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The single thiolated arylethynylene molecule with 9,10-dihydroanthracene core (denoted as TADHA) possesses pro-
nounced negative differential conductance (NDC) behavior at lower bias regime. The adsorption effects of F, molecule on
the current and NDC behavior of TADHA molecular junctions are studied by applying non-equilibrium Green’s formalism
combined with density functional theory. The numerical results show that the F, molecule adsorbed on the benzene ring
of TADHA molecule near the electrode can dramatically suppresses the current of TADHA molecular junction. When
the F, molecule adsorbed on the conjugated segment of 9,10-dihydroanthracene core of TADHA molecule, an obviously
asymmetric effect on the current curves induces the molecular system showing apparent rectifier behavior. However, the
current especially the NDC behavior have been significantly enlarged when F, addition reacted with triple bond of TADHA

molecule.
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1. Introduction

Thanks to the rapid development of single-molecule

[-31 the molecular electronics have achieved

4-12]

technologies,
great progresses in the last decade.! Nowadays, var-
ious kind of single-molecule junctions have been fabri-
cated and lots of potential electronic performances have
been found,['9291 guch as molecular switch,313 molec-

10-12] [14-18]

ular rectifier,! molecular transistor, molecular

sensor,'’l molecular memory,*! etc. Some of these per-
formances originate from nonlinear electron-transport prop-
erties of molecular junctions,!!%!!] while others need the
responses of the electronic transport to the external influ-
ence on the molecular devices.!'4!°1 Besides these perfor-
mances, negative differential conductance (NDC) behavior
is promised to have potential applications as switch, ampli-
fier, memory, and so forth.[10-21-231 1n order to understand
and improve the underlying functional properties, different
strategies are developed to tune the electronic transport prop-

[24-32

erties of molecular devices. I The effects of molecule-

¢, 133-36

electrode interfac 1 electrode distance, 2371 molecular

anchor, 38431 side group, !'3*4 external field, 419 external

46-491 doping,’*3! and contamination>*! have been

ambient, !
studied intensively. Among those, small-molecule adsorbing
or doping is an excellent choice by which the performance of

30.48-541 Gener-

molecular device can be modified selectively.!
ally, the dipolar molecule or oxidative molecule can be ap-

plied as small molecule to adsorb on the molecular device to
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tune the performance of the molecular device.[>*4%33-53] Re-

cently, the single thiolated arylethynylene molecule with 9,10-
dihydroanthracene core (denoted as TADHA) have been inves-
tigated experimentally by Perrin ez al.[>!1 They found that, due
to the non-conjugated 9,10-dihydroanthracene core separating
two conjugated branches, the TADHA shows large NDC be-
havior at lower bias regime. Moreover, this low-bias NDC
behavior can be modulated by electrode distance or dipolar

21.22,551 Motivated by Perrin’s and our work, in this

adsorbate. !
paper, we particularly study the modulation effect of single F;
molecule adsorbed on the backbone of TADHA molecule. Our
studies show that, F, adsorbate shows different modulation ef-
fects on the electronic transport of TADHA molecular junc-
tion, such as enhancing or suppressing the current of molecular
junction, or even inducing rectifier behavior when the F, ad-

sorbed on different positions of TADHA molecule backbone.

2. Theoretical model and computational details

In order to investigate the adsorption effect of F,
on TADHA molecular junction, we sandwiched TADHA
molecule into the separation of two gold electrodes with F»
adsorbed on different sites of TADHA molecule backbone
to form Au-TADHA+F,-Au systems. Here we denoted the
molecular junction without F, molecule as M0O. After ge-
ometric optimizations, we found that there are four typical
sites for F, molecule to be adsorbed on (see Fig. 1): (i) the
benzene ring site on one branch of TADHA molecule near
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the electrode, denoted as M1; (ii) one benzene ring site of
9,10-dihydroanthracene core near the triple bond, denoted as
M2; (iii) one benzene ring site of 9,10-dihydroanthracene core
near the non-conjugated segment, denoted as M3; (iv) triple
bond site on one branch of TADHA molecule where the F»
molecule reacted with C—C triple bond by addition reaction
as shown in Fig. 1(b), denoted as M4. Figure 1(b) shows
that, for M4 molecular system, due to the addition reaction,
one bond in the C—C triple bond has been broken and each
of the two C atoms has been connected by one F atom. Con-
sequently, the C—C triple bond has been converted into dou-
ble bond. The geometries of TADHA molecular junctions
with or without F, molecules were optimized with a maximum
force of 0.02 eV/A in the SIESTA package. " The Troullier—
Martin type norm-conserving pseudopotentials are applied to
represent the core electrons, the generalized gradient approxi-
mation (GGA) with Perdew—Burke—Ernzerhof (PBE) formula-
tion is applied as the exchange—correlation functional.>” For
Au atoms, a single-§ plus polarization basis set is used, and
for other atoms, a double-{ plus polarization basis set is em-
ployed.

OF

0C OH

ooo Lo

S

Fig. 1. (color online) (a) Schematic structure of TADHA molecu-
lar junctions without or with F, molecule adsorbed on different sites;
(b) process of F molecule reacting with TADHA molecule by addition
reaction with C—C triple bond.

According to the Landauer—Buttiker formula,®®! the cur-
rent with different bias for the molecular junction is written as

=2 [ 15, VIIFE )~ F(E - pldE, ()

where T(E,V) is the transmission probability. u; and ug
are the electrochemical potentials of the two electrodes. The
transmission probability T(E,V) is calculated by the NEGF
method employing the TranSIESTA module of the SIESTA
package. After current calculations, the differential conduc-
tance is obtained by G = d1/dV. In the electron transport cal-
culations, the convergence criterion for density matrix was set
to 1.0 x 107*. A 4 x 4 k-point grid was used for the Brillouin-
zone (BZ) sampling in the transverse directions.

3. Results and discussion

The ground-state-geometry optimization of the molecular
junctions shows that the affinities for F, molecule adsorbed as
M1, M2, and M3 molecular systems are about 0.24, 0.29, and
0.24 eV, which indicates that the F, molecules in M1, M2, and
M3 molecular systems are physically adsorbed on the TADHA
molecule since the affinities are much less than 1 eV. While
for M4 molecular system that the F; is reacted with TADHA
molecule by addition reaction on the C—C triple bond, the reac-
tion energy is 5.11 eV. Thus for M4 molecular system, the F;
is evidently chemically adsorbed on TADHA molecule since
the adsorption/reaction energy is obviously larger than 1 eV
and more than one order of magnitude larger than the affini-
ties of M1, M2, and M3 system. Here the adsorption affinity
and the reaction energy are both defined as

AE = EExtended + EF2 - EComple)n 2

where Epxiended 1S the energy of Au-TADHA-Au extended
molecular system, Ef, is the energy of single F, molecule,
and Ecomplex 18 the energy of each Au-TADHA+F>-Au com-
plex molecular systems.

Figure 2 shows the current and the differential conduc-
tance as functions of bias voltage for TADHA molecular junc-
tions without or with F, adsorbate as MO, M1, M2, and M3
molecular systems. As shown by the experiment and our pre-
vious studies,?!??! for the TADHA molecular junction with-
out F, adsorbate (MO0), the current shows peak value at about
+0.25 V, and the NDC behavior appears when the absolute
value of the bias voltage is higher than 0.25 V, which is an
excellent low-bias NDC behavior. When one F, molecule is
adsorbed on TADHA molecule as M1, M2, and M3 systems,
the currents in the lower bias regime are suppressed dramati-
cally. Especially for the negative bias, the currents have been
suppressed by more than one order of magnitude. However,
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Fig. 2. (color online) Electronic transport properties of TADHA molecular
junction with one F, molecule adsorbate. (a) Current and (b) differential
conductance as functions of applied bias voltage. The inset in panel (a)

shows the rectification ratios (R) of the molecular systems versus bias volt-
age.

for the positive bias, the currents for the M1, M2, and M3 obvi-
ously show different features. In detail, the current reaches the
peak value swiftly at about 0.15 V and then decreases gradu-
ally in the lower bias regime. Correspondingly, the differential
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conductance and NDC are both very small for M1 junction.
While for M2 and M3 systems, the currents reach their peak
values at about 0.3 V and 0.4 V as well as the beginning bias
of NDC behaviors, which are both larger than that of the sys-
tem without Fy molecule (MO system). At the same time, the
peak NDC values are also suppressed by the adsorption of F;
molecule. It is noticeable that, the current curves of M2 and
M3 show obvious rectifier features with the maximal rectifi-
cation ratio up to 12.5 and 9.9, respectively, which is only 2.3
for M1 molecular system (see the inset of Fig. 2).

In order to understand the adsorption effect of F,
molecule on TADHA molecular system, we presented the
transmission spectra for the bias voltages of 0.0 V, £0.25 V,
+0.5 V, and the voltage of peak-current in Fig. 3. The NDC
behavior of TADHA molecular junction without F, adsorbate
mainly due to the Stark effect of applied bias voltage which
separated the degeneration of the highest occupied molecular
orbital (HOMO) and HOMO-1. At zero bias, both HOMO
and HOMO-1 are delocalized orbitals. After the separation of
the degeneration, the HOMO and HOMO-1 are only localized
on one branch of the TADHA molecule respectively (Fig. 4),
which correspondingly splits the high transmission peak lo-
cated at —0.19 eV into two lower peaks (Fig. 3(a)). When the
F, molecule is adsorbed on TADHA molecule as M1, M2,
and M3, in the lower negative bias regime, the transmission
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Fig. 3. (color online) Transmission spectra of TADHA molecular junctions. (a) Transmission spectra of TADHA molecular junction
without F, adsorbate; (b)—(d) transmission spectra of TADHA molecular junction with one F, adsorbate as M1, M2, and M3 molecular
systems that are shown in Fig. 1. The red dashed lines in panels (b)—(d) are the transmission spectra of TADHA molecular junction without
F» adsorbate at 0.25 V bias voltage, which are used as reference curves in the four figures.
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spectra shows similar character, that is, the transmission peaks
corresponding to the HOMO shrink swiftly with the increase
of the negative bias. Thus, in the lower negative bias regime,
the currents of M1, M2, and M3 systems are very weak.
However, the transmission spectra show obvious differ-
ences for these three molecular systems at zero bias or in
the positive bias regime. Figure 3(b) shows that, there is a
high transmission peak at —0.14 eV for M1 molecular system,
which is attributed to the two degenerated molecular orbitals
of HOMO and HOMO-1. However, for M2 and M3 molec-
ular systems, due to the separation of HOMO and HOMO-
1 by the adsorption of F, molecule, the transmission spectra
show two peaks in the region of —0.4 ~ —0.1 eV, which in-
dicates that F, molecule adsorbed on the benzene ring site
of 9,10-dihydroanthracene core destroys the degeneration of
the HOMO and HOMO-1. However, with positive bias be-
ing applied, the HOMO is depressed, and at the same time

the HOMO-1 is enhanced by bias, thus for M2 system, these
two orbitals are re-degenerated and the transmission spectrum
shows one high peak at 0.19 eV with bias of 0.10 V; for
M3 system, the HOMO and HOMO-1 are re-degenerated and
two corresponded transmission peaks are combined into one
high peak at 0.23 eV with bias of 0.25 V. Attribute to the re-
degeneration of the HOMO and HOMO-1 at positive bias, the
transmission spectra shrinking speeds are obviously slower for
positive bias than for negative bias for M2 and M3 molecular
systems. Thus, the M2 and M3 molecular systems show obvi-
ous rectifier behavior.

To gain deep insight into electronic transport properties of
TADHA molecular junctions with or without F, adsorbates,
we show spatial distributions of the HOMOs and HOMOs-1
for MO, M1, M2, and M3 molecular systems at 0.0 V, —0.25 V,
£0.5 V, and at the peak-current voltages in Fig. 4. The figure
shows that, at zero bias, the HOMOs and HOMOs-1 are well

MO —0.50 V

—0.231 eV

o

—0.393 eV

0.50 V

—0.522 eV

—0.434 eV

—0.351 eV

—0.272 eV —0.378 eV

Fig. 4. (color online) Spatial distributions of HOMOs and HOMOs-1 for TADHA molecular junctions without or with F, molecule, where
the orbital energies relative to the Fermi level are also shown under each orbital.
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delocalized over the whole TADHA molecule for MO and M1
molecular systems. However, for M3 molecular system, The
HOMO and HOMO-1 are almost localized on one branch of
TADHA molecule. With the increase of the positive bias, the
HOMO and HOMO-1 are re-delocalized at about 0.10 V and
0.25 V respectively for M2 and M3 molecular junction. One
can see that, the F, adsorbed on the core of TADHA molecule
have larger influence on the frontier molecular orbitals than
that of F, adsorbed on the benzene ring near electrode. When
lower negative bias (e.g., —0.25 V) is applied, due to the Stark
effect, the HOMO and HOMO-1 are mainly localized on right
or left branches respectively for MO, M1, M2, and M3 molec-
ular system. However, the distribution of HOMO for MO sys-
tem shows an apparent difference from those of M1, M2, and
M3 systems. In detail, a small proportion for the HOMO dis-
tributes on the left arm of TADHA molecule for MO system.
While for M1, M2, and M3 systems, due to the adsorptions of
F, molecule, the distributions of HOMO on the left benzene
ring are negligible. Thus, one can understand why the currents
in the lower negative bias regime are very weak for M1, M2,
and M3. For positive bias, such as 0.30 V for M2 system and
0.40 V for M3 system, although the HOMOs mainly distribute
on the left branch of TADHA molecule, there are also a small
proportions on the right arm. Hence, the M2 and M3 molecu-
lar system are more conductive than M1 molecular system in
the positive bias regime and present obvious rectifier behavior.

Different from M1, M2, and M3 molecular system,
when F, molecule reacts with TADHA molecule by addition

Transmission

E—E;/eV

Fig. 5. (color online) Electronic transport properties of the molecular
junction for the triple bond of TADHA molecule being fluoridated by F»
molecule. (a) Current and differential conductance as functions of applied
bias voltage. (b) Transmission spectra for fluoridated TADHA molecular
junction at different bias voltage. The dashed lines in panel (a) are the cor-
responding curves of TADHA molecular junction without F, adsorbate, and
the red dashed line in panel (b) is the transmission spectrum of TADHA
molecular junction without F, adsorbate at 0.25 V, which are used as refer-
ence curves in the figures.

reaction on the triple bond as M4 molecular system, the cur-
rent and the NDC behavior are both enhanced dramatically.
Figure 5(a) shows that except for the current value being en-
larged by a factor of about 1.8, the variation trend of the cur-
rent curve as well as the differential conductance curve of M4
molecular system are changed very slightly. Meanwhile, the
peak NDC value is also doubled by the addition reaction of F;
molecule. From Fig. 5(b) one can see that, the transmission
features of M4 system are very similar to those of MO system.
The main difference is the transmission spectra near the Fermi
energy being enhanced a little, which is due to the fact the
HOMO and HOMO-1 are slightly raised by the reaction of F.

4. Conclusions

Based on density functional theory and NEGF method,
the F, adsorption effects on the electron-transport properties
and NDC behavior of TADHA molecular junctions are inves-
tigated theoretically. It is shown that F, molecule adsorbed
on the conjugated part of TADHA molecule can suppress the
current and the NDC behavior of the molecular systems asym-
metrically which further induces the molecular system show-
ing apparent rectifier behavior, especially for the F, molecule
on the conjugated segment of 9,10-dihydroanthracene core of
TADHA molecule. However, the current and the NDC behav-
ior have been dramatically enlarged when F, addition reacted
with triple bond of TADHA molecule.
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