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ABSTRACT: Using atomic bromine and 2,6-diphenylanthracene (DPA), we successfully
constructed and characterized the large-area 2D chiral networks on Ag(111) and Cu(111)
surfaces by combining molecular beam epitaxy with scanning tunneling microscopy. The
Br atoms distribute themselves periodically in the network with the maximum number of
−C−H···Br hydrogen bonds. Density functional theory calculations demonstrate that the
hydrogen bonds contribute to the stability of the Br-organic networks. In addition, by
controlling the ratio of bromine atoms to DPA molecules, different patterns of Br-organic
networks were obtained on Ag(111) surfaces. Further experiments with 2,6-di(4-
cyclohexylphenyl)anthracene on Ag(111) produced analogous atomic bromine guided 2D
chiral networks.

Investigation of supramolecular architectures can pave the
way for rational design of building blocks that can mimic

natural assemblies.1 Two-dimensional supramolecular architec-
tures constitute a significant category due to their dramatic new
characteristic applications in the fields of nanoscience and
nanotechnology.2−7 Benefiting from high purity and control-
lable interactions, most 2D supramolecular architectures are
typically obtained by “bottom up” nanofabrication based on
molecular self-assembly.7,8 In general, self-assembled mono-
layers (SAMs) of organic molecules are classified into single-
component systems9,10 and multicomponent systems.11,12 The
latter are more interesting due to the more complex
combinations resulting in the widely varied structures and
novel properties.12 Among the multicomponent systems,
multimolecule constructed SAM networks are surpassed by
adatom-mediated SAM networks, which have the advantages of
more diverse interactions and more convenient manipulation of
configuration due to their simplicity, flexibility, and the wide
availability of their components.13−15 Most reported work on
adatom-mediated SAMs focuses on single metal atoms,
including transition-metal atoms, for instance, Fe,13,16 Cu,17,18

Mn,19 Co,20 and Ni,21 and alkali metal atoms, for instance, K22

and Cs.23 Although the addition of metal atoms coordinates the
SAM systems effectively, the strong metallicity of metal atoms
induces electronic states near the Fermi level of the whole
system.19,24,25 This changes the semiconducting properties of
organic 2D supramolecular architectures and limits their
applications.
In contrast, nonmetal atoms produce less effect on the whole

2D SAM system because of weak electrostatic interaction.
However, to date, such self-assembled networks are rarely

reported. Sun et al. reported that quaterphenyl molecules could
be arranged by oxygen atoms into a nanostructure, but the size
of such a structure is limited.26 Therefore, to achieve the
intrinsic properties, it is important to grow large-scale, high-
quality, highly ordered 2D self-assembled networks mediated
by nonmetal atoms.
Here we report atomic bromine-mediated self-assembled 2D

chiral networks of 2,6-diphenylanthracene (DPA) molecules on
a Ag(111) surface. Four kinds of large-scale and highly ordered
self-assembled Br-organic networks were obtained. We find that
the stability of the self-assembled structures benefits from the
maximum number of hydrogen bonds between the DPA
molecules and bromine atoms. Density functional theory
(DFT) calculations demonstrate that the hydrogen bonds,
−C−H···Br, contribute to the formation of the Br-organic
networks. Atomic bromine-mediated self-assembled 2D net-
works were achieved in other systems, for example, DPA/
Cu(111) and 2,6-di(4-cyclohexylphenyl)anthracene
(DcC6PA)/Ag(111).
After deposition of the bromine atoms and DPA molecules

on the Ag(111) surface (see Supporting Information for
detailed method), we observed a large-scale, highly ordered
self-assembled structure (Structure I), as shown in Figure 1A.
(The chemical structure of DPA molecule is illustrated in the
bottom right of Figure 1A, composed of 26 carbon atoms and
18 hydrogen atoms.) Scanning tunneling microscopy (STM)
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appearance of the DPA monomer is clearly resolved in the
high-resolution STM image of Figure 1C (a zoom-in STM
image of Figure 1A). Besides the DPA molecules, there exist
many regularly arranged bright dots (marked by white arrows)
between DPA molecules in Figure 1A,C. We assign these dots
as represent Br atoms originating from the dissociation of HBr
gas. In Figure 1C, models of two DPA molecules and several
bromine atoms (the brown balls) are superimposed to show the
periodicity of the self-assembled superstructure, and a unit cell
(including one DPA molecule and three bromine atoms) is
indicated by the white parallelogram. The three bromine atoms
(labeled 1, 2, and 3 in Figure 1C) have an equally spaced
arrangement with a distance of 7.7 Å, which is very close to the
√7 times Ag(111) lattice parameter (aAg), that is, √7 × aAg
(2.90 Å) = 7.67 Å. The two bromine atoms (labeled 3 and 4)
are separated by 5.1 Å, which is approximately √3 times aAg,

that is, √3 × aAg (2.90 Å) = 5.02 Å. Furthermore, we also have
imaged the substrates exposed only to the bromine atoms. The
bromines atoms themselves form chains on the Ag(111)
surfaces, as shown in Figure S1. It is different from the previous
report about Br deposited on Ni(110), where the bromine
atoms will form ordered rows with Ni atoms.27

To gain further insight into this highly ordered self-
assembled structure, we carried out DFT calculations. Figure
1D shows the optimized adsorption geometry of DPA
molecules and bromine atoms on Ag(111) surface. In the top
view, all bromine atoms sit on the hollow sites of Ag(111)
surfaces, and three equally spaced Br atoms labeled 1, 2 and 3
(two Br atoms, labeled 3 and 4), follow the √7 direction (√3
direction) of Ag(111) substrate, which fits well with the STM
results (Figure 1C). (For the height difference analysis, see
Figure S2.) On the basis of Figure 1D, we obtained a simulated
STM image (Figure 1E), which agrees very well with the
experimental STM image (Figure 1C). It is noteworthy that in
our results all Br atoms are located on the hollow sites of the
substrate, which are the most stable adsorption sites for single
bromine atom on Ag(111). This is different from previous
report that bromine atoms adsorbed at the bridge sites of
Au(111) due to strong interaction with Au adatoms.28

To further explore the origin of the interaction between Br
atoms and organic molecules, the charge density difference of
the self-assembled structure was calculated, as shown in Figure
1F, where the DPA molecule models and Br atoms (brown
balls) are overlaid to indicate the positions of atoms. It clearly
shows that the regions of high-electronegativity Br atoms are
electron-rich sites (red parts) and the region of low-
electronegativity H atoms are electron-deficient sites (blue
parts). An attractive electrostatic interaction between negatively
charged Br atoms and positively charged H atoms is expected.
On the basis of the charge density difference data, we sketched
out the possible electrostatic interactions (−C−H···Br) by the
black dashed lines in the Figure 1F. It is plain to see that the
highly ordered self-assembled network is stabilized by the −C−
H···Br unconventional hydrogen bonds; that is, large-scale 2D
Br-organic hydrogen bond networks have been successfully
constructed. In addition, six hydrogen bonds per Br atom can
be counted in the Figure 1F. More importantly, six hydrogen
bonds is the maximum in the structure, as can be seen by
considering the possible adsorption sites of Br atoms and DPA
molecules on Ag(111) surface. We propose that the nonmetal
atomic Br-mediated 2D self-assembled network is dominated
by forming more hydrogen bonds between Br atoms and H
atoms, that is, the maximum number of hydrogen bonds.
Moreover, because of the prochirality of DPA on the

surfaces, the DPA molecule should exhibit two enantiomers (L-
DPA and R-DPA) on the Ag(111) substrate. In Figure 1A, all
DPA molecules have the same chirality (L-DPA, labeled by L in
the bottom-right of Figure 1A), which reveals chiral selectivity29

during the formation of 2D self-assembled networks. We
denote it as L-domain. The large-scale R-domain composed of
R-DPA molecules (R-DPA, labeled by R in the bottom left of
Figure 1B) and bromine atoms is shown in the Figure 1B,
which has the same size unit cell as the L-domain. In addition,
the self-assembled structures of the pristine DPA on Ag(111)
have been presented in the Figure S5.
On the same surface, adjusting the ratio of bromine atoms to

DPA molecules by increasing (or decreasing) the pressure (or
exposure time) of HBr gas, we obtained different 2D Br-DPA
self-assembled networks. Figure 2A is a large-scale STM image

Figure 1. Structure I of atomic bromine-mediated self-assembled DPA
molecular network on Ag(111) surface. (A,B) Large-area L-chiral (A)
and R-chiral (B) domains of the networks. The insets of (A) and (B)
are the chemical structures of L-chiral and R-chiral DPA molecules,
respectively. (C) High-resolution STM image of the L-chiral network,
superimposed by a proposed model. The brown spots are bromine
atoms. (D,E) DFT-optimized adsorption configurations of structure I
(D) and corresponding simulated STM image (E). (F) Theoretical
calculated charge density difference of the Br-DPA hydrogen bond
networks. Red and blue parts indicate the distribution of positive
charge and negative charge, respectively. The black dashed lines
represent the possible −C−H···Br hydrogen bonds between DPA
molecules and Br atoms. Scanning parameters: (A) Vs = −0.5 V, It =
0.8 nA; (B) Vs = −2.0 V, It = 0.2 nA; (C) Vs = −0.5 V, It = 2 nA.
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showing the locally well-defined network structure (structure
II), which is composed of two kinds of units, unit-1 and unit-2.
For closer inspection of the structure II, a magnified view is
displayed in Figure 2D, where the light-green and the light-blue
contours show shapes of unit-1 and unit-2, respectively.
Moreover, the Br atoms are the connectors between different
units. The left parts of Figure 2G show the high-resolution
STM images of unit-1 and unit-2. From the schematic
structures (right parts of Figure 2G), we find that the Br
atoms only reside in certain positions relative to the DPA
molecules, that is, the sites of junctions of three DPA molecules
and kink sites of DPA molecules, where Br atoms can form
more hydrogen bonds with H atoms of the molecules, that is,
the maximum number of hydrogen bonds. In addition, Figure
2B,E shows another atomic Br-mediated 2D self-assembled
network (structure III), which has periodic holes in the
triangular lattice. The periodicity is determined from the line
profile to be 3.25 ± 0.05 nm (Figure 2H). Some DPA molecule
models and Br atoms are overlaid onto Figure 2E to guide the
eye. This clearly shows a highly ordered structure, where the
unit is marked by the white hexagon. In the unit, six identical
chiral DPA molecules are connected by four Br atoms and the
Br atoms occupy only the positions of three molecular
junctions, which meets the requirement of maximizing the
number of hydrogen bonds. Another structure (structure IV) is
also observed, as shown in Figure 2C,F, which exhibits a
periodic hole structure with the periodicity of 2.31 ± 0.05 nm,

as indicated in the line profile of Figure 2I. Obviously, the Br
atoms reside in the positions where the maximum number of
hydrogen bonds can be formed. In addition, the schematic
structural models for structures II, III, and IV are shown in
Figure S3, where the bromine atoms all locate on fcc/hcp sites
of Ag(111) substrate, the same as with structure I. Until now,
we have fabricated four types of 2D Br-DPA networks on the
Ag(111) surface. The ratio of Br atoms to DPA molecules for
structures I, II, III, and IV is 3:1, 5:3, 4:3, and 1:3, respectively,
as shown in Table S1. (For the control of selective formation of
four networks, see the Supporting Information.)
To check the range of possibilities of atomic bromine

mediated self-assembled networks, we repeated the experiment
with the same DPA molecules but on a different surface,
Cu(111). Similar to the procedures with the Ag(111) substrate,
the bromine atoms and DPA molecules were deposited onto
Cu(111) surfaces. As shown in Figure 3A, a well-defined self-

assembled structure was obtained. For deeper inspection, a
close-up view of the blue-framed region in Figure 3A is
displayed in the upper-right part of Figure 3B, where the DPA
molecules are clearly observed. However, the heights (bright-
ness) of the molecules are not identical but are arranged with
alternating bright and dark molecules. Bromine atoms sit
between molecules, similar to the Ag(111) case. The white
rhombus in Figure 3B represents the unit cell, where left (right)
is the bright (dark) DPA molecule. The above discussion

Figure 2. Structures II, III, and IV of Br-DPA networks on Ag(111)
surfaces. (A−C) Large-scale STM images showing three different
structures (A, structure II; B, structure III; C, structure IV). (D) Close-
up STM image of the structure II showing that the structure is
composed of unit-1 and unit-2. The light-green (light-blue) contour
indicates unit-1 (unit-2). (E,F) Zoom-in STM images of structures III
(E) and IV (F). (G) The upper and lower panels show the high-
resolution STM image (left) and the related schematic structure
(right) of unit-1 and unit-2, respectively. (H,I) The line profiles along
the green dashed line in (B) and the blue dashed line in (C) showing
the periodicities of the hole in structures III (H) and IV (I),
respectively. Scanning parameters: (A) Vs = −3 V, It = 0.05 nA; (B) Vs
= −2 V, It = 0.03 nA; (C) Vs = −3 V, It = 0.10 nA; (D) Vs = −1 V, It =
0.05 nA; (E) Vs = −2 V, It = 0.03 nA; and (F) Vs = −3 V, It = 0.10 nA.

Figure 3. Br-DPA network on Cu(111). (A) Large-area STM image of
atomic bromine-mediated self-assembled hydrogen-bond network on
Cu(111) surface. The upper (lower) island is an L-chiral DPA (R-
chiral DPA) domain. (B) (Upper-right) Close-up STM image of (A)
with a unit cell marked by a white parallelogram. (Lower-left)
Theoretically simulated STM image. (C) Top view and side view
(along the direction of blue arrow) of DFT-optimized adsorption
configurations of Br-DPA hydrogen-bond network on Cu(111). There
are two kinds of DPA molecules, named “top” and “hollow”. (D)
Theoretically calculated charge density difference of the Br-DPA
hydrogen bond network on Cu(111). The black dashed lines indicate
the possible −C−H···Br hydrogen bonds. Scanning parameters: (A) Vs
= −1.0 V, It = 0.05 nA; (B) Vs = −1.0 V, It = 0.5 nA.
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focuses on the R-DPA domain (lower part of Figure 3A,B).
Note that the upper part of Figure 3A is L-DPA domain. The
atomic resolution STM images about the R-DPA domain, the
L-DPA domain, and the domain boundary are shown in Figure
S4.
To investigate the configuration of Br-DPA network on the

Cu(111) surface in detail, we carried out calculations based on
DFT. The upper panel of Figure 3C shows the optimized
adsorption configuration with a unit cell marked by the black
rhombus. Obviously, two molecular adsorption configurations
coexist in one unit cell. In one, the centers of benzene rings are
on the top sites of the underlying Cu atoms, named “top-
molecule”, and in the other, the centers of benzene rings are on
the hollow sites of the underlying Cu atoms, named “hollow-
molecule”. The side view of optimized structures in the
direction of blue arrow (the lower panel in Figure 3C) presents
the apparent height difference of two types of DPA molecules
with 3.0 Å for top-molecule and 2.9 Å for hollow-molecule,
which is the reason for the observed alternating bright and dark
molecules in Figure 3B. On the basis of the optimized
configuration, we obtained a simulated STM image (lower-left
part of Figure 3B) and merged it with an experimental STM
image (upper-right part of Figure 3B). The simulated image
shows excellent agreement with the experimental results. Figure
3D shows the calculated charge density difference. Just as in the
same analysis of a sample on Ag(111) surfaces, the self-
assembled structure of DPA molecules and bromine atoms on
the Cu(111) surfaces is dominated by hydrogen bonds between
Br atoms and H atoms. The bromine atoms, here again, sit on
the junctions of three DPA molecules and at the kink sites of
DPA molecules, where the number of hydrogen bonds can
reach the maximum. In brief, the atomic bromine-mediated
chiral self-assembled network structures on the Cu(111)
substrate were constructed, and the positions of Br atoms
meet the requirement of maximizing the number of hydrogen
bonds.
Also, another kind of molecule, (DcC6PA), was used to form

atomic bromine-mediated 2D chiral hydrogen bonds network
structure on Ag(111) surfaces. Compared with DPA, DcC6PA
molecule has two extra cyclohexanyl groups at each end of the
DPA molecule, as illustrated in Figure 4A. By deposition of Br
atoms and DcC6PA molecules onto the Ag(111) surface, we
obtained a well-defined structure (Figure 4B, with a unit cell
marked by a black parallelogram), where the DcC6PA
monomer is clearly identified: two bright protrusions
representing two cyclohexanyls. Meanwhile, the bromine
atoms exist among DcC6PA molecules with an alternating
number arrangement with 3,1,3,1···, as indicated by the green
arrow and three blue arrows. The alternate pattern is more
easily identified in the close-up image (Figure 4C), in which a
schematic of molecular structure and Br atoms is overlaid to
highlight the atomic positions. (See Figure S6 for self-
assembled structures of pristine DcC6PA on Ag(111).) Just
as in Br-DPA on Ag(111) and Cu(111) surfaces, the Br atoms
in the Br-DcC6PA on Ag(111) surfaces are on the junctions of
three DcC6PA molecules and at the kink sites of DcC6PA
molecules. The green dashed lines (Figure 4C) indicate the
possible hydrogen bonds between Br atoms and H atoms.
Therefore, we confirmed that the atomic bromine-mediated
self-assembled network can also be achieved with DcC6PA
molecules, and the Br atoms sit on the special sites where the
maximum number of hydrogen bonds can be formed. Figure
4D shows a schematic structural model of the 2D hydrogen-

bond network structure of Br-DcC6PA on Ag(111) surface.
The positions of red circles with a cross inside are also junction
sites; however, no bromine atoms are observed there. This
absence of bromine atoms may be attributable to the fact that
there is not enough room.
It should be mentioned that the 2D chiral halogen-

coordination networks formed here are different from the
previous reports about the self-assembled patterns of bromine
substituted polyaromatic hydrocarbon. Actually, 2D self-
assembly of polyaromatic hydrocarbon guided and stabilized
by halogen bonds, especially for intermolecular Br···Br halogen
bonds and −C−H···Br−C− hydrogen bonds, has been widely
studied in recent years.28,30−37 For instance, Kahng’s group
reported a series self-assembled patterns of brominated
anthraquinones on Au(111) surface by Br···Br halogen bonds
and −C−H···Br−C− hydrogen bonds.38,39 Wu et al. fabricated
molecular Sierpin ́ski triangle fractals based on synergistic
halogen and hydrogen bonds between two aromatic bromo
compounds.35 Deng et al. studied the effects of the position and
number of bromine substituents on the 2D self-assembled
patterns of phenanthrene derivatives by changing multiple
halogen bonds and hydrogen bonds.31 It is noteworthy that the
halogen elements mentioned above are all bonded to
polyaromatic hydrocarbon with C−Br bond. Those bromine
elements are constrained to where they are. However, in our
work, we use polyaromatic hydrocarbon without any halogen
substituents as precursors and apply atomic bromine as a
second component to construct the self-assembled molecular
networks. The external Br atoms reside themselves into some
special positions in molecular networks with maximum number
of hydrogen bonds (−C−H···Br···H−C−). In addition, no Br···

Figure 4. Br-DcC6PA network on Ag(111). (A) Chemical structure of
DcC6PA molecule. (B) STM image of Br-DcC6PA network on
Ag(111) surface. One green and three blue arrows indicate the
positions of Br atoms. (C) Zoom-in STM image superimposed by a
schematic models. The green dashed lines denote the possible
hydrogen bonds. (D) Schematic structural models. The red circles
with a cross inside indicate positions where the Br atoms cannot reside
because of the space limitation. Scanning parameters: (B) Vs = −1.0 V,
It = 0.05 nA; (C) Vs = −1.0 V, It = 0.5 nA.
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Br halogen bonds are formed in our systems. The whole 2D
chiral halogen-coordinated self-assembly structure can be
stabilized by 2D hydrogen-bonding networks. Compared with
metal−organic coordination structures,40 the halogen-organic
coordination network is a new member of 2D layers on
surfaces.
In conclusion, we have successfully constructed large-scale,

high-quality 2D self-assembled chiral Br-organic networks. The
configuration of the network is controlled by the density of Br
atoms, substrate and the selected molecule species. We find that
the connections between Br atoms and molecules are through
−C−H···Br hydrogen bonds. The Br atoms prefer the sites with
the maximum number of hydrogen bonds, which serves to
stabilize the network. This work provides a prototype for
investigating on-surface 2D halogen-coordination networks.
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