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The self-assembly of a pair of low-symmetry
tetracarboxylic acid molecules and their
co-assembly with bridging molecules at the
liquid—solid interfacet
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The supramolecular self-assembly behavior of a pair of low-symmetry tetracarboxylic acid molecules
(H4,OBDB and H4ADDI) and their co-assembly behavior with TMA as a bridging molecule were studied at
the liquid—solid interface. Scanning tunneling microscope (STM) observations revealed that H,OBDB and
H4ADDI molecules both tend to form O-shaped dimers but end up forming different types of self-assem-
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bly structures. We also investigated the construction of two-component co-assembly structures by
mixing H4,OBDB or H4ADDI molecules with bridging molecules such as TMA. The two formed co-assem-
bly structures are similar. Based on the analysis of the STM results and the density functional theory (DFT)
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Introduction

Supramolecular self-assembly is an impeccable system in the
natural world for spontaneously forming well-organized
materials, such as cellular membranes."* Over the past few
decades, many researchers have learned from nature and
devoted themselves to the design and construction of complex
functional supramolecular structures using simple molecular
building blocks.*” The systematic study of molecular self-
assembly is beneficial for simulating its properties in the des-
ignation of functional nanomaterials and devices. The key to
obtaining a deep understanding of self-assembly is molecular-

“Guangdong Engineering and Technology Research Center for Advanced
Nanomaterials, School of Environment and Civil Engineering, Dongguan University
of Technology, Dongguan 523808, China. E-mail: mindear@dgut.edu.cn,
chengfl@dgut.edu.cn

bCAS Key Laboratory of Standardization and Measurement for Nanotechnology, CAS
Center for Excellence in Nanoscience, National Center for Nanoscience and
Technology (NCNST), Beijing 100190, China. E-mail: kdeng@nanoctr.cn,
zengd@nanoctr.cn

“Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong
University, Xi’an 710049, China

tElectronic supplementary information (ESI) available: DFT-simulated single
molecular models on the graphite surface and details of DFT-simulated mole-
cular models of all assembled structures. See DOI: https:/doi.org/10.1039/
d2nr06740d

This journal is © The Royal Society of Chemistry 2023

calculations, the formation mechanism of the assembled structures was revealed.

level research of the specific assembly system. Scanning tun-
neling microscopy (STM) is a powerful tool to characterize two-
dimensional supramolecular assemblies with submolecular
resolution.®™° The liquid-solid interface between the mole-
cular solution and the solid surface of highly oriented pyrolitic
graphite (HOPG) provides an ideal planar solid substrate for
supramolecular self-assembly and an environment for study-
ing the dynamic process of molecular self-assembly under the
synergistic effects of various driving forces in the system.
Extensive STM investigations have been conducted at the
liquid-solid interface in recent years."**°

Among the intermolecular noncovalent driving forces of
molecular self-assembly, hydrogen bonding is the strongest
and therefore one of the most important methodologies for
preparing supramolecular structures. In addition, the selecti-
vity and directivity of hydrogen bonds are noteworthy aspects
concerning molecular self-assembly, and the self-assembly
structures driven by the hydrogen bonds are more predictable
and controllable.’*® In particular, cyclic dimeric O-H---O
hydrogen bonds between two carboxyl groups have been
widely used in the construction of particular 2D supramolecu-
lar architectures at the liquid-solid interface.>’*" For instance,
with the dimeric hydrogen bonds between carboxyl groups as
the main driving force of self-assembly, trimesic acid (TMA)
molecules can form a typical honeycomb network
structure;®** tetracarboxylic acid molecules such as NN4A
and H,ETTC can form a Kagomé or a quadrilateral network
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structure, respectively;***° flexible carboxylic porphyrin deriva-
tive IPETPP containing eight carboxyl groups can form both
Kagomé and quadrilateral network structures.’”

The position of the carboxyl groups at the molecule core
determines whether long-range ordered structures can be
observed.*®*° A bonding angle of 180° between carboxylic
groups of adjacent molecules is ideal, which enables the mole-
cules to be arranged into a relatively strong and highly predict-
able network structure.’® In general, structures stabilized by
dimeric hydrogen bonds between carboxyl groups, which have
well-ordered symmetrical geometries, were constructed using
molecular building blocks that have a symmetrical distribution
of carboxyl groups. In this case, C;-symmetric aromatic tricar-
boxylic/hexacarboxylic acids and D,j,-symmetric aromatic tetra-
carboxylic acids are common building block choices. To
enrich the topology of the assembled structure, it is of con-
siderable interest to impose structural variations on a well-
studied molecule type such as Cs;-symmetric tricarboxylic acid.
For example, with a larger core size than TMA, C;-symmetric
1,3,5-benzenetribenzoic acid (BTB) tends to form a densely
packed structure with a rectangular cavity rather than a hexag-
onal honeycomb structure that comprises weaker C-H:--O
bonds but increases molecular packing.’ When the symmetry
of the building block is reduced, the assembled structure
becomes less predictable, yet it opens up an opportunity to
access a variety of possible structures. Although systematic
studies are lacking, some self-assembly studies of low-sym-
metry building blocks have been carried out in recent
years.**”** Morrison et al. reduced the symmetry of BTB by
changing the sites of carboxyl groups and the assembly struc-
ture was significantly diversified.*> Wang et al. observed two
kinds of self-assembly of C,,-symmetric tetracarboxylic acid
(TPTA)."® In our previous study, a low-symmetry pentacar-
boxylic acid (HsBHB) that participated in co-assembly with pyr-
idine molecules using its C,-symmetric dimer as the basic
building block was reported.*”

In this article, we report the self-assembly of a pair of low-
symmetry tetracarboxylic acid molecules (H,OBDB and
H,ADDI) at the heptanoic acid solvent solution-HOPG liquid-
solid interface. As shown in Scheme 1, H;OBDB and H,ADDI
are similar in structure, both having a semicircular bent skel-
eton and an isophthalic acid group at two ends of the skeleton.
The difference is that H;OBDB incorporates a diphenyl ether
group, whereas H,ADDI contains an acridine group. Due to
the rotation of C-O bonds, H,OBDB will be more flexible than
the rigid H,ADDI molecule. Their synthesis procedures have
been reported in the previous literature.*®*° Comparing the
similarities and differences of their self-assembly behaviors
will provide an understanding of how the different assembly
factors are related to each other, with the key point being
developing a diverse topology of assembly structures and
greater sophistication in predicting self-assembly architectures
using low-symmetry building blocks. We also investigated the
construction of two-component co-assembly structures by
mixing H,OBDB or H,ADDI molecules with bridging mole-
cules such as TMA. Through STM observations and density
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Scheme 1 Chemical structures of 4',4""-oxybis[1,1'-biphenyl]-3,5-
dicarboxylic acid (H4,OBDB), 5,5-(acridine-2,7-diyl)diisophthalic acid
(H4ADDI), and trimesic acid (TMA).

functional theory (DFT) calculations, the formation mecha-
nism of the assembled structures was revealed.

Results and discussion
Self-assembly of H,OBDB at the liquid-solid interface

4',4""-Oxybis[1,1"-biphenyl]-3,5-dicarboxylic acid (H,OBDB) is a
semi-rigid bent-shaped molecule with a diphenyl ether group
in the middle of the skeleton and an isophthalic acid group at
each terminal. After depositing a droplet of H;OBDB heptanoic
acid solvent solution on a freshly cleaved HOPG surface, a
dense and well-ordered monolayer was formed immediately at
the liquid-solid interface at room temperature. It can be seen
from the STM image in Fig. 1a and b that the H,OBDB mole-
cule assembled into two different types of patterns, which
were marked by strul and stru2, respectively. In type strul, the
H,OBDB self-assembly structure is densely packed and exhi-
bits a linear motif (denoted as H;OBDB_strul), while in type
stru2, the H,OBDB self-assembly structure is loosely arranged
and exhibits a hexagonal symmetric motif (denoted as
H,OBDB_stru2). The small-scale STM images of
H,OBDB_strul and H,OBDB_stru2 with distinct molecular res-
olutions are shown in Fig. 1c and d, respectively. A careful ana-
lysis of these two assembled structures provides us with a pre-
liminary understanding of the self-assembly behavior of the
H,OBDB molecule. In Fig. 1c, the X-shaped highlighted
contour is consistent with the skeleton of two neighboring
H,OBDB molecules arranged “back to back”, whereas in
Fig. 1d, the O-shaped highlighted contour agrees with the skel-
eton of two neighboring H,OBDB molecules arranged “face to
face”. From the location of the hydrogen bond donor and
acceptor moieties on its semicircular skeleton, it is not
difficult to infer that two H,OBDB molecules can form double
cyclic dimeric O-H::-O hydrogen bonds between their carboxyl
groups, thus forming an O-shaped dimer. At the same time,
the central oxygen atom of the H,OBDB molecule can also
form an O---H-C hydrogen bond with the hydrogen atom on

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) STM image (60 nm x 60 nm) of H;OBDB self-assembly at the
heptanoic acid—-HOPG liquid—solid interface, lse¢ = 299.1 pA, Vpias =
699.8 mV. (b) STM image (30 nm X 30 nm) of H;OBDB self-assembly, /st
= 299.1 pA, Vpias = 699.8 mV. (c) High-resolution STM image (10 nm x
10 nm) of H4OBDB_strul, /st = 299.1 pA, Vpias = 699.8 mV. (d) High-
resolution STM image (10 nm x 10 nm) of H4OBDB_stru2, /st = 299.1
PA, Vpias = 699.8 mV. (e) Suggested molecular model for H;OBDB_strul.
(f) Suggested molecular model for H4,OBDB_stru2. Unit cells were
imposed on the STM image and its molecular model. Their measured
and calculated parameters are shown in Table 1.

its skeleton, allowing two H,OBDB molecules to appear as an
X-shaped dimeric contour. Fig. 1e and f show the corres-
ponding molecular models optimized by the DFT method
based on the STM observation of H,OBDB_strul and
H,OBDB_stru2, respectively. The molecular model is consist-
ent with the STM images in terms of adsorbate geometry and
unit cell parameters. It can clearly be seen that, in
H,OBDB_strul, H,OBDB molecules can form O-shaped
dimers and are simultaneously attached by hydrogen bonds
between diphenyl ether groups; in this case, the O-shaped
dimers are stacked parallel to each other in columns. Three of
the four carboxyl groups of the H,OBDB molecule bond with
carboxyl groups of adjacent H;OBDB molecules, and the other
one can also form an O---H-C hydrogen bond with the hydro-
gen atom on the benzene ring. In H,OBDB_stru2, only
O-shaped dimers of the H;OBDB molecule appear and they are
connected by hydrogen bonds between carboxyl groups to

This journal is © The Royal Society of Chemistry 2023
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form a porous network structure. Further analysis of the
thermodynamic stability of these two self-assembly structures
will be conducted in combination with DFT-calculated data.

Self-assembly of H,ADDI at the liquid-solid interface

5,5'-(Acridine-2,7-diyl)diisophthalic acid (H,ADDI) is also a
bent-shaped tetracarboxylic molecule similar to H;OBDB, but
with an acridine group in the middle of the skeleton. Two
types of well-ordered self-assembly monolayers were formed as
observed in large-scale STM images of Fig. 2a and b after
depositing a droplet of heptanoic acid solution containing
H,ADDI on the surface of the HOPG substrate, which was
marked by strul and stru2. In type strul, an alignment pattern
of distinct O-shaped dimers was observed (denoted as
H,ADDI_strul). Compared with type strul, type stru2 is
arranged in a hexagonal symmetric pattern (denoted as
H,ADDI _stru2) and has a lower proportion on the substrate.

(a)

Fig. 2 (a) STM image (60 nm X 60 nm) of H4ADDI self-assembly at the
heptanoic acid—HOPG liquid—solid interface, lser = 140.4 pA, Vpias =
923.5 mV. (b) STM image (30 nm X 30 nm) of H;ADDI self-assembly, /et
= 283.8 pA, Vpias = 661.0 mV. (c) High-resolution STM image (10 nm X
10 nm) of H4ADDI_strul, lsex = 283.8 pA, Vpias = 661.0 mV. (d) High-
resolution STM image (10 nm x 10 nm) of H4ADDI_stru2, /s, = 140.4 pA,
Vpias = 923.5 mV. (e) Suggested molecular model for H4ADDI_strul. (f)
Suggested molecular model for H4ADDI_stru2. Unit cells were imposed
on the STM image and its molecular model. Their measured and calcu-
lated parameters are shown in Table 1.
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High-resolution STM images of H,ADDI strul and
H,ADDI _stru2 are shown in Fig. 2c and d, respectively.
Although H4ADDI has a similar structure to H,OBDB, its
assembly strategy is different from that of H,OBDB.
Undoubtedly, the O-shaped contour in Fig. 2c corresponds to
the dimer of H,ADDI formed by the double cyclic dimeric O-
H---O hydrogen bonds between terminal carboxyl groups. As
illustrated by the imposed blue-coloured symbol representing
the H,ADDI molecule, the X-shaped dimer of H,ADDI does
not occur, but a vacancy terminal carboxyl group of the
H,ADDI molecule is observed to be close to the middle moiety
of an adjacent H,ADDI molecule (as shown in the red dashed
circles in Fig. 2c), forming a misplaced X-type linkage, and
then the O-shaped dimers are assembled into H4ADDI_strul.
In Fig. 2d, the middle moiety of the H,ADDI molecule is
attached to carboxyl groups of two adjacent molecules (as
shown in the red dashed circles in Fig. 2d), which increases
the molecular packing of the assembled H,ADDI_stru2. Fig. 2e
and f show the corresponding molecular models optimized by
the DFT method based on the STM observation of
H,ADDI_strul and H,ADDI stru2, respectively. As shown in
the molecular models, N---H-O and O---H-C hydrogen bonds
could be formed between the acridine group and the terminal
carboxyl group of neighboring H,ADDI molecules. In
H,ADDI_strul, an acridine group is connected to a carboxyl
group by a N.--H-O hydrogen bond, while in H,ADDI_stru2,
an acridine group is connected to a carboxyl group by a N---H-
O hydrogen bond and to a second carboxyl group by a C-H---O
hydrogen bond. The molecular models are in good agreement
with the STM images. Further analysis of the thermodynamic
stability of these two self-assembly structures will be con-
ducted in combination with the DFT data in the following
section.

Co-assembly of H;OBDB and TMA at the liquid-solid interface

We then started to investigate the trimesic acid (TMA) mole-
cule as a bridging molecule to expand the self-assembly
network of the H;OBDB molecule. When a droplet of hepta-
noic acid solution containing H;OBDB and TMA was added to
the surface of HOPG, we observed that the assembled mono-
layer structure (denoted as H,OBDB-TMA) covers the entire
surface immediately, as shown in the large-scale STM image in
Fig. 3a and b. In the high-resolution STM image of Fig. 3c, it
can be clearly seen that the dot-shaped structure representing
the TMA molecule and the long bar-shaped structure repre-
senting the H,OBDB molecule mixed to form a porous hexag-
onal co-assembly pattern. Fig. 3d shows the corresponding
DFT-optimized molecular model of H;OBDB-TMA. The unit
cell parameters of the DFT model were in good agreement
with those measured in the STM image, indicating that the
model is reasonable. Two of the three carboxyl groups of each
TMA molecule form cyclic dimeric O-H---O hydrogen bonds
with two adjacent H;OBDB molecules and the other one can
form two O-H:--O hydrogen bonds with the other two adjacent
H,OBDB molecules. Two H,OBDB molecules and two TMA
molecules form the minimal repeated building block of the
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Fig. 3 (a) STM image (60 nm x 60 nm) of H;OBDB-TMA co-assembly
at the heptanoic acid—HOPG liquid—solid interface, lset = 228.9 pA, Vpias
= 693.1 mV. (b) STM image (30 nm x 30 nm) of H;OBDB-TMA co-
assembly, lser = 296.0 pA, Vs = 698.9 mV. (c) High-resolution STM
image (10 nm x 10 nm) of H4OBDB—-TMA co-assembly, /st = 228.9 pA,
Vpias = 693.1 mV. (d) Suggested molecular model for HOBDB-TMA co-
assembly. Unit cells were imposed on the STM image and its molecular
model. Their measured and calculated parameters are shown in Table 1.

H,OBDB-TMA co-assembly structure, which is then spliced
into a large range of an ordered pattern. The ratio of the
H,OBDB molecule to the TMA molecule is 1:1 in the co-
assembly structure. With a periodic arrangement of nano-cav-
ities of different sizes, the co-assembly structure can be further
studied in the field of selective molecular recognition.

Co-assembly of H,ADDI and TMA at the liquid-solid interface

The co-assembly of the H,ADDI molecule and the TMA mole-
cule was also carried out and the large-scale STM image of the
obtained H,ADDI-TMA co-assembly monolayer structure is
shown in Fig. 4a and b. It can be observed that the H,ADDI-
TMA structure is similar to the H;OBDB-TMA structure. In the
high-resolution STM image in Fig. 4b, we can see that the TMA
molecule appears as a dot-shaped structure and the H,ADDI
molecule appears as a bar-shaped structure. Fig. 4d shows the
corresponding molecular model of H,ADDI-TMA, which was
based on the STM observation and optimized by the DFT
method. The interactions between the molecules are quite
clear, and the molecular model matches the STM image well.
A TMA molecule also forms two cyclic dimeric O-H:--O hydro-
gen bonds with two adjacent H,ADDI molecules and two O-
H---O hydrogen bonds with the other two adjacent H,OBDB
molecules. The ratio of the H, ADDI molecule to the TMA
molecule is also 1:1 in the co-assembly structure.

In conclusion, the self-assembly behavior of a pair of low-
symmetry carboxylic acid molecules (H,OBDB and H,ADDI)
and the co-assembly behavior of bridging molecules such as

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) STM image (60 nm x 60 nm) of H4ADDI-TMA co-assembly at
the heptanoic acid—HOPG liquid—solid interface, lset = 289.9 pA, Vpias =
727.5 mV. (b) STM image (30 nm x 30 nm) of H4ADDI-TMA co-assembly,
Iset = 289.9 PA, Vypias = 727.5 mV. (c) High-resolution STM image (10 nm
x 10 nm) of H4ADDI-TMA co-assembly, [ = 289.9 pA, Vpias =
727.5 mV. (d) Suggested molecular model for H4ADDI-TMA co-assem-
bly. Unit cells are imposed on the STM image and its molecular model.
Their measured and calculated parameters are shown in Table 1.

TMA were studied. H,OBDB and H,ADDI molecules have
similar semicircular bent-shaped structures and both tend to
form an O-shaped dimer via strong intermolecular double
cyclic dimeric O-H---O hydrogen bonds between terminal car-
boxyl groups, but end up forming different monolayer self-
assembly structures at the liquid-solid interface. The configur-
ations of the self-assembled structures are determined by the
connections between the O-shaped dimers. In addition to the
cyclic dimeric O-H:--:O hydrogen bonds between carboxyl
groups, for the H;OBDB molecule, the double O---H-C hydro-
gen bonds between diphenyl ether groups are also consider-
able driving forces for its self-assembly. For the H,ADDI mole-
cule, its acridine group can connect to adjacent vacant car-
boxyl groups by a N:--H-O hydrogen bond and a C-H:--O
hydrogen bond, which has an important impact on its self-
assembly. After mixing with the TMA molecule, both H,OBDB
and H,ADDI can form a precise arrangement of co-assembly
with TMA through hydrogen bonding. The two co-assembly
structures are similar because four terminal carboxyl groups of
the tetracarboxylic molecule are all connected to the TMA brid-
ging molecule by O-H-:-O hydrogen bonds, and thus the influ-
ence of different skeleton moieties on the co-assembly struc-
ture is limited.

Density functional theory (DFT) calculation results

To further reveal the formation mechanism of each assembled
orderly structure at the liquid-solid interface from a theore-
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tical perspective, we performed DFT calculations based on the
above observed STM experimental results.

The measured and calculated unit cell parameters for all
assembled structures are summarized in Table 1. The calcu-
lated parameters agree well with the experimental data, indi-
cating that our DFT results are reasonable. In the surface
assembly system, the interaction between adsorbates and the
substrate plays an important role. Therefore, we present the
total energy (including the interaction energy between adsor-
bates and the interaction energy between adsorbates and the
substrate) in Table 2. Furthermore, a reasonable way to
compare the thermodynamic stability of differently assembled
structures should be the total energy per unit area. Hence, we
also present the total energy per unit areas of the assembled
structures in Table 2.

In Table 2, we noticed that H;OBDB_strul had a lower total
energy per unit area (—0.385 kcal mol™* A™?) than
H,OBDB_stru2 (—0.330 kcal mol™ A™?). This means that
H,OBDB_strul has higher thermodynamic stability than

Table 1 Experimental (Expt.) and calculated (Cal.) unit cell parameters
for the assembled structures

Unit cell parameters

a (nm) b (nm) a(°)

H,OBDB_strul Expt. 2.5+0.1 1.9+0.1 67 +1
Cal. 2.50 1.90 66.7

H,OBDB_stru2 Expt. 2.4+0.1 2.8+0.1 55+1
Cal. 2.45 2.90 55.0

H,ADDI_strul Expt. 2.1+0.1 2.2+0.1 79+1
Cal. 2.05 2.15 79.5

H,4ADDI_stru2 Expt. 2.0+0.1 2.4+0.1 60+1
Cal. 2.10 2.40 60.0

H,OBDB-TMA Expt. 2.6 0.1 2.7+0.1 631
Cal. 2.60 2.75 63.0

H,ADDI-TMA Expt. 2.6 £0.1 2.7+0.1 61+1
Cal. 2.65 2.75 61.0

Table 2 The total energy (including the interaction energy between
adsorbates and the interaction energy between adsorbates and the sub-
strate) and energy per unit area for adsorbates on the HOPG surface.
Here, the more negative energy means the system is more stable

Energy
Interactions per unit
Interactions  between Total area
between molecules energy (keal
molecules and substrate  (kcal mol ™!

(kcal mol™)  (kcal mol™") mol ™) A3

H,OBDB_strul —95.030 —73.116 —168.146  —0.385
H,OBDB_stru2 -116.215 —76.067 —192.282 -0.330
H,ADDI_strul —82.396 —103.266 —185.662 —0.428
H,ADDI_stru2 —81.366 —104.063 —185.429 -0.425
H,OBDB-TMA -141.138 —115.554 —256.692 —-0.403
H,ADDI-TMA  —-127.224 —154.624 —281.848 —0.442
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H,OBDB_stru2. This is due to the high molecular density of
H,OBDB_strul and the strong hydrogen bond interactions
between diphenyl ether groups of adjacent H,OBDB mole-
cules. In the experiment, it was observed that H,OBDB_strul
occupies a large domain area on the substrate and
H,OBDB_stru2 only appears at the domain boundary, which is
consistent with the thermodynamic theoretical results. As for
H,4ADDI _strul and H,ADDI_stru2, the values for total energy
per unit area are —0.428 kcal mol™ A™2? and —0.425 kcal mol™
A%, respectively. The theoretical result suggests that
H,4ADDI_strul and H4,ADDI_stru2 have similar thermodynamic
stabilities. In the experiment, it was also observed that
H,ADDI_strul has a higher proportion on the substrate,
meaning that there is competition between kinetic factors
occurring in the self-assembly of the H,ADDI molecule, and
the formation of H,ADDI_strul is a kinetic priority. According
to the DFT-simulated single molecular models in Fig. S1 in the
ESI,1 the H,ADDI molecule has better planarity than H;OBDB
on the graphite substrate and therefore has a stronger n-n
stacking interaction with the substrate, which is reflected by
the corresponding data in Table 2.

It is noteworthy that the values of the total energy per unit
area of H,OBDB-TMA and H,ADDI-TMA co-assembly struc-
tures are lower than those of the H,OBDB and H,ADDI self-
assembly structures, revealing that the two co-assembly struc-
tures are more thermodynamically stable than the self-assem-
bly structures. This means that, from a thermodynamics per-
spective, the structural transformation from the self-assembly
structure to two-component co-assembly structures could
occur by adding TMA molecules, which is consistent with the
experimental results. In general, all the DFT calculation results
agreed well with the STM observations and were self-consist-
ent. The STM observation combined with DFT calculations
illustrated how different assembly driving forces, such as mole-
cule-molecule interactions and molecule-substrate inter-
actions, synergistically influence the formation process and
structure of the assembled monolayers on the surface. In this
study, the molecule-molecule interactions mainly refer to
different hydrogen bonds, and the spatial shape of the mole-
cules and the position of the hydrogen bond groups on the
molecular skeleton determine the assembled structures in the
long range.

Experimental methods
STM investigation

All commercial reagents were used as received without further
purification. Heptanoic acid solvent was purchased from
Aldrich. H,OBDB, H,ADDI, and TMA molecules were pur-
chased from Jilin Chinese Academy of Sciences—Yanshen
Technology Co., Ltd (chemical structures are shown in
Scheme 1). The solutions for the STM experiment were
obtained by dissolving the molecules in heptanoic acid
solvent. Unless otherwise noted, all solutions had a concen-
tration of around 1.0 x 10™* M. Specifically, all solutions were
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diluted to 10% of the saturated concentration because their
typical saturated concentrations were generally 1.0 x 1072
M. Highly oriented pyrolytic graphite (HOPG, grade ZYB,
NTMDT, Russia) was used as the substrate and was cleaved
using adhesive tape. The STM samples were prepared by
depositing a droplet (0.4 pL) of solution onto the bare surface
of the freshly cleaved HOPG substrate. After the treatments,
STM experiments were performed with a Nanoscope III scan-
ning probe microscope system (Bruker, USA) operating in a
constant current mode under ambient conditions. An STM
probe tip was prepared by mechanically cutting Pt/Ir wire (80/
20) and immersed in the deposited solution during imaging.
The provided STM images are raw data without any treatment
except for the flattening process. The detailed tunneling con-
ditions are given in the corresponding figure captions.

Computational details

The theoretical calculations were carried out using density
functional theory (DFT) provided by the DMol® code.”® We
used the periodic boundary conditions (PBC) to describe the
2D periodic structure on the graphite in this work. The Perdew
and Wang parameterization of the local exchange-correlation
energy was applied in the local spin density approximation
(LSDA) to describe exchange and correlation.”™** All-electron
spin-unrestricted Kohn-Sham wave functions were expanded
on a local atomic orbital basis. A numerical basis set was
applied for the large system. The calculations were equipped
with the medium mesh and were all-electron ones. The self-
consistent field procedure was performed with a convergence
criterion of 107> a.u. on the energy and electron density.
Combined with the experimental data, we optimized the unit
cell parameters and the geometry of the adsorbates in the unit
cell. When the energy and density convergence criteria
reached the desired degree, we could obtain the optimized
parameters and the interaction energy between adsorbates.
The model system shows the interactions between the
adsorbates and HOPG. In this investigation, the adsorption of
adsorbates with a n-conjugated benzene-ring on graphite is
similar to that of graphene, which helps us to perform calcu-
lations on infinite graphene monolayers using PBC. Graphene
layers were separated by 40 A in the normal direction.
Graphene supercells were used and the Brillouin zone was
sampled using a gamma point mesh when adsorbates were
modeled on graphene. The interaction energy (Ein) of adsor-
bates on graphite is Einter = Etot(adsorbates/graphene) - Etot(isolated

adsorbates in vacuum) — Etot(graphene)-

Conclusions

In summary, the supramolecular self-assembly behavior of a
pair of low-symmetry carboxylic acid molecules (H,OBDB and
H,ADDI) and their co-assembly behaviors with a TMA bridging
molecule were studied at the heptanoic acid-HOPG liquid-
solid interface using an STM in combination with DFT calcu-
lations. H,OBDB and H,ADDI molecules both tend to form an

This journal is © The Royal Society of Chemistry 2023
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O-shaped dimer via intermolecular double cyclic dimeric O-
H---O hydrogen bonds between terminal carboxyl groups but
end up forming different types of self-assembly structures. The
connections between the O-shaped dimers in different self-
assembly structures were investigated and discussed. We also
investigated the construction of two-component co-assembly
structures by mixing H,OBDB or H,ADDI molecules with brid-
ging molecules such as TMA. The two formed co-assembly
structures are similar, suggesting that the influence of
different skeleton moieties on the co-assembly structure is
limited. The present work demonstrates how different assem-
bly factors are related to each other, which has some impli-
cations for the chemical structural design of low-symmetry car-
boxylic acid molecules and the selection of other bridging
molecules in future on-surface self-assembly studies. Based on
the analysis of the STM results and the DFT calculations, the
mechanisms of assembly behaviors were explored.
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