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ABSTRACT: Understanding the physical origin of STM/AFM image contrast is of significance
for not only promoting surface characterization techniques, but also probing surface nanostructures
with the atomic/sub-molecular resolution. Herein, we demonstrate the real-space imaging of
halogen bonds acquired by non-contact atomic force microscopy (nc-AFM)/bond-resolution
scanning tunneling microscopy (BR-STM) with functional CO-tip, and study the image contrast
origin of halogen bonds. The presence of bright line features is associated to the specific site where
halogen bond forms, which is experimentally evidenced to be contributed by both CO-tip bending
and electron density exchange. Three distinct types of halogen bonds are observed, which origin
from the noncovalent interactions of Br-atoms with positive potential H-atom, neutral potential
Br-atom and negative potential N-atom, respectively. Our work shows that nc-AFM and BR-STM

can directly image halogen bonds and can be used to unambiguously discriminate their bonding



features. This work demonstrates the potential use of this technique to image other non-covalent
intermolecular bonds and to understand complex supramolecular assemblies at the sub-molecular

level.

Introduction

The chemical bond is of central interest in the chemistry discipline, and it plays an important role
in the construction of both matter and life. In particular, non-covalent bonds are the fundamental
basis of supramolecular self-assembly,! including hydrogen bonds,? halogen bonds,* coordination
bonds,* * dipole-dipole interactions® and so on.”® The halogen bond has recently attracted much
interest,'® while the hydrogen bond has been the most studied intermolecular interaction in the
past.'- 12 Halogen bonds form mainly through the mutual interaction between halogen atoms (e.g.
F, Cl, Br, I) due to the coexistence of both positive and negative potential centers at the halogen
atom caused by its asymmetrical electron distribution.!* * Recent research has discovered that
halogen atoms also interact with other non-halogen elements (e.g. S and O elements) to form a
halogen bond,'>-'® which further enriches the database of halogen bonds. The study of halogen
bonds is useful not only to understand the internal mechanism of supramolecular self-assembly at
the molecular level, but also to develop functional nanomaterials constructed via halogen bonds.
On-surface supramolecular self-assembly based on halogen bonds has also attracted much
interest.!% ' By employing halogen bonding, various ordered supramolecular structures have been

reported, such as two-dimensional porous networks,!® Sierpinski triangle Fractals.?’

Over the past decades, both scanning tunneling microscope (STM) and atomic force
microscopy (AFM) have been employed to study various surface structures, molecular assembly

and on-surface reactions.?!> 22 However, the realization of atomic-resolution molecular structures



is challenging for the conventional AFM and STM technique. The invention of qPlus AFM sensor
greatly improves the resolution of AFM image and resolves the atomic structure within a single
molecule.?® 2* A metallic tip modified with functional molecules (most commonly CO-tip) further
improves the AFM resolution.”> Leo et al. has demonstrated the chemical structure of a single
pentacene molecule resolved using qPlus atomic force microscopy (or nc-AFM) with CO-tip.?
The similar technique can also be applied for the internal chemical structure and bond-order
discrimination.?”3% Moreover, qPlus-AFM can also be used for direct imaging of the
intermolecular hydrogen bond.*! For example, Zhang et al. reported in 2013 a real-space image of
the hydrogen bond formed in 8-hydroxyquinoline clusters using noncontact atomic force
microscopy (nc-AFM) with CO-tip, although the origin of the hydrogen bond remains
controversial.*? It is worth noting that functional tip also greatly improves the resolution of the
STM image. In recent years, several reports have shown that STM with CO-tip is also able to
unravel the internal atomic structure of a single molecule.’**> The intermolecular force of
triangular halogen bonds has also recently been studied by nc-AFM and STM,*¢ and the bright
lines appear at positions where the triangular halogen bond form at STM images.'? The bright lines
(or image contrast) are thought to originate from the interacting electrons of intermolecular bonds,
while others propose that bright lines are caused by the bending of the CO molecule.?”-3® Currently,
the origin of the bright line is still controversial, and understanding the origin of the bright line
(image contrast) is not only conducive to the understanding of non-covalent bonds, but also of
great significance to the improvement of this surface characterization technique. Furthermore,
there are many other forms of halogen bonds other than the reported triangular halogen bond, and
more details of halogen bonds need to be carefully studied by ultrahigh-resolution STM and nc-

AFM,36



In this work, we present the diversity of halogen bonds, including tetragonal Br-Br bonds, Br-
N bond and Br-H bond, and directly image them using nc-AFM and BR-STM. A nitrogen-doped
and bromine-terminated 2-TBQP molecule was synthesized and deposited on Au(111) substrate
to obtain the self-assembled molecular clusters. At low molecular coverage, two distinct forms of
2-TBQP dimers are observed. Nc-AFM images the real-space atomic structure of the 2-TBQP
molecule. Moreover, two different types of Br-N bonds (namely type-1 and type-2 Br-N halogen
bonds) are observed in the two forms of 2-TBQP dimers, respectively, verified by the presence of
bright lines between two corresponding atoms (Br-H and Br-N atoms). Density functional theory
(DFT) calculations shows that there is obvious electron density redistribution between the adjacent
Br-N and Br-H atoms, suggesting that the halogen bonds are essentially electrostatic interactions.
At high molecular coverage, we observe the formation of a 2-TBQP tetramer. Both nc-AFM and
BR-STM directly image the formation of tetragonal halogen bonds on top of the 2-TBQP tetramer,
appearing as tetragonal bright lines that link four Br-atoms. By contrast, no bright line is observed

between two adjacent but no-bonding Br-atoms even though the tip-sample distances are close.

Results

Atomic structure and electrostatic potential of a single 2-TBQP molecule. Figure 1 displays
atomic structure and electrostatic potential of 2, 7, 13, 18-tetrabromodibenzo[a,c]dibenzo
[5,6:7,8]-quinoxalino[2,3-i]-phenazine (2-TBQP). The 2-TBQP molecule was synthesized
following previous work.?!- 3 Figure 1a shows its atomic structure obtained from single crystal
XRD. 2-TBQP molecule is a planar m-conjugated polycyclic hydrocarbon with four doping
nitrogen atoms (red atoms) and four bromine atom terminals (blue atoms). 2-TBQP molecules
were deposited on a clean Au(111) crystal substrate held at room temperature, and the as-prepared

samples were then transferred in-situ into LT-STM/nc-AFM chamber for imaging at 4.2 K. Figure



Ib presents an atomic resolution nc-AFM image of a single 2-TBQP molecule on Au(111)
acquired with a CO-modified tip. The nc-AFM molecular image structure is experimentally
reproducible. Nine benzene rings are observed with four bright spots at its terminals,
corresponding to the four Br-atoms. We infer that the Br-atoms exhibit higher frequency shift (Af)
due to its larger atom size than the other element atoms, indicating stronger interaction of the Br-
atom to CO-tip at a given tip-sample distance. In contrast, the N-atom sites have low Af intensity
and the N-containing benzene ring becomes larger compared to atomic structure shown in Figure
la. The distinct Af contrasts in the nc-AFM image may be due to the variable van der Waals (vdW)

interactions between CO-tip and element atoms.*°
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Figure 1. Atomic structure and electrostatic potential of a single 2-TBQP molecule. (a) Atomic
structure of 2-TBQP molecule. (b) Atomic resolution nc-AFM image of a single 2-TBQP molecule
on Au(111) acquired with a CO-modified tip, set-point: V =50 mV, I =20 pA, tip height Z =-0.1
A and oscillation amplitude A = 40 pm. (c) Electrostatic potential (ESP) of a 2-TBQP molecule

projected on an iso-surface of 0.001.

Figure 1c displays the calculated electrostatic potential (ESP) of a 2-TBQP molecule. The

marked bar indicates the electrostatic potential intensity, where red represents negative



electrostatic potential while blue represents positive electrostatic potential. As expected, N-atom
sites display a negative electrostatic potential, while H-atom sites have a positive electrostatic
potential. Both negative and positive electrostatic potential are observed within a Br-atom due to
the anisotropic distribution of halogen atom electron density. This electron anisotropic distribution
leads to the coexistence of electron depleted o-hole cap at the terminal of the C—Br bond (light
blue) and encircling electron-rich belt perpendicular to the C—Br bond (yellow), in line with

previous reports. '3 13

The formation of two distinct types of 2-TBQP dimers. Figure 2 displays two distinct forms of
2-TBQP dimers stabilized via two types of Br-N halogen bonds. Figure 2a shows an atomic
resolution nc-AFM image of type-1 dimer. Two Br-atoms are observed to be adjacent to two N-
atoms, respectively. An enlarged nc-AFM image in Figure 2b shows that one of the Br-atoms is
adjacent to a N-atom of another 2-TBQP molecule. A bright line (Iabeled by a red arrow) between
the Br-N atoms appears, suggesting the formation of Br-N bond (named as type-1 Br-N halogen
bond). Three bright lines (labeled by blue arrows) are also observed at the vicinity of the Br-N
bright line, which connects three series of Br-H atoms, respectively. We note that the intensity of
Br-N bright line is somewhat lower than that of the Br-H bright lines. Figure 2¢ outlines a DFT-
optimized molecular packing structure of type-1 dimer. According to the observed bright lines in
nc-AFM image in Figure 2b, red and black dotted-lines are added in Figure 2c to connect Br-N

atoms and Br-H atoms, respectively.



Figure 2. Two types of Br-N halogen bonds. (a) Atomic resolution nc-AFM image of type-1 dimer,
set-point: V =60 mV, I =20 pA, tip height Z = 0.3 A and oscillation amplitude A = 40 pm. (b) An
enlarged nc-AFM image of type-1 dimer, set-point: V = 60 mV, I = 20 pA, tip height Z=-0.2 A
and oscillation amplitude A = 40 pm. (c) DFT-optimized molecular packing structure of type-1
dimer. (d) Atomic resolution nc-AFM image of type-1 dimer, set-point: V = 60 mV 1 = 20 pA,
7=0.3 A and oscillation amplitude A = 60 pm. (¢) An enlarged nc-AFM image of type-2 dimer,
set-point: V = 60 mV, I= 20 pA, tip height Z = -0.1 A and oscillation amplitude A = 40 pm. (f)

DFT-optimized molecular packing structure of type-2 dimer. The red arrows label the bright lines



between Br-N atoms, and the blue arrows label the bright lines between Br-H atoms in (b and e),
respectively; red dotted-lines and black dotted-lines indicate the formation Br-N and Br-H halogen

bonds in (¢ and f), respectively.

Figure 2d shows a nc-AFM image of type-2 dimer. Like type-1 dimer, both Br-N and Br-H
halogen bonds form in type-2 dimer although their molecular packing structure is different. A real-
space atomic-resolution image in Figure 2e shows that two Br-atoms are adjacent to two N-atoms,
respectively. Two bright lines (labeled by two red arrows) are observed to connect two couples of
Br-N atoms, suggesting the formation of two Br-N bonds (named as type-2 Br-N halogen bond).
In addition, another two bright lines (labeled by blue arrows) appear at the sides of each Br-N
bright line, which connect two couples of Br-H atoms, respectively. Figure 2f presents a DFT-
optimized molecular structure of type-2 dimer with red and black dotted-lines that connect Br-N
atoms and Br-H atoms, respectively. According to the electrostatic potential of a 2-TBQP molecule
in Figure 1c, we believe that the formation of a Br-N halogen bond results from the mutual
interaction between an electron pair in N-atom and an electron depleted J-hole at the terminal of
the C—Br, and the formation of Br-H halogen bond arises from the interaction between the electron
depleted H-atom and an encircling electron-rich belt at the Br-atom. We infer that the nc-AFM-
observed bright lines origin from a synergistic effect of the exchange electron density of halogen

bonds and the CO-tip bending, as further discussed in Figure 5.

To obtain more insight regarding the two types dimers, DFT calculations were carried out to
determine the optimized molecular packing structure and their electron density difference. Figure
3a and 3b plot the calculated intermolecular interaction energy of type-1 and type-2 dimers as a
function of Br-N distance, respectively. As expected, the interaction energy per molecule first

decreases and then increases as the Br-N distances increase for both type-1 and type-2 dimers. The



Br-N bond distances at interaction energy minimization are 3

.54 A for type-1 dimer and 3.58 A

for type-2 dimer, respectively, which match well with the experimental measurements (3.45 £ 0.1

A, labeled by red pentacles).
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Figure 3. DFT calculations of two types of Br-N halogen bonds. (a, b) Calculated intermolecular

interaction energy per molecule of type-1 dimer and type-2 dimer as a function of Br-N distance,

respectively. (c, d) Calculated electron density difference (Ap)

between two monomers and type-

1 dimer/type-2 dimer, respectively. (¢) Summary of the characters of the two Br-N halogen bonds

obtained from experiment and DFT calculation.



DFT calculations were also carried out to obtain the electron density difference (Ap), which
provides the intermolecular bonding features of Br-N and Br-H halogen bonds. Figure 3c and 3d
show the charge density difference projected onto type-1 and type-2 dimers, respectively. Obvious
electron density accumulation is observed at the connection of both Br-N atoms and Br-H atoms,
suggesting the charge transfer between Br-atoms and N-atoms/H-atoms. Similar results of the
charge transfer between Br-O atoms were also reported by Giovanni et al.'> The formation of Br-
N and Br-H halogen bonds is primarily electrostatic. The calculated results suggests that charge
transfer between Br-N and Br-H atoms also play an important role, in line with IUPAC
recommendations and literature reports.> '>>4! We infer that the electron density between Br-N and
Br-H atoms may also contribute to the bright lines feature observed at nc-AFM images in Figure
2b and 2e, and the higher intensity of electron density between Br-H atoms than that between Br-
N atoms results in a brighter line of Br-H bond than that of Br-N bond shown at nc-AFM images.

More details are discussed in Figure 5.

A significant difference is found in the proportion yield of the two types of 2-TBQP dimers,
with a higher yield of type-1 than that of type-2. Statistically, the yield of type-1dimer is greater
than 90%, while the yield of type-2 dimer is less than 10%. To explain the observed results, we
summarize in Figure 3e the characters of Br-N halogen bonds, which include formation energy,
the numbers of halogen bonds, bond distance and bond angle. Type-1 dimer has lower
formation/interaction energy than type-2 dimer, and Figure 3e shows that the interaction energy
are -0.172 eV and -0.133 eV for type-1 and type-2 dimer, respectively. The distinct interaction
energy result from a difference in the bonding number of halogen bonds formed between type-1
and type-2 dimer. As show at the third row in Figure 3e, two Br-N intermolecular bonds form for

both type-1 and -2 dimers. However, the fourth row in Figure 3e shows that type-1 dimer (6 Br-H
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bonds) has more formed Br-H halogen bonds than that of type-2 dimer (4 Br-H bonds). We infer
that the two additional Br-H bonds lead to a lower formation energy and thus a higher yield of
type-1 dimer. Another distinct feature between the two dimers is the orientation of molecule with
the Au[110] direction of Au substrate. Figure S2 shows that the relative orientations of molecule
with respect to the Au[110] direction are 30 degree and 0 degree for type-1 and type-2 dimer,
respectively. The calculated total absorption energy with substrate is -4035.95 eV and -4035.88
eV for the 30 degree case and the 0 degree case, respectively. The total energy difference is only
-0.07 eV, and such a small energy difference suggests that the Au substrate does not play an

important role in the formation of the dimers.

The bonding angle of the Br-N bond is also acquired. Unexpectedly, nc-AFM images in Figure
2b and 2e show that the Br atom does not align with two N-atoms of a pyrazine ring. The bond
angle of the Br-N bond, measured along N-Br-C, is 166 + 2 © and 165 + 2 ° for type-1 and type-2
dimers, respectively, which are close to but different from a theoretical bonding angle of 180 °.
Similar bending halogen bond was reported by Ebeling et al.>® We infer that the steric hindrance
of two adjacent H-atoms hinders the alignment of Br-atom with two N-atoms of a pyrazine ring.
The Br-atom optimises its position to enable the formation of both Br-N and Br-H halogen bonds,
suggesting the flexible bonding angle of non-covalent halogen bonds, unlike rigid covalent bonds.
We propose that the flexibility of non-covalent intermolecular bonds is one of the reasons why
supramolecular structures form over a larger ordered area than the covalently linked network,

besides the reversibility of the non-covalent bonds.*

Formation of 2-TBQP tetramer. Figure 4 displays another self-assembled structure of 2-
TBQP tetramer stabilized by tetragonal Br-Br halogen bonds with assistance of Br-atoms

absorption. The 2-TBQP tetramer are observed at a higher molecular coverage of 0.2 ML in Figure
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S3. Figure 4a gives a STM image of the supramolecular structure of 2-TBQP tetramer on Au(111).
The STM image displays the H-shaped molecular skeleton of a single 2-TBQP molecule.
Individual Br-atoms (labeled by blue arrows) adsorb on the periphery of 2-TBQP molecules. The
individual Br-atoms come from the partial Br-atom cleavage from 2-TBQP molecules at room
temperature, and the evidence is presented in Figure S4. The formation of self-assembled 2-TBQP
tetramer is observed, and four Br-atoms (labeled by blue quadrate) from four 2-TBQP molecules
are adjacent and form a square geometric structure. We infer that the formation of tetragonal Br-
Br halogen bonds governs the self-assembled 2-TBQP tetramer. To verify our hypothesis, nc-AFM
measurements were carried out. Figure 4b shows a nc-AFM image of the 2-TBQP tetramer
acquired using a CO-tip, which clearly shows their molecular atomic structure. Br-atoms are
clearly imaged, and two kinds of Br-atoms are observed. The first kind is the individual Br-atoms
(labeled by blue arrows) that cleave from 2-TBQP molecules, and the second kind is the Br-atom
that remain bonded to 2-TBQP molecules (labeled by blue arrows). The individual Br-atoms are
adjacent to N-atom sites (labeled by blue arrows in Figure 4b), suggesting a site-selective
adsorption at the N-atom site for the individual Br-atom. The individual Br-atoms play an
important role in the formation of the 2-TBQP tetramer rather than type-1 or -2 dimer. We infer
that the adsorption of the individual Br-atom on the N-atom site prevents the formation of Br-N
bonding type-1 & -2 dimers, thus leading to formation of 2-TBQP tetramer stabilized via tetragonal
Br-Br halogen bonds. The evidence is presented in Figure S5, which displays that a 2-TBQP trimer
is governed by the combination of Br-Br and Br-N halogen bonds. An individual Br-atom adsorbs
on one of N-atom sites of the Br-N bonding type-1 dimer. Due to steric hindrance arisen by the
individual Br-atom adsorption, the third 2-TBQP molecule joins to the type-1 dimer via Br-Br

bond rather than Br-N bond.
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Figure 4. Formation of 2-TBQP tetramer stabilized by tetragonal Br-Br halogen bonds with
assistance of Br-atoms absorption. (a) STM image (b) nc-AFM image of another self-assembled
structure of 2-TBQP tetramer on Au(111), set point: a) V =50 mV and I = 20 pA; b) V=50 mV
[=20 pA, Z=0 A and oscillation amplitude A = 60 pm; the blue arrows indicate the individual Br-
atoms that are adjacent to nitrogen atom sites. (c) An enlarged nc-AFM image of tetragonal Br-Br

halogen bonds and (d) its corresponding frequency shift profile of Br-Br and Br-H bonds, set-point:
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V=50 mV, I= 20 pA, tip height Z =-0.3 A and oscillation amplitude A = 60 pm, the blue arrows
indicate the bright lines between Br-Br atoms and Br-H atoms, respectively. (¢) DFT-optimized
molecular packing structure of the 2-TBQP tetramer stabilized by tetragonal Br-Br halogen bonds,
red dotted-lines and black dotted-lines indicate the Br-Br and Br-H halogen bonds, respectively.

(f) Calculated electron density difference (Ap) between four monomers and the 2-TBQP tetramer.

To clearly image the tetragonal Br-Br halogen bonds, a closer tip-sample distance was applied.
Figure 4c displays an enlarged nc-AFM image of the 2-TBQP tetramer. Four obvious bright lines
labeled as Br-Br bond (blue arrow) are observed to link pairs of two Br-atoms, verifying the
formation of tetragonal Br-Br halogen bonds. Another kind of Br-H halogen bond also can be
probed. As marked by a blue arrow with a label of “Br-H bond” in Figure 4c, an inconspicuous
bright line at the side of the Br-Br bright line is also observed to link Br-H atoms. Figure 4d
displays a frequency shift profile along the red line in Figure 4e across both the Br-Br and Br-H
bright lines. The frequency shift profile shows two obvious peaks at the positions of both Br-Br
and Br-H bright lines, respectively, indicating abrupt incremental changes in the signature of
frequency shift. Figure 4e gives a DFT-optimized molecular packing structure of the 2-TBQP
tetramer. The calculated Br-Br bond length and bond angle are 3.72 A and 90 °, respectively, and
the calculated values are in agreement with the experimental values (3.70+0.10 A, 91 =2 °©). Thus,
both nc-AFM measurements and DFT calculations verify that the formation of the 2-TBQP
tetramer is stabilized via tetragonal Br-Br halogen bonds and Br-H halogen bonds. Red dotted-
lines and black dotted-lines are added in Figure 4e to indicate the Br-Br and Br-H halogen bonds,
respectively. Figure 4f displays the calculated electron density difference of the 2-TBQP tetramer.
Obvious electron density exchange is observed between both Br-Br atoms and Br-H atoms,

suggesting the charge transfer occurs across the Br-Br atoms and the Br-H atoms, similar to the
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case of Br-N bond. We infer that the electron density can be probed by nc-AFM and contribute to

the appearance of bright lines between Br-Br atoms and Br-H atoms.

The origin of bright line feature of halogen bonds. We note that similar bright line feature of
intermolecular hydrogen bond was also imaged by nc-AFM with CO-tip by Xiaohui et al.’?> The
appearance of bright line feature of hydrogen bond was explained to be contributed by the
increased electron density at the hydrogen bond position, which enhances the Pauli repulsion
between CO-tip and the hydrogen bond. However, Habala et al. found in their simulated
calculations that a bright line feature of the intermolecular hydrogen bond could also be caused by
the CO-tip bending.*® Since no intermolecular electron density is involved in their simulated
calculations, they claimed that CO-tip bending plays a major role in nc-AFM imaging of
intermolecular hydrogen bond. Pavlicek et al. observed an apparent bond ridge (bright line)
between two sulfur atoms of a DBTH molecule where no chemical bond forms.* Liljeroth et al.
also observed experimentally a bright line in nc-AFM images between two N atoms that did not
form an intermolecular chemical bond.*” Therefore, their experiments suggest that CO-tip bending
is a major factor in nc-AFM images. However, whether CO-tip bending or electron density plays

a key role in imaging of intermolecular bond has not fully been determined.

We obtained both nc-AFM and BR-STM images of two adjacent Br-atoms with intermolecular
bonding and the absence of chemical bonding, respectively. Figure 5 displays constant-height nc-
AFM images (top row) and BR-STM images (bottom row) as the function of tip-sample heights
(AZ). One can note that the Br-Br distances for the two cases are very close, and their measured
Br-Br distances are 370 £ 10 pm and 345 + 10 pm for intermolecular bonding case and non-
bonding case, respectively. At AZ=+ 0.2 A, no bright line feature is observed for the two cases in

both nc-AFM and BR-STM images. As the CO-tip approaches to the sample, a bright line feature

15



in both nc-AFM and BR-STM images become more prominent for the intermolecular bonding
case, while no bright line feature appears for the no bonding case. For example, at AZ <-0.2 A, an
obvious bright line feature is observed between two Br-atoms where halogen bond forms (the
intermolecular bonding case) in both nc-AFM and BR-STM images. In contrast, no bright line
appears between two adjacent but individual Br-atoms where no bond forms (no bonding case)
even at close tip-sample distance. These experimental observations verify that the formation of
intermolecular halogen bond contribute to the appearance of bright line features, suggesting that
the electron density play an important role in nc-AFM and BR-STM image contrasts. Sweetman
et al have also reported that the bright line originated from the electron repulsion that occurs within

the tip-sample junction based on a comparison of experimental images and force spectra.’!
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Figure 5. Imaging the intermolecular bonding and the absence of chemical bonding of two
adjacent Br-atoms by nc-AFM and BR-STM. (Top row) Constant-height nc-AFM images with a
CO-tip taken at different tip heights (AZ); four Br-Br intermolecular bright lines (labeled by blue

arrows) are observed on top of the tetragonal Br-Br halogen bonds at close tip-sample distances,
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while no bright line is observed between two adjacent but no-bonding Br-atoms (labeled by black
arrows). (Bottom row) Bond-resolution constant-height STM (BR-STM) images with a CO-tip at
the given heights (AZ); similarly, four bright lines (labeled by blue arrows) are observed on top of
the tetragonal Br-Br halogen bonds, while no bright line is observed between two adjacent but no-
bonding Br-atoms (label by black arrows) even at close tip-sample distances. Set point: top row)
V =50mV and I = 20 pA, oscillation amplitude A = 60 pm; bottom row) V= 5-30 mV, =20 pA;
Size: 3 nm % 3 nm. The measured Br-Br distances are 370 + 10 pm and 345 + 10 pm for

intermolecular bonding case and no bonding case, respectively.

Besides the contribution of electron density, we believe that the CO-tip bending also
contributes to the bright line features based on the following two experimental observations. The
first observation is that a gradual frequency shift peak also appears between the two non-bonding
Br-atoms at close tip-sample distance in Figure S6, although no corresponding bright line is
observed and its frequency shift intensity is much lower than that of two intermolecular bonding
Br-atoms. The second observation is that the intensity of the bright lines is not proportional to the
electron density (compared Br-Br bond with Br-H bond in Figure 4c and 4f), suggesting that not
only electron density contributes to the bright line feature. At close tip-sample distance, CO-tip
bending often occurs, evidenced by a disturbed line appearance and the observation of apparent
sample drift in Figure S6. Considering of both our experimental observation and the other reported

7,43

works by Pavlicek and Liljeroth et al,>”-*3 we believe that both CO-tip bending and electron density

play key roles in imaging of intermolecular bond.

Conclusion
In conclusion, we demonstrated the physical origin and the diversity of halogen bonds in self-

assembled 2-TBQP molecules on Au(111). The halogen bond was directly imaged as bright line
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features by nc-AFM/BR-STM, and the bright line is contributed by a synergistic effect of CO-tip
bending and electron density exchange, as evidenced by the experimental observation that bright
lines are observed at two intermolecular bonding Br-atoms, whereas two adjacent but non-bonding
Br-atoms do not display such lines. We observed three types of halogen bonds, namely the Br-H
halogen bond, Br-Br halogen bond and Br-N halogen bond, suggesting the diverse class of halogen
bonds results from its bonding environment; halogen atoms can interact with manifold element
atoms of positive (H-atom), neutral (Br-atom) and negative (N-atom) potential. In addition, a
bending Br-N halogen bond was observed with a bond angle of ~ 165 ° rather than theoretical bond
angle of 180 °, implies the flexibility of halogen bonds. This work demonstrates the versatility of
combined nc-AFM/BR-STM in understanding halogen bonding, and further exploration of other

intermolecular bonds using this technique is needed.

Methods

Synthesis of 2,7,13,18-tetrabromodibenzo|a,c] dibenzo[5,6:7,8]quinoxalino-|2,3-i]phenazine
(2-TBQP). The 2-TBTBP molecule was synthesized according to the literature.** To confirm its
structure, 2-TBQP powder was sublimed to obtain single crystals for single-crystal XRD analysis.
CCDC 1455701 (2-TBQP) contains the supplementary crystallographic data. These data can be

obtained free of charge from The Cambridge Crystallographic Data Centre.

Preparation of halogen bonding molecular clusters. Experiments were carried out under UHV
conditions (10 mbar). The metal single crystals were cleaned via repeated cycles of Argon
sputtering and subsequent annealing to 800 K. 2-TBQP precursors were thermally deposited from
a Knudsen effusion cell onto metal substrates held at room temperature. After molecular deposition,

the sample was in-situ transferred to STM/AFM chamber for imaging at 4.2 K.
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Characterization. BR-STM/nc-AFM measurements were carried out an integrated scanning
probe system consists of ScientaOmicron low-temperature scanning tunneling microscopy (LT-
STM) combined with non-contact atomic force microscopy (nc-AFM). The BR-STM images were
recorded in both constant current/height mode using AFM tip with functional CO molecule, and
bias voltages were applied to the sample. For nc-AFM images, the constant-height mode with
AFM CO-tip was used to record the frequency shift (Af) of the qPlus resonator (sensor frequecy

fo =~ 27000 Hz, Q = 25000). All the measurements were performed at 4.2 K under a base pressure

better than 10! mbar.

Computational details. All calculations were performed by using Perdew-Burke-Ernzerhof
(PBE)* electronic interaction as implemented in Vienna ab initio package (VASP)[2].4> 46 The
projector augmented wave (PAW)* method was used with cut-off energy of 500 eV. A Gamma-
point-only k-mesh was used for sampling Brillouin zone. All structures were fully relaxed until
forces and energy differences were less than 0.05 eV/A and 10 eV, respectively. The thickness
of vacuum was larger than 12 A to minimize interactions between periodic images. Van der Waals
interactions were introduced by DFT-D2 method.*® The electrostatic potential was calculated by

using Gaussian software within the framework of DFT.
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Figure S1. Bright lines show the formation of Br-H and Br-N halogen bond in type-1 and -2 dimer.
(a) High-resolution nc-AFM image of type-1 dimer and (b) its corresponding frequency shift
profile, set-point: V=60 mV, I= 20 pA, tip height Z =-0.2 A and oscillation amplitude A = 40 pm.
(c) High-resolution nc-AFM image of type-2 dimer and (d) its corresponding frequency shift
profile, set-point: V=60 mV, I=20 pA, tip height Z = -0.1 A and oscillation amplitude A = 40 pm.
The bright lines between Br-H and Br-N atoms are labeled by arrows, indicating the formation of

halogen bonds.
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Figure S2. Adsorption alignment of two types of dimers with Au(111) substrate. (a) The nc-AFM
image of Br-N halogen bonding type-1 dimer, the alignment angle of type-1 dimer with Au[110]
is 30 °. (b) The nc-AFM image of Br-N halogen bonding type-2 dimer, the alignment angle of
type-1 dimer with Au[110] is 0 °. The tip sample distance was varied (AZ=-3 A) in order to resolve

the adsorption alignment of the two dimers with respect to Au(111) substrate lattice.
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Figure S3. The formation of self-assembled 2-TBQP tetramer assisted by Br atoms absorption. (a)
large scale STM image (b) zoom-in STM image of another self-assembled formation of 2-TBQP
tetramer on Au(111), set point: a) V=100 mV and I = 106 pA; b) V=100 mV and =100 pA, Z=0

A, the blue arrows indicate the Br-atoms that are adjacent to nitrogen atom sites.
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Figure S4. Partial Br-atom cleavage from molecule at room temperature. (a) STM image and (b)
nc-AFM image of disorder 2-TBQP molecules on Au(111), set point: a) V=50 mV and [ =20 pA;
b) V=50 mV, I=20 pA, tip height Z=10.3 A and oscillation amplitude A =40 pm. The blue circles

indicate Br atoms cleavage from benzene rings.
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Figure SS. A 2-TBQP trimer stabled by the combination of Br-Br and Br-N halogen bonds. (a)
STM image and (b) high-resolution nc-AFM image of a 2-TBQP trimer on Au(111), set point: a)
V=100mV and I =20 pA; b) V=60 mV, I= 20 pA, tip height Z=-0.1 A and oscillation amplitude
A =40 pm. The blue arrow indicates a Br atom absorption that is adjacent to one nitrogen atom

site.
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Figure S6. Frequency shift profiles of two adjacent Br-atoms in intermolecular bonding and no
bonding cases. (a) High-resolution nc-AFM image of 2-TBQP tetramer at close tip-sample
distance, set-point: V=50 mV, I= 20 pA, tip height Z = -0.3 A and oscillation amplitude A = 60
pm. (b) The corresponding frequency shift profile of two adjacent Br-atoms in no bonding case
(red line in a). (c) The corresponding frequency shift profile of two adjacent Br-atoms in
intermolecular bonding case (blue line in a). The disturbed lines are labeled by blue arrows,

suggesting CO-tip bending occurs.

28



