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Here we report the thermo-controllable self-assembled structures of single-layer 4, 4”-diamino-p-terphenyl (DAT)
molecules on Au (110), which are investigated by scanning tunneling microscopy (STM) combined with density functional
theory (DFT) based calculations. With the deposition of monolayer DAT molecules on Au (110) and subsequent annealing
at 100 °C, all DAT molecules adsorb on a (1x5) reconstructed surface with a ladder-like structure. After annealing the
sample at about 200 °C, STM images show three distinct domains, including DAT molecules on a (1x3) reconstructed
surface, dehydrogenated molecules with two hydrogen atoms detached from one amino group (-2H-DAT) on a (1x5)
reconstructed surface and dehydrogenated molecules with four hydrogen atoms detached from two amino groups (—4H-
DAT) on a (1x3) reconstructed surface through N—Au bonds. Furthermore, after annealing the sample to 350 °C, STM
image shows only one self-assembled structure with —4H-DAT molecules on a (1x3) reconstructed surface. Relative
STM simulations of different self-assembled structures show excellent agreements with the experimental STM images at
different annealing temperatures. Further DFT calculations on the dehydrogenation process of DAT molecule prove that
the dehydrogenation barrier on a (1x5) reconstructed surface is lower than that on (1x3) one, which demonstrate the
experimental results that the formation temperature of a (1x3) reconstructed surface is higher than that of a (1x5) one.
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1. Introduction

The self-assembly of two-dimensional (2D) organic
molecules on various substrates has been investigated exten-
sively in the past two decades,!'~!!l and has been demon-
strated to be an effective way to form well-ordered and in-
teresting structures, such as Kagome lattice,['">°! Sierpinski

e,[4'11] and so on. In contrast to nanostructures con-

4,5]

triangl
structed through the intermolecular van der Waals force,|
nanostructures formed through the coordination!"'?=14! with
specific functional properties, such as tunable size,!'>! and
topologies,!!>! have better potential application in several as-
pects, such as catalysis,!'®! gas storage,!'®! and magnetism.!!7}
4, 4”-diamino-p-terphenyl (DAT) is a linear molecule with
three non-planar phenyl rings and an amino group attached
to each end. Because of its fascinating physical proper-
ties, DAT has been used to construct polymer light-emitting
diodes by vapor deposition polymerization.!'®! Notably, DAT
molecule has been reported to chemically bound to the sub-

strate through the thermo-controlled dehydrogenation of the
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amino group.['%2Y1 Furthermore, the interplay between adsor-
bates and Au (110) easily induces the formation of distinct sur-
face reconstructions, *'=23 making Au (110) an ideal template
to construct novel nanostructures for organic molecules,[24]
especially linear molecules,!*>%%! due to two growth modes,
namely the end-to-end mode and the side-by-side mode.?>%7]

In this article, we construct different nanostructures of
single-layer DAT molecules on Au (110) by modulating the
annealing temperatures. The configurations and the forma-
tion mechanism of different structures were systematically ex-
plored by STM experiments and DFT calculations. After an-
nealing at 100 °C, DAT molecules were found to form one
ladder-like structure in a (1x5) surface reconstruction with
their long molecular axes parallel to the [001] direction of the
Au (110) substrate. While the monolayer sample was annealed
at 200 °C, both the (1x5) and (1x3) surface reconstructions
were formed on Au (110) with —2H-DAT molecule in (1x5)
reconstruction and both intact DAT and —4H-DAT molecules
in (1x3) reconstruction. Notably, after annealing at 350 °C,

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61390501, 61471337, 61622116, and 51325204), the National Key
Scientific Instrument and Equipment Development Project of China (Grant No. 2013YQ1203451), the CAS Hundred Talents Program, the Transregional
Collaborative Research Center TRR 61 (Grant No. 21661132006), and the National Supercomputing Center in Tianjin. A portion of the research was performed

in CAS Key Laboratory of Vacuum Physics.
fCorresponding author. E-mail: sxdu@iphy.ac.cn
fCorresponding author. E-mail: huanq@iphy.ac.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

086801-1


http://dx.doi.org/10.1088/1674-1056/26/8/086801
mailto:sxdu@iphy.ac.cn
mailto:huanq@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 8 (2017) 086801

—4H-DAT molecules in (1x3) surface reconstruction covered
the whole Au (110) surface. Further calculations proved that in
comparison with —2H-DAT molecules in (1 x5) surface recon-
struction, -4H-DAT molecules in (1 x 3) surface reconstruction
were more difficult to form.

2. Methods
2.1. Experimental techniques

Our experiments were accomplished in a home-
made UHV-VT-STM with the base pressure better than
2.0 x 1071° Torr (1 Torr=1.33322x10? Pa), as described
elsewhere.['9 Single-crystal Au (110) (MaTeck Company)
surface was prepared in UHV chamber by repeated cycles of
Ne* sputtering and subsequent annealing at 580 °C until the
(1x2) surface reconstruction was observed by VI-STM. Com-
mercial DAT was purified through sublimation in high vac-
uum for a couple of days, and further refined by degassing in
UHYV chamber for several hours. DAT molecule was evapo-
rated at about 120 °C while the Au (110) substrate was kept at
100 K. One monolayer (ML) refers to the amount of deposited
DAT molecules that completely cover the substrate surface.
All STM images were obtained in constant-current mode and
the bias was applied to the sample, with both the sample and
the tip at 100 K.

2.2. Computational methods

DFT calculations were performed by Vienna ab-initio
simulation package (VASP) code.[?®! The projector aug-
mented wave (PAW)[?°! method was used to describe the in-
teraction between the ions and electrons, and the Perdew—
Burke—Ernzerhof (PBE)B3%! generalized gradient approxima-
tion (GGA)BY exchange—correlation functional was em-

ployed. The plane-wave energy cutoff is 400 eV. The
molecule—substrate system was modeled within the supercell
approach and contained five layers of Au atoms with adsorbed
molecules on one side. The vacuum layer is about 18 A. Two
supercells with 3 x5 and 8 x3 of Au (110) were constructed. In
structural relaxations, two bottom Au layers were fixed, while
the other Au atoms and the molecule were fully relaxed un-
til the force for each atom was less than 0.02 eV/A. Van der
Waals (vdW) interactions were included using the dispersion
corrected DFT-D2 method of Grimme.*?! The nudged elastic
band (NEB).[*3] calculation was performed to investigate the

dehydrogenation pathway for the molecules on surface.

3. Results and discussion

Figure 1 shows the basic procedure for constructing dis-
tinct self-assembled structures of single-layer DAT molecules
on Au (110) by modulating the annealing temperatures from
100 °C to 350 °C. As shown in Fig. 1(a), we deposited DAT
molecules onto a clean Au (110) surface with (1x2) recon-
structions of 0.81-nm wide channels (see Fig. 1(e)) and subse-
quently annealed the sample to 100 °C until the formation of
a monolayer structure. The STM image (Fig. 1(f)) of mono-
layer DAT molecules shows that after annealing at 100 °C,
there is a new reconstruction on Au (110) with a channel
width of 2.03 nm, about 5v/2 times of the Au—Au bond length
(0.29 nm), indicating the formation of a (1 x5) reconstruction.
DAT molecules are uniformly located in the (1x5) reconstruc-
tion, with their long axes along the [001] direction, forming a
ladder-like structure. The distance between neighboring DAT
molecules is 0.85 nm, about three times of the Au—Au bond
length, suggesting that a 3 x5 supercell exists on Au (110) for
DAT molecules.

HONN

Fig. 1. (color online) The self-assembled behaviors of single-layer DAT molecules on Au (110) at different growing conditions. (a) Schematic
diagram and (e) large-scale STM image of the original Au (110) surface without molecular deposition. (b), (c), and (d) Schematic diagrams of
the Au (110) surface with monolayer DAT molecules after annealing the sample at 100 °C, 200 °C, and 350 °C, respectively, and (f), (g), and
(h) the corresponding large-scale STM images of the sample, respectively. The scanning conditions are —0.50 V, 0.1 nA in panel (e), —1.15V,
0.1 nA in panel (f), —0.60 V, 0.1 nA in panel (g), and —1.22 'V, 0.1 nA in panel (h), respectively.
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As shown in the high-resolution STM image (Fig. 2(a)),
we find out that there are three bright spots for each DAT
molecule, which are the three benzene rings of each DAT
molecule. Furthermore, figure 2(d) shows a line profile in
Fig. 2(a), where the two blue lines indicate one channel of a
(1x5) reconstruction. We find that the adsorption position of
the central benzene ring of DAT is at the center of the (1 x5) re-

»

,0

B, T

e

- &

Q "- l*o o:- .)
™ ... - .‘.".
= é “ Q

.- . -‘- -‘o o.- ".‘

Q.~. BEPET R
’-‘ ’.' -‘o -‘- o.-‘ ’.~ .

construction (the black line). In order to better understand the
adsorption configuration of the DAT molecule on Au (110),
DFT calculations were carried out and the results are illus-
trated in Figs. 2(b)-2(c). Our simulated STM image and cor-
responding line profile show that the DAT molecule is at the
center of the (1 x5) reconstruction and agree well with the ex-
perimental images very well.

0

3 4 5
z/nm

Fig. 2. (color online) The comparison of the DAT molecular structures in the Au (110)-(1x5) reconstruction after annealing the monolayer
sample at 100 ° and 200 °C, respectively. (a), (b), and (c) High-resolution STM image, structural models, and simulated STM image of DAT
molecules in (1x5) reconstruction after annealing at 100 °C, respectively. (d) A line profile in Fig. 2(a). (e), (f), and (g) High-resolution STM
image, structural models, and simulated STM image of DAT molecules in (1x5) reconstruction after annealing at 200 °C, respectively. (h) A
line profile in Fig. 2(e). The scanning conditions are —1.33 V, 0.1 nA in panel (a) and —0.76 V, 0.1 nA in panel (e), respectively.

While the monolayer sample was annealed at 200 °C,
we observed the co-existence of (1x5) and (1x3) surface re-
constructions with side-by-side and end-to-end molecular ad-
sorption configurations, respectively (Fig. 1(g)). As for DAT
molecules in the (1x5) reconstruction, after careful analysis
of the high-resolution STM image (Fig. 2(e)) and the line pro-
file (Fig. 2(h)), we find that the DAT molecules adsorb slightly
off-center and are close to the right side of channels. We in-
fer that the amino groups of the DAT molecule may be de-
hydrogenated when annealing at 200 °C.3*! In order to know
the exact configuration of the dehydrogenated molecules, we
performed DFT calculations and STM simulation on several
possible configurations. Figures 2(f) and 2(g) show the most
likely configuration and corresponding simulated STM im-
age. According to the structural model of DAT molecule in
Fig. 2(f), one of the amino groups binds to two gold atoms

by losing two hydrogen atoms. In comparison with DAT

molecule in Fig. 2(b), there is a shift along the direction (about
0.145 nm, half Au—Au bond length) and a shift along the direc-
tion (about 0.17 nm) for single DAT molecule. Furthermore,
because of the dehydrogenation of DAT molecule, there is a
small gap between single DAT molecule and the left side of
the (1x5) reconstruction channel, which is also observed in
the STM image Fig. 2(e). Therefore, the new ladder-like struc-
ture is formed with dehydrogenated molecules (—2H-DAT) af-
ter annealing at 200 °C.

Another structure of molecules on a (1x3) reconstructed
surface (see Fig. 1(g)) with a distance of 2.26 nm, about
8 times the Au—Au bond length, between neighboring DAT
molecules, was also observed after annealing at 200 °C. High-
resolution STM image (Fig. 3(a)) shows that there are two dif-
ferent types of DAT molecules. One is marked by the red ar-
row with a length of 1.49 nm, which is close to the length of
a single DAT molecule (1.52 nm). The other is marked by
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the green arrow with a length of 1.13 nm, which is signifi-
cantly shorter than the length of a single molecule. There-
fore, it is clear that the molecules with a length of 1.49 nm are
original molecules without dehydrogenation. The other DAT
molecules should be dehydrogenated molecules.

In order to reveal the configuration of the molecules and
how many hydrogen atoms are detached from the original
ones, we carried out DFT calculations and did STM simula-
tions. The results are shown in Figs. 3(c)-3(f). As for the orig-
inal DAT molecules on a (1 x3) reconstruction, the molecules
absorb along the (1x3) reconstructed channel with a length
of 1.43 nm. The simulated STM image shows three bright
spots at the center and one small spot at each end. Consid-

ering the measurement error of the molecular length shown
in the experimental STM image, we think that our simula-
tion is in agreement with the experimental results and the
molecule in Fig. 3(a) with a length of 1.49 nm is an original
DAT molecule. According to the DFT calculation in Fig. 3(e),
the DAT molecule with dehydrogenation of amino groups at
both ends becomes shorter with a length of 1.12 nm. Further-
more, as shown in the relative simulated STM image Fig. 3(f),
three benzene rings of DAT molecule show bright spots while
two ends of DAT molecule show dark features. Therefore,

we make sure that the molecule with a length of 1.13 nm is

dehydrogenated at both ends with the molecular structure of
—4H-DAT.

1
i

Fig. 3. (color online) The comparison of DAT molecular structures in the Au (110)-(1x3) reconstruction after annealing the monolayer sample
at 200 °C and 350 °C, respectively. (a) and (b) High-resolution STM images of DAT molecules in (1x3) reconstruction after annealing at
200 °C and 350 °C, respectively. (c), (d), (e), and (f) Structural models and simulated STM images of two types of DAT molecules in (1x3)
reconstruction after the annealing, respectively. The scanning conditions are —1.15 V, 0.1 nA in panel (a) and —1.22 V, 0.1 nA in panel (b),

respectively.

In order to know the structure of the sample at a higher
temperature, we annealed the sample at 350 °C, and the sur-
face completely changed, as shown in Fig. 1(h). There is
only (1x3) surface reconstruction with the distance between

the neighboring DAT molecules 2.26 nm. The high-resolution

STM image figure 3(b) shows three bright spots for single
DAT molecule, indicating three benzene rings. The lengths
of the molecules are all about 1.13 nm, which means that
all molecules after annealing at 350 °C are dehydrogenated
at both ends (-4H-DAT). Therefore, we can control the self-
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assembled structures of DAT molecules on Au (110) through
annealing temperatures at monolayer level.

The calculated dehydrogenation processes of the amino
groups at both ends of DAT molecules in reconstructed chan-
nels are shown in Fig. 4. For DAT molecules in the (1x3)
reconstructed channels (Fig. 4(a)), the H atom (red ball in
Fig. 4(a)) breaks off from the N atom and bonds to the neigh-
boring Au on surface with a barrier of 2.26 eV. For DAT
molecules in the (1 x5) reconstructed channels (Fig. 4(c)), the
dehydrogenation process is similar with that in (1x3) chan-
nels. However, the barrier decreases to 1.8 eV. As a result, the
dehydrogenation process in a 1 x5 channel is much easier than
that in (1 x3) channels.
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Fig. 4. (color online) The reaction path of dehydrogenation for the DAT
molecules in (1x3) and (1x5) reconstructed channels. The structures of ini-
tial states (IS), intermediate states (TS), and final states (FS) for the dehy-
drogenation of DAT molecules in (1x3) and (1x5) reconstructed channels
are shown in panels (a) and (c). (b) The energy profile during the reactions
paths. Red lines represent the barrier in path in panel (a), and the black lines
represent the barrier in path in panel (c).

4. Conclusion

By combining the STM experiments with DFT calcula-
tions, we systematically explored the thermo-controlled con-
figuration transformations and formation mechanism of the
self-assembled single-layer DAT molecules on Au (110) sur-
face. At a low annealing temperature of 100 °C, DAT
molecules only form one ladder-like structure in the (1 x5) sur-
face reconstructed channels. At a high annealing temperature
of 200 °C, the amino groups of the molecules are partially de-
hydrogenated. The —2H-DAT and —4H-DAT molecules can be
found in both the (1x5) and (1x3) surface reconstructions,
respectively. At a higher annealing temperature of 350 °C,
there are only —4H-DAT molecules in the (1x3) surface re-
constructions. The investigation on these novel self-assembled
structures, which is combined with surface reconstruction and
dehydrogenation process, enriches our knowledge of the self-

assembly behavior of organic molecules on metal surfaces.
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