of HOMO and LUMO
Orbitals

The results of HOMO, LUMO and HLG are
shown in Fig. S5. The excellent conjugation of
closed-FM narrows the energy gap, thus, it deter-
mines the on/off states of FMs. The LUMO level of
closed-DT provides a channel for electron transport
of closed-DT more efficiently. As a result, the con
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Fig. 10 A. The /-V and on-off ratio curves as function of the bias; B. The conductance-bias curves of FMs and DTs with closed

and opened-ring junctions (the bias changes from 0.0 V to 1.0 V)
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closed and opened-ring junctions

ductance and current of closed-DT are a little higher
than those of opened-DT. The transmission and
PDOS spectra in Fig. S6 help us explore the origin of
the photoswitchable characteristics of these two sys-
tems.

Another static feature of the molecular junction
is the spatial distribution presented in Fig. 11, which
partially presents the mobility of the r-electron in the
molecular switch system. The LUMO and LUMO+1
of FM and DT in closed ring forms are both delocal-
ized orbtials which provide the main channel leading
to low barrier for electron transport. However, the
HOMO-1 and HOMO are both localized orbitals for
the opened ring form, which cannot provide good
transport channel, as the opened ring weakens molec-

ular conjugation in the switch systems.

3 Conclusions

In summary, we designed a series of optical
molecular switches based on different conformational
transformations under photoexcitation and investigat-
ed the electron transportation behaviors of the molec
ular wires using the DFT combined the NEGF for-
malism. We have demonstrated that every pho-
tochromic molecule mentioned here has two discrete
current on/off states. From the systematic investiga-
tions, we suggested that photoswitching units with
the same conformational transformation usually have
similar current on/off states. Furthermore, it is impor
tant that the spatial distribution of frontier molecular
orbitals on molecules deeply influences the electron
transfer efficiency and the bias also affects the on/off

ratios.

Supporting Information Available

The supporting information is available free of
charge via the internet at http://electrochem.xmu.edu.

cn.
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