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Achieving seamless tiling through the self-assembly of organic species has long fascinated scientists
for its potential applications across various fields. However, constructing periodic nanostructures with
high-order tessellation remains challenging, particularly in achieving precise control at the supramolec-
ular level. In this study, we present the successful creation of multiple seamless 2D tessellations on
Au (111) surface using versatile hexagonal tiles derived from a singular molecular unit, namely 2,6,10-
tribromotricycloquinazoline. Through scanning tunneling microscopy imaging, seven distinct 2D tessel-
lations, ranging from regular to semiregular to k-uniform tilings, are unveiled at the molecular level.
Density functional theory calculations provide a theoretical basis for the formation of these complex 2D
tessellation, highlighting the important role of the variability of Br---Br/H contacts in facilitating complex
seamless 2D tessellations on surface. This work opens avenues for exploring possibilities in constructing

intricate tiling patterns with diverse applications.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) tessellation by regular polygons is a
fundamental concept with potential applications in mathematics,
chemistry, physics, and biology [1-5]. Many natural phenomena
and organisms, such as beehives and coral structures, exhibit in-
tricate and ordered 2D patterns. In-depth research into 2D tes-
sellation provides insights from nature, helping understand how
these organisms organize and optimize space, thus advancing fields
like nanotechnology and materials science. Construction principles
of 2D tessellation have been extensively studied and represented
in numerous regular or semiregular phases [6-8]. One typical 2D
tessellation is Archimedean tiling (AT), which consists of one or
more types of polygonal constitutes filling the entire plane in an
edge-to-edge manner without gaps, with all the vertices in the tes-
sellation belonging to the same type. Eleven distinct 2D AT pat-
terns have been proposed in the past, three of which are regu-
lar tiling, composed of only one type of polygon, such as trian-
gles, squares, and hexagons [9]. The remaining eight ATs involve a
variety of different polygons, which are called semi-regular tiling
[10-12]. When the condition of the vertex type is relaxed to mul-
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tiple types of vertices, the tessellation is called k-uniform tiling,
where k is the number of distinct types of vertices [13]. Notably,
constructing periodic nanostructures with higher-order tessellation
remains challenging, particularly in achieving precise control at the
supramolecular level.

By controlling the assembly behavior of molecules at the
molecular level, interfacial supramolecular chemistry offers inno-
vative approaches to developing new materials and addressing is-
sues in biomedical, environmental, and energy-related areas. Re-
cent progress in interfacial supramolecular chemistry provides fas-
cinating bottom-up approach to fabricate 2D ATs and other com-
plex tessellations on surfaces [14-18]. Utilizing the interplay be-
tween adjacent functional groups within molecules and the in-
teractions between molecules and substrates, a diverse array of
2D tessellation patterns have been constructed and character-
ized through the application of scanning tunneling microscopy
(STM) [19-21]. For instance, using a single dissymmetric precur-
sor, long-range ordered semi-regular (3.4.6.4) AT on an atomically
flat Ag(111) surface has been achieved through a multi-step in-
terfacial chemical reaction [22]. Peter H. Beton and co-workers
reported a set of random tiling networks in which the degree
of randomness varies with small changes in the chemical en-
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Scheme 1. Illustration of diverse 2D tessellations formed by TBTCQ on Au (111).
(A) Regular tiling with only one type of vertex. (B) Semi-regular tiling with only
one type of vertex but more than one types of polygons at each vertex. (C) Uniform
tiling with two or three types of vertices. (D) Random tiling.

vironment in the system [23]. As a non-covalent force, halogen
bonding plays a pivotal role in the construction of 2D nanostruc-
tures [16,24,25]. It facilitates the establishment of stable connec-
tions between diverse molecules, while the directional and selec-
tive nature of halogen bonding guides the oriented arrangement
of molecules. These unique interaction properties endow it ex-
ceptional building capabilities, offering abundant possibilities for
the design and application of supramolecular structures. How-
ever, the complex tiling without gaps and overlaps based on flex-
ible building blocks directed by non-covalent halogen-bond re-
mains largely unexplored. Herein, we present a diverse range of 2D
seamless tessellations based on a singular building block, 2,6,10-
tribromotricycloquinazoline (TBTCQ), adsorbed on a Au (111) sur-
face. STM imaging indicate that the TBTCQ molecules participate
in the formation of 2D tessellation primarily in two different ar-
rangements through Br---Br/H contacts, resulting in five hexagonal
tiles. But only two of them can form regular or one semi-regular
2D tilings on Au (111). Further interweaving of these two hexag-
onal tiles gives rise to three more complex k-uniform tiling and
one random tiling motifs (Scheme 1). It is suggested that the emer-
gence of manifold tessellations in the self-assembly of TBTCQ origi-
nates from the flexible Br---Br/H contacts formed between adjacent
molecular building blocks. Our results introduce a novel strategy
for fabricating complex 2D tessellation, utilizing the flexibility of
halogen-mediated interactions.

The molecular structure and the electrostatic potential map of
TBTCQ is depicted in Fig. 1A, revealing distinct positive o-holes
and negatively charged regions along the equator on the bromine
atoms. Despite being achiral, TBTCQ molecule can form two enan-
tiomeric adsorption conformations, r-TBTCQ and s-TBTCQ, on the
surface due to the restriction of off-plane flipping (Fig. S2A in Sup-
porting information). Upon deposition on Au (111), STM imaging
shows TBTCQ molecules appearing as a ternary windmill configu-
ration. According to the inclined direction of the windmill blades,
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two mirror-imaged enantiomers are resolved in the STM images.
They separate spontaneously and form homochiral domains consti-
tuted of enantiopure r-TBTCQ or s-TBTCQ (Figs. S2B and C in Sup-
porting information). For clarity, the 2D tiling of r-TBTCQ is dis-
cussed for example in the following.

Careful inspection of the STM images allow us to identify two
elementary structural units (Type I dimer and Type II dimer) that
underlie the supramolecular motifs. The corresponding molecular
models of the dimer units are displayed in Fig. 1B. The relative po-
sitions of the two molecules within Type [ and Type Il dimers are
different. Specifically, the molecule on the left lies higher than the
molecule on the right in Type I dimer, whereas it is just the op-
posite in Type Il dimer. However, both Type I and Type II dimers
are stabilized by interactions mediated by the Br atoms, including
Br---Br and Br---H interactions. Based on the two dimer units, five
hexagonal tiles are fabricated on the surface (Fig. S3 in Supporting
information and Figs. 1C-G), which are named Hex-I, Hex-II, Hex-
IlI, Hex-1V, and Hex-V, respectively. Hex-I (Hex-V) is composed ex-
clusively of six Type I (Type II) dimers. However, Hex-Il, III, and IV
contain both Type I and Type Il dimers. From Hex-III to Hex-IV, the
number of Type I dimer decreases from 4 to 2 gradually, and the
number of Type Il dimer increases from 2 to 4 accordingly. More-
over, s-TBTCQ molecules can form the same hexagonal tiles as well
(Fig. S4 in Supporting information).

Only Hex-I and Hex-II can form regular 2D tilings on Au (111).
The 2D tiling based on Hex-I exhibits two distinct structures (Fig.
S5 in Supporting information). In Phase I (Fig. 2A), Hex-I tiles meet
at each side of the hexagon, and molecular centers are positioned
at the vertices of the hexagonal unit. The unit cell parameters of
Phase | are measured to be a=b=2.14+0.1nm, 6 =60° £ 1°. The
unit cell of Phase I exhibits an offset of 20° + 1° with respect to
the (110) direction of the substrate. The other tessellation Phase
II of Hex-I can be seen as a derivative of Phase I, in which the
distance between Hex-I tiles is enlarged (Fig. 2B). The adjacent
Hex-I tiles are stabilized by a X4-type Br---Br interactions [26]. A
unit cell is superimposed in the STM motif of Phase II, in which
a=b=3.6+0.1nm and 6 =60° + 1°. The unit cell of Phase II ex-
hibits an offset of 20° &+ 1° with respect to the (110) direction of
the substrate as well. The 2D tiling can be described using a se-
ries of integers (n;%1. ny%2.... n,%n), in which each integer reflects
the number of sides n; of the polygons converging at a given ver-
tex [27]. The order of the polygons is denoted in a clockwise man-
ner, and if there are multiple identical neighboring polygons, their
quantity is indicated by the exponent «;. As there are two distinct
hexagonal tiles, i.e., Hex-I and Hex-II, are involved in the 2D tiling
presented here, we distinguish them as 6; and 6}, respectively. The
2D tiling in Phase I is named (6;3), and the 2D tiling in Phase II is
expressed as a tiling (3.42.6;). Phase II is referred as a semi-regular
tiling since the structure contains more than one types of polygons
at each vertex.

Besides the above two tessellations based on regular hexagonal
tiles Hex-I, there is another long-range ordered tessellation (Phase
III), which is composed solely of Hex-II, as displayed in Fig. 2C. The
lattice parameters for Phase Il are a= 2.14+0.1nm, b=2.44+0.1 nm,
and 6 =48° + 1° The unit cell of Phase IIl exhibits an offset of 17°
+ 1° with respect to the (110) direction of the substrate. It is an
irregular hexagonal lattice, which is different from Phase I and II
with a regular hexagonal lattice. This is because Hex-II is made up
of both type I and Type II dimers. Due to the varying distances be-
tween molecular centers in the two dimers, Hex-II tiles exhibit two
kinds of edge lengths, thereby giving rise to a deformed hexago-
nal shape. According to the naming convention mentioned above,
Phase IIl can be described as (6;3). Furthermore, Phase III usually
coexist with multiple higher-order 2D tessellations that formed by
interweaving of Hex-I and Hex-II (Fig. S6 in Supporting informa-
tion).
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Fig. 1. Chemical structure of TBTCQ and hexagonal tiles formed based on it. (A) Molecular structure and calculated electrostatic potential map of TBTCQ. The isosurface value
of the electron density is 0.001 a.u. (B) Molecular models for Type I and Type II dimers identified on Au (111) surface. For clarity, Type I and Type II dimers are denoted
by a red solid line and a blue solid line, respectively. The red and gray dashed lines identify the Br---Br and Br---H interactions, respectively. (C-G) Molecular models for the
hexagonal tiles formed by enantiopure r-TBTCQ and the corresponding STM motifs. Imaging parameters: V;, =310mV, I; =300 pA. All scale bars are 1 nm.

Fig. 3A displays the STM image for Phase IV where the compo-
sition ratio of Hex-I to Hex-II is 1:1. To be specific, Phase IV con-
sists of alternating Hex-I columns and Hex-II columns. Therefore,
it contains two types of vertices (marked with black circles), with
one type encircled by one Hex-I and two Hex-II, and the other
encircled by two Hex-lI and one Hex-Il. It is a 2-uniform tiling
and labeled as (6;. 6;2; 6;2. 6;). As for the 2D tiling in Phase V,
the molecular columns of Hex-I are uniformly separated by two
columns of Hex-II (Fig. 3B). Therefore, the composition ratio of
Hex-I to Hex-II in Phase V is 1:2. Except for the two types of ver-
tices observed in Phase IV, another vertex that encircled by three
Hex-II tiles are contained in Phase V (outlined by black circles).
Therefore, the tessellation is a 3-uniform tiling and described as
(61. 62; 6,2. 6y; 6;;3). Additionally, the number of the columns of
Hex-II inserted into the Hex-I rows can further increase to three,
generating long-range ordered 2D tessellation (Phase VI), as shown
in the Fig. 3C. The composition ratio of Hex-I to Hex-II in Phase VI
is 1:3. There are still three types of vertices in the 2D tiling in this
situation. And thus, Phase VI also can be named as (6. 6;2; 6,2.
6y; 6;;3). Besides the regular Phase IV to VI, interweaving of Hex-
I and Hex-Il may give irregular 2D tessellations as well, as shown
in Fig. 3D. The number of Hex-II columns inserted between two
neighboring Hex-I columns is flexible in the range of one to three,
giving rise to a 2D random tiling (Phase VII).

Our experimental observations indicate that Hex-I and Hex-II
form seven distinct 2D tessellations on Au (111), ranging from reg-
ular to semiregular to complex k-uniform tiling. Additionally, Phase
[ can be formed under all studied molecular coverages. Phase Il
is preferred at low and moderate molecular coverages (lower than
0.5 ML), while Phase Il composed of Hex-II as well as Phase IV-VII
composed of Hex-II and Hex-II are preferred at high molecular cov-
erage. Except for Phase II, the other 2D tessellations can coexist on

the surface (Fig. S7 in Supporting information). In contrast, Hex-III,
Hex-1V, and Hex-V can only be observed at the domain boundaries
and do not contribute to 2D tessellation (Fig. S3). Although the
model diagrams initially suggested that the regular hexagonal Hex-
V could seamlessly form a tiling, and the irregular Hex-IV could ei-
ther tessellate independently or co-tessellate with Hex-I or Hex-V
to generate 2D tilings, this expectation does not align with our ex-
perimental findings. This discrepancy is likely related to variations
in intermolecular interactions between Type I and Type II dimers.
The experimental findings emphasize the prevalence of Hex-I and
Hex-II in forming 2D tessellations, implying stronger intermolecu-
lar interactions in Type I dimers.

To provide a theoretical basis for the experimental results, den-
sity functional theory (DFT) calculations were conducted to esti-
mate the adsorption energies of Type I and Type II dimers on the
Au (111) surface. Initially, we examined the adsorption of an in-
dividual molecule, specifically r-TBTCQ, on the Au (111) surface.
For the DFT simulations, we utilized the molecular orientation de-
rived from STM experiments, indicating an angle of 25° between
the line connecting Br atom and N atom in the molecular center
of ~-TBTCQ and the (110) direction of the substrate. Subsequently,
we calculated the energies of the r~-TBTCQ/Au (111) systems with
the molecule positioned at the hole, bridge and top positions on
the Au (111) surface. The results indicate that only the r-TBTCQ
molecule adsorbed at the hole site maintained an orientation of
—25° with the lowest energy, suggesting the optimal adsorption
configuration for r-TBTCQ is centered at the hole position with a
—25° orientation. Building upon this optimized configuration, we
developed initial models based on the experimental data to opti-
mize the adsorption configurations of Type I and Type Il dimers.
The findings revealed that the energy of the Type I dimer is lower
than that of the Type II dimer by 0.07 eV, indicating greater sta-
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Fig. 2. 2D tessellations formed solely by Hex-I or Hex-II. For clarity, Hex-I and
Hex-II are colored red and blue, respectively. (A) STM image of 2D tiling com-
posed of regular Hex-I and corresponding molecular model. (B) STM image of 2D
semi-regular tiling composed of Hex-I and corresponding molecular model. The
black dashed lines mark the X4-type Br---Br interactions. (C) STM image of 2D tiling
composed of Hex-II and corresponding molecular model. Imaging parameters: (A)
V, =300mV, I =800 pA; (B) V;, =500mV, I =86 pA; (C) V,=380mV, I; =100 pA.
All scale bars are 2 nm.

bility for the Type I dimer. The DFT-optimized configurations of
Type I and Type II dimers are shown in Fig. 4. In Type I dimers,
the molecules are adsorbed at the hcp and fcc sites with an ori-
entation deviating by —20° from the (110) direction of the sub-
strate. In Type Il dimers, the molecules also adsorbed at the hcp
and fcc sites, with an orientation of —24° from the (110) direc-
tion of the substrate. However, the intermolecular distance varies
between Type I and Type II dimers, influencing the Br-mediated
interactions and consequently the stability of the dimers.

Given that the Type I dimer predominates in Hex-I and Hex-II,
it can be deduced that these hexagonal tiles exhibit relatively high
stability, enabling their existence on the surface to form extensive,
organized molecular domains that intertwine in diverse patterns.
Conversely, the prevalence of Type Il dimers in Hex-III, Hex-IV, and
Hex-V suggests a comparatively lower stability when compared to
Hex-I and Hex-II. Consequently, Hex-III, Hex-IV, and Hex-V are un-
able to form 2D tessellations on the surface due to the low stabil-
ity.

In conclusion, we present the regular, semi-regular and com-
plex k-uniform tiling proceeded in the 2D supramolecular self-
assembly of a single molecule TBTCQ. The various tessellations
are built from versatile hexagonal tiles constituted of enantiopure
TBTCQ dimers. Molecular modeling illustrates that the tessellations
of self-assembled TBTCQ on Au (111) surface are under control
of Br.--Br/H contacts. Increased complexity in the self-assembled
structure of TBTCQ is achieved through the variability of halogen-
mediated interactions, which allows for the 2D tiling of flexible
hexagonal tiles. The intricate tessellations observed in our research
provide exquisite insights for understanding crystallization at the
molecular scale.
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Fig. 3. 2D tessellations based on Hex-I and Hex II tiles. (A-C) STM images and cor-
responding molecular models for the higher-order interweaving of Hex-I and Hex-
II with different composition ratios. (A) 1:1, (B) 1:2, (C) 1:3. (D) STM image and
corresponding molecular model of 2D random tiling based on Hex-I and Hex-II.
Imaging parameters: (A) V, =260mV, I; =80 pA; (B) V,=420mV, I; =100 pA; (C)
Vp, =380mV, It =100 pA; (D) V, =310mV, ;= 300 pA. All scale bars are 2 nm.
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Fig. 4. DFT-optimized adsorption configurations of Type I (A) and Type II (B)
dimers. The energies are relative to the Type I dimer. High-symmetry directions
of the Au (111) surface are indicated at the lower left with red arrows.
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