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Diverse self-assembled structures were obtained on Cu(111) and
Ag(111) surfaces by using a simple and small 4,4”-dichloro-1,1:4',1"-
terphenyl molecule. Surprisingly, a complicated supramolecular self-
assembled vortex structure, composed of 15 molecules in a large unit,
was realized through the collaboration of hydrogen bonding and
halogen bonding.

Engineering of two-dimensional (2D) supramolecular self-
assemblies has attracted widespread interest over the past
few decades owing to the resulting systems’ electrical and physical
properties. Recent progress in the fabrication of complicated
supramolecular assembled structures with multi-molecules has
been achieved in many aspects, such as the construction of
hierarchic structures,'®* the transformation of chirality,® etc.
However, the construction of complicated supramolecular self-
assembled structures using a simple molecule with one type of
functional group has been rarely investigated,* although such
an approach would provide a unique chance to investigate the
detailed assembly process.

Studies of halogenated molecules based on various experi-
mental methods have demonstrated that the building blocks are
interconnected to each other through directional intermolecular
interactions such as hydrogen bonding (HB), halogen bonding
(XB), etc.” HB and XB based 2D supramolecular self-assemblies
have often been reported on metal surfaces with precursors
containing I or Br at low annealing temperatures.'“® In general,
the HB of chlorides (C-H- - -Cl) is stronger than HB of bromides
and iodides,” which may offer an opportunity to generate more
stable and sophisticated structures via self-assembly. However,
the sophisticated 2D supramolecular assembly engineering of aryl
chlorides has rarely been studied on surfaces.®
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by a simple aryl chloride on Ag(111) and Cu(111)+
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For the self-assembly of halogenated precursors containing I
or Br, the annealing process on metal surfaces often leads to
C-X bond activation, which severely limits their application in
achieving thermodynamic self-assembled structures.” Compared
with Ph-I (65 kcal mol™ ') and Ph-Br (80 kcal mol '), the bond
dissociation energy of Ph-Cl (95 kcal mol ') is higher, and aryl
chlorides are more stable than aryl bromides and iodides.'® The
superior stability of the C-Cl bond makes aryl chlorides a good
choice to investigate the intrinsic properties of self-assembly
systems at higher annealing temperature, which would lead to
more sophisticated surface nanostructures as the thermodynamic
products.

We report here the investigations of the supramolecular self-
assembly of 4,4”-dichloro-1,1":4’,1"-terphenyl (DCTP) molecules
(Fig. 1a) under ultrahigh vacuum (UHV) on the Ag(111) and
Cu(111) surfaces. Diverse 2D supramolecular networks of DCTP
have been obtained on the surfaces at room temperature (RT).
Owing to the high chemical stability of C-Cl, a highly complicated
chiral vortex structure composed of 15 DCTP molecules was
generated after annealing at 373 K. The emergence of such a
structure with a large unit cell using a simple and small molecule
is potentially of significant interest in the field of 2D crystal
engineering. Based on the scanning tunneling microscopy (STM)
studies and density functional theory (DFT) calculations, the main
driving force was identified as hydrogen bonds between the Cl and
H atoms, which cooperate with the halogen bonds of the chlorines
to construct the complex structures.

The molecular electrostatic potential (ESP) surface with the
contour line of the DCTP molecule was calculated to elucidate
its self-assembly behavior (Fig. 1b). The outer regions of the Cl
and H atoms within a lower electron density behave as electro-
philic centers, the so-called c-holes, which generate caps of
depleted electrons upon elongation of the C-H or C-Cl bonds.
The strength and orientation of the driving force in the self-
assembly system, including C-H- - -Cl HB, C-Cl- - -Cl XB, and other
intermolecular interactions, can be predicted and explained by
analyzing the magnitudes and positions of minima and maxima
on the surface.
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Fig. 1 DCTP molecules adsorbed on the Cu(111) surface at RT. (a) Chemical
structure and (b) ESP surface of DCTP; (c) phase I; (d) phase II; (e) high-
resolution image of phase I; (f) high-resolution image of phase II; molecular
graphs obtained by calculations of (g) phase | and (h) phase Il networks,
where red dots represent the CPs, and red lines denote the bond paths.
Scanning parameters of (cand e): / = 0.07nA, U = —1.68V; (dand f) | = 0.07 nA,
U=-122V.

DCTP molecules were deposited onto a clean surface of single-
crystalline Cu(111) at RT under UHV conditions (base pressure:
~2 x 10~'° mbar). The DCTP molecules self-assembled into two
coexisting phases, and their molecular models are overlaid in the
STM images. The individual molecule can be identified as a stick
with a length of 15 £ 0.2 A, which is consistent with the DFT-
predicted length of DCTP (14.9 A). In self-assembled phase I, as
shown in Fig. 1c, the DCTP molecules form stripes in a staggered
arrangement. As shown in Fig. 1e, the unit cell contains one DCTP
molecule, and the measured parameters are a = 15.8 + 0.2 A,
0 = 30 £+ 2°. In this structure, the measured distance of the
C-H- - -Cl HBs based on the overlaid molecular modes (indicated
by black dashed lines in Fig. 1e) is 3.1 & 0.2 A.

Another self-assembled phase, phase II (Fig. 1d) is more
complicated; it consists of ladder-like structures separated by
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two rows of molecules in a staggered arrangement. These two
rows between the ladder structures are similar to the structure
in Fig. 1c. In the ladder structure, the distances of two kinds of
intermolecular bonds can be measured using the overlaid
molecular models, including the C-H---Cl HB (3.0 £ 0.2 A,
black dashed line) and C-CI. - -C1 XB (3.3 & 0.2 A, green dashed
line). Interestingly, the windmill nodes in the ladder-like struc-
ture exhibit structural chirality (anticlockwise), although the
DCTP molecules themselves do not have chirality. Another
structural chirality with the clockwise nodes in the ladder-like
structure can be found in Fig. S1 in the ESI.f When the sample
was annealed to 323 K, the approximate ratio of phase I to
phase II changed from 4:1 to 1:1, suggesting that phase I is
kinetically favorable but phases I and II have similar thermo-
dynamic properties. In addition, the calculated adsorption
energies (E,qs) on Cu(111) per DCTP molecule for phases I
and II are similar (—2.119 eV and —2.116 eV, Table 1), in
agreement with the experimental results. Notably, annealing
the sample to 353 K induced C-Cl bond activation and pro-
duced a C-Cu-C organometallic chain on the Cu(111) surface
(see ESI,T Fig. S2a).'**

Using the experimental lattice vectors, first-principles DFT
calculations were performed on Cu(111) to determine the
optimized structures of the DCTP networks in Fig. 1c. The
optimized unit cell of @ = 15.8 A, 0 = 28° is shown in Fig. $3 and
it matches the experimental measurements in Fig. 1e.

Considering that the intermolecular interactions are the
main driving forces in the current self-assembled system,
atoms-in-molecules (AIM) analysis was used to elucidate the
bond properties of the interactions.'” Critical points (CPs) were
identified and are shown in Fig. 1g. The driving force for the
self-assembly of phase I of DCTP on Cu(111) is found to be
mainly HB (C-H- - -Cl) with a mean distance of 2.96 A and a
bonding energy of —27.5 meV (see Fig. S3 and Table S1, ESI¥).
Besides, an unconventional weak XB is also revealed by the CPs
with an almost perpendicular angle (Fig. 1d).*

For the self-assembly of phase II in Fig. 1d, we simplified the
DFT model by optimizing only the ladder-like structure on
Cu(111) (see Fig. 1f and Fig. S4, ESIt). As shown in Fig. 1h,
the CPs of the intermolecular bonds reproduce the binding
mechanisms of the experimental observation in Fig. 1f. Two
types of interactions are identified as the driving forces for the
self-assembly: C-H- - -Cl HB and C-Cl- - -Cl XB. The distance of
HB is approximately 3.15 A, and the average bonding energy is
—22.4 meV. The XBs show a mean bond distance of 3.83 A and

Table 1 Summary of adsorption energies per DCTP molecule (E,qs), aver-
age bond length (d) and number of bonds in the four self-assembled models

E.gs (€V)  Interactions  Number  Average d (A)
Cu(111)-RT-I —-2.119 C-H---Cl 4 2.962
C-Cl---Cl 2 4.061
Cu(111)-RT-II —2.116 C-H---Cl 10 3.146
C-Cl---Cl 4 3.826
Ag(111)-RT -1.753 C-H---Cl 7 3.549
Ag(111)373 K — C-H---Cl 35 3.039
C-Cl---Cl 3 3.763
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an average bonding energy of —26.1 meV (see Fig. S4 and
Table S1 in the ESIT).

Next, we deposited DCTP molecules on a Ag(111) surface at
RT. An STM image of the adsorbed DCTP molecules on Ag(111)
shows a highly ordered self-assembled monolayer consisting of
large paralleled stripes with a width of 16.8 4 0.2 A (Fig. 2a).
The high-resolution STM image reveals a unit cell of a = 15.5 +
0.2A,h=16.8+0.2 A, 0 =87 + 2° (Fig. 2c), two lines of molecules
staggered arranged with an angle of 30° & 2° (Fig. 2c). Based on
the overlaid molecular models, the intermolecular interaction of
HB (C-H-: - -Cl) can be identified with the measured distances of
2.9-3.4 £ 0.2 A.

Based on the DFT calculations, the corresponding assembled
model of the DCTP molecules on Ag(111) was optimized with a
unit cell of a = 15.7 A, b = 17.1 A, 0 = 87° (Fig. 2e and Fig. S5 in
the ESIt), which is in reasonable agreement with the experi-
mental measurements. According to the CP analysis shown in
Fig. 2e, the main driving force for the formation of the self-
assembly shown in Fig. 2c is identified as C-H- - -Cl HB with a
mean distance of 3.02 A and a bonding energy of —25 meV

Fig. 2 DCTP molecules adsorbed on the Ag(111) surface. (a) DCTP deposited
at RT; (b) DCTP after annealing at 373 K; (c) high-resolution image of (a);
(d) high-resolution image of (b); (e and f) molecular graphs obtained by
calculations of (c) and (d) networks, respectively, where red dots represent
the CPs, and red lines denote the bond paths. Scanning parameters:
(@andc)/=006nA U=-150V; (bandd)/=0.07nA U=250V.
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(see Fig. S5 and Table S1 in the ESIt). Besides, some weak HBs
between the stripes were revealed.

After the sample was annealed to 373 K, the strip phase of
DCTP evolved to a new phase with vortex structures. We found
two enantiomeric molecular phases with planar chirality for
this vortex structure, the anticlockwise phase (Fig. 2b) and the
clockwise phase (Fig. S6 in the ESI}). The close-up STM image
shows that the individual molecule is still intact and the
annealing process does not induce the C-Cl bond activation
of DCTP on Ag(111) (Fig. 2d). In contrast, aryl bromides and
aryl iodides are converted to organometallic products at this or
even lower temperature.’®"? It is noteworthy that the C-Cl bond
was activated at 393 K to form a C-Ag-C organometallic chain
(see the ESI, T Fig. S2b),"° which demonstrates the remarkable
effect of subtle temperature changes.

A careful analysis of this vortex structure demonstrates that the
basic unit is a complicated self-assembly of 15 DCTP molecules.
In the center of this self-assembled structure is a windmill core
composed of three molecules (indicated by blue dashed frames in
Fig. 2d); this bonding pattern is different from that in a previous
study of the halogen-3 synthon because of the much longer
distance (5.8 A) between two chlorine atoms.** According to the
overlaid model of the triangular core structure, the measured
distance of the C-H- - -Cl HB is 3.0 & 0.2 A (black dashed lines in
Fig. 2d). Between every pair of molecules in the windmill core,
there are four molecules and a total of 12 molecules are included
in the three sections. One of the four molecules forms a C-Cl- - -Cl
XB of 3.6 + 0.2 A (green dashed line) with the central molecule.
Besides, there are many C-H- - -Cl HBs with a distance of 2.9-3.5 £
0.2 A. A line profile along the blue line in Fig. 2b demonstrates
that the vortex structure appears a little higher than the outside
area, which might be caused by the difference of the electronic
local density of states.

The DFT calculations were performed under vacuum due to
the limitation of the calculation resource to elucidate the driving
forces and numerous interactions in this arranged vortex struc-
ture (Fig. 2f, Fig. S7 and Table S1 in the ESIT). In the center of this
self-assembled structure, the windmill structure is composed of
three molecules (indicated by a green dashed frame as I) that
contact each other by forming six similar C-H- - -Cl HBs with a
mean bond distance of 2.92 A and a mean bond strength of
—36.8 meV. Each molecule indicated by a red dashed frame
as II inserts into the gap between every two molecules of the
windmill core, forming one C-Cl---Cl XB (bond distance:
3.76 A; bond strength: —24.8 meV) and one weak HB (bond
distance: 3.32 A; bond strength: —11.0 meV) with the adjacent
two molecules. For the three molecules III indicated by a black
dashed frame, each one inserts into the gap between molecules
I and II as depicted in Fig. 2f. In total 10 HBs have been
identified with a mean bond distance of 2.98 A and a mean
bond strength of —38.4 meV from the interactions of molecule
IIT with the adjacent molecules I and II. As shown in Fig. 2f, the
last six molecules IV without a frame arrange on both sides
of the three molecules I to form the vortex structure. Every
molecule IV forms two HBs with molecule I with a mean bond
distance of 2.98 A and a mean bond strength of —33.0 meV.

This journal is © The Royal Society of Chemistry 2018
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Notably, some HBs can also be identified between molecules IV
with the adjacent molecule II.

As discussed above, 35 C-H- - -Cl HBs and 3 C-ClI---Cl XBs
were identified in the optimized vortex structure (Table 1
and Table S1 in ESIt), demonstrating that HBs are the main
driving force in the formation of the vortex structure, and XBs
appear in the structure. Then, the vortex units self-assemble by
intermolecular interactions to form the 2D supramolecular
nanostructure.

To understand the effect of substrate on the emergence of
different 2D assemblies, the adsorption energies per DCTP
molecule on Cu(111) and Ag(111) were determined to be —2.12 eV
(for both phases I and II) and —1.75 €V (for the structure obtained
at RT), respectively. Therefore, the smaller adsorption energy of
DCTP on Ag(111) enables the diverse adsorption directions to
construct the complicated vortex structure.

We also investigated the self-assembly of molecule 1,1':4',1"-
terphenyl on Ag(111) as a control experiment to elucidate the
role of C-H---Cl in the assembly process. The results show a
simply staggered self-assembly pattern, forming on the basis of
a weak dispersion force (see the ESI,T Fig. S8). Therefore, the
chlorine atoms in DCTP are crucial to generate HBs and XBs,
which guide the formation of the elegant structures.

In summary, we have achieved several 2D supramolecular
networks at RT on the Cu(111) and Ag(111) surfaces when
simple and small aryl chloride DCTP was used as a precursor.
Owing to the high chemical stability of the C-Cl bond, an
interesting chiral vortex structure composed of 15 DCTP mole-
cules was obtained on Ag(111) with intact DCTP molecules after
annealing at 373 K. Through a combination of STM and DFT
calculations, C-H- - -Cl hydrogen bonding was identified as the
main driving force for the self-assembly owing to the strong
electronegativity of chlorine, although halogen bonds also play
important roles in the self-assembly of various structures. Our
findings shed light on molecular engineering to tailor the on
surface self-assembly of organic precursors to fabricate sophisti-
cated structures.
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