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Formation of multicomponent 2D assemblies of
C,,-symmetric terphenyl tetracarboxylic acid at the
solid/liquid interface: recognition, selection, and
transformationt

Jie Wang,?® Li-Mei Wang,® Cheng Lu,” Hui-Juan Yan, & *? Shao-Xu Wang*?
and Dong Wang ®°

We report on the two-dimensional self-assembly of C,,-symmetric [1,1:3,1”-terphenyl]-3,3",5,5"-
tetracarboxylic acid (TPTA) at the solid/liquid interface by using scanning tunneling microscopy (STM).
Two kinds of different self-assembly structure, i.e. a close-packed and porous rosette structure, are
formed by TPTA molecules through intermolecular hydrogen bonds. When adding coronene (COR) as
a guest into the TPTA assembly, structural transformation from a densely packed row structure to
a rosette network structure is observed. It was found that two kinds of cavities with different sizes in the
rosette network structure can be used to realize the selective co-adsorption of guest molecules with
appropriate shape and size. Three-component 2D host—guest structures were successfully constructed
by using 1,2,3,4,5,6-hexakis(4-bromophenyl)benzene (HBPBE) and copper phthalocyanine (CuPc) as

rsc.li/rsc-advances guest molecules.

1. Introduction

Two-dimensional supramolecular self-assembly has received
a great deal of attention owing to its potential applications in
nano-patterning and host-guest structures on surfaces at the
molecular level over recent years.'® The hydrogen bonding
between carboxylic acid groups is the most extensively studied
assembly motif for construction of supramolecular assem-
blies.”® Compared with other supramolecular interaction,
hydrogen bonding exhibits both high selectivity and direction-
ality, and is suitable to create novel nano-patterning structures
with high predictivity.’*"* So far, a variety of molecules with
a rigid skeleton and carrying symmetrically distributed carboxyl
groups have been designed as model systems to study their
assembly architectures.”**** For example, trimesic acid (TMA)
can form a series of different molecular networks based on
a dimeric motif and trimeric motif between carboxylic acid
groups.”®™® Similarly, the hexagonal network connected
through hydrogen bonding can be formed by using other Cj;-
symmetric monomers, such as 1,3,5-tris(4-carboxyphenyl)
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benzene (BTB)"*> and Ds,-symmetric hexa-peri-hexabenzocor-
onene substituted by three carboxylic acid group (HBC-COOH)
molecules.”® Rosei groups reported that the 3,4’,5-biphenyl-
tricarboxylic acid (H3BHTC), which is a symmetry-reduced
tricarboxylic acid, can form an offset zigzag chain structure.*
Wuest groups illustrated that a D,,-symmetric tetracarboxylic
acid can self-assemble into a Kagome network.”® The change of
the symmetry of carboxyl groups in molecules can form a rich
library of nanopatterned molecular nanostructures.

The nanoporous networks based on hydrogen bonding
between carboxyl groups provide an important platform to
study surface host-guest chemistry.>*>*® The incorporation of
guest molecules into the nanoporous network on the basis of
shape matching has been widely exploited to obtain multi-
component pattern at the solid/liquid interface.””** On the
other hand, the structure transformation between different
assemblies, or so-call adaptive assembly, has also been
observed. For example, the isophthalic acid can form assembled
structure stabilized by dimer hydrogen bonds.**** Furthermore,
the isophthalic acid can form cyclic trimer motif when accom-
modating coronene as guest molecule.®® The co-assembly of
guest molecules inducing the reorganization of host assemblies
has been reported in few systems.>*>7:353¢

Herein, we explore the assembly of [1,1':3',1"-terphenyl]-
3,3",5,5"-tetracarboxylic acid (TPTA) which consists of a central
benzene ring connected to two isophthalic acid units with an
angle of 120°, on graphite surface. So far, there is only few
reports about the assembly of C,,-symmetric molecule.’”
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Scheme 1 Schematic illustration of the formation of two different
self-assembly structures of TPTA molecule and the co-adsorption of
guest molecules.

Scheme 1 shows the chemical structure of TPTA. To the best of
our knowledge, that is the first study on the self-assembly
structure of V-shaped skeleton with benzoic carboxylic end
groups. The assembly of TPTA on graphite surface results in two
kinds of different self-assembly structures at the solid/liquid
interface. As shown in Scheme 1a and b, TPTA form dimeric
building blocks via intermolecular hydrogen bonding, which
then form a pseudo close-packed structure (pattern A) and
a porous rosette structure (pattern B), which features a rare
double pore structure. We demonstrate that the assembly of
TPTA exhibit both adaptive assembly and host-guest assembly
in response to different guest molecules. The introduction of
guest molecule coronene (COR) favours the cyclic building
motif, as a result, the adaptive structural transformation of
pattern A into pattern B is observed. Furthermore, the larger
size guest molecules such as copper phthlocyanine (CuPc) and
1,2,3,4,5,6-hexakis(4-bromophenyl)benzene (HBPBE) can be
trapped in to the larger size pores to form three-component
supramolecular structures, as shown in Scheme 1d and e.

2. Experimental section

2.1. Materials

[1,1:3',1"-Terphenyl]-3,3",5,5"-tetracarboxylic acid (TPTA) and
1,2,3,4,5,6-hexakis(4-bromophenyl)benzene ~ (HBPBE) were
purchased from Extension Scientific. Coronene (COR), copper
phthalocyanine (CuPc), and n-octanoic acid were purchased
from J&K Scientific. All these materials were used without
further purification. The STM measurements were performed
on a Nanoscope IIIA (Bruker, USA). All the images were recorded
using the constant current mode and are shown without further
processing. As STM probes, mechanically cut Pt/Ir tips (90/10)
were used. The assemblies were prepared by subsequent
deposition of the components onto a freshly cleaned HOPG
(quality ZYB, Digital Instruments, Santa Barbara, CA) surface.
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2.2. Method

The saturated solution of chemicals in n-octanoic acid was
prepared, and the concentrations of all the solutions were less
than 1 x 107> mol L™". Typically, a droplet (2 pL) of TPTA
molecules saturated solution was deposited on the freshly
cleaved surface of highly oriented pyrolytic graphite (HOPG) to
prepare the assembled monolayer structure. The host-guest co-
adsorption assemblies were prepared by using the mixture
solution of TPTA and appropriate guest molecules (containing
compound: COR, HBPBE, CuPc) by volume ratio 1 : 1. All STM
observations of the monolayers were performed at the interface
between n-octanoic and graphite at room temperature.

3. Results and discussion

3.1. The assembly of TPTA on HOPG

After depositing a droplet of TPTA solution on HOPG, we
observed two different structure domains at the interface
between n-octanoic acid and graphite at room temperature, as
illustrated in Fig. 1a and d. It can be seen from the large scale
STM image in Fig. 1a that TPTA molecules self-assemble into
densely packed row structure. The high-resolution STM image

Fig. 1 STM images and proposed models for the self-assembly
structure of TPTA molecules at the interface between n-octanoic acid
and graphite at room temperature. (a) 60 x 60 NM?, lset = 200 PA, Vpias
=700 mV, (b) 20 x 20 NM?, Iso¢ = 200 PA, Vpias = 700 mV, (c) the
proposed molecular model for pattern A. (d) 60 x 60 nmM?, Isey = 200
PA, Vpias = 300 mV, (e) 20 x 20 nM?, lset = 200 PA, Vpias = 300 mV, (f)
the proposed molecular model for pattern B. (g) The proposed
molecular model for the dimer. (h) The proposed molecular model for
the I-type cavity. (i) The proposed molecular model for the IlI-type
cavity. The green and yellow dash lines are used to highlight the
hydrogen bonding within molecular dimer and between adjacent
dimers.

This journal is © The Royal Society of Chemistry 2019
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in Fig. 1b demonstrated that along the densely-packed molec-
ular rows as indicated by black arrow, TPTA molecules show
bend contours, which are very consistent with the V-shape
chemical structures of TPTA molecule as marked by blue line
on STM image.

A close observation (Fig. 1b) revealed that the neighboured
TPTA molecules are arranged with face-to-face or back-to-back
orientation along the densely-packed molecular rows. Consid-
ering the typical hydrogen bonding interactions between
carboxylic acid groups, TPTA molecules of V-shaped skeleton
with carboxylic end groups easily form dimers which are
stabilized by four hydrogen bonds between two neighbouring
molecules with face-to-face orientation (marked as the green
bright line in Fig. 1g). It can be seen from Fig. 1g that the TPTA
dimers are composed of two molecules face-to-face rotated by
180° with respect to each other. The V-shaped skeleton of TPTA
makes two carboxylic groups in perfect parallel configuration
and favours the formation of face-to-face dimers. Therefore, the
molecular V-shape skeleton is a prerequisite for the formation
of face-to-face dimer. Variable-temperature *H NMR spectro-
scopic can demonstrate the existence of intermolecular
hydrogen bonding (Fig. S51). The high-resolution STM image in
Fig. 1b can be deduced that the face-to-face TPTA dimers, as
building block, are aligned along the densely packed molecular
rows and form a well-ordered densely-packed structure on
HOPG surface. The close-packed structures correspond to
pattern A mentioned in Scheme 1a. The unit cell parameters of
pattern A are measured to be a = b = 2.2 £+ 0.1 nm, o = 60° as
shown by white parallelogram in Fig. 1b. A molecular model on
the basis of STM observations for the pattern A is proposed in
Fig. 1c. It can be seen from Fig. 1c that each dimer forms
a rectangular cavity. The neighbouring molecular rows are
connected through intermolecular hydrogen bonding between
the neighboured face-to-face dimers building blocks. We note
that not all carboxylic group are saturated via hydrogen bonding
in this structure.

The large scale STM image of Fig. 1d shows another peri-
odically arranged rosette structure formed by TPTA molecules,
which correspond to the pattern B structure mentioned above in
Scheme 1b. Compared with pattern A, the coverage of pattern B
is less than 10%. Defects are locally observed in the rosette
structure (highlighted by the white dotted oval curve in Fig. 1d).
It is inferred that the compact structures of pattern A are more
stable than pattern B at the n-octanoic acid and graphite
interface.

Fig. 1e shows a high-resolution STM image of pattern B.
Pattern B show a six-fold symmetry and features a triangle
shaped cavity and a hexagon cavity. The small cavities, named
as I-type, are measured with a diameter of 1.2 nm. The
comparatively large cavities, named as II-type. The inner
diameter of the II-type cavity is measured to be about 2.2 nm.
The unit cell parameters of pattern B are measured tobea =5 =
4.6 = 0.1 nm, « = 60°, as shown in Fig. 1e. The Fig. 1f is the
corresponding molecular model on the basis of STM observa-
tions. It can be seen from the model in Fig. 1f that both of the
two kinds of cavities are composed of hexamers. Comparatively
small I-type cavity is a cyclic hexamer which is composed of

This journal is © The Royal Society of Chemistry 2019
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three-pair building blocks of face-to-face dimers connected by
side-to-side. Three-pair hydrogen bonds are provided by the
interactions between carboxylic acid groups within the face-to-
face dimers (marked as the green bright line in Fig. 1h), and
the other three-pair hydrogen bonds are provided by adjacent
dimers (marked as the yellow bright line in Fig. 1h). All inter-
actions between hydrogen bonds are equal. Similarly, large II-
type cavity is also a cyclic hexamer which is composed of six-
pair building blocks of the face-to-face dimers connected
through six-pair hydrogen bonds. All the six-pair hydrogen
bonds are provided by adjacent face-to-face dimers (marked as
the yellow bright line in Fig. 1i). There are six I-type cavities at
the edges of the II-type cavity. Every I-type cavity and the
neighboring II-type cavity share a pair of hydrogen bonds.

3.2. Bicomponent supramolecular assembly: TPTA-COR

When a droplet of n-octanoic acid solution containing TPTA
and COR were added to the HOPG, we observed that the
assembled structure of TPTA-COR covers the entire graphite
surface, as shown in the large-scale STM image of Fig. 2a. The
detailed information of the TPTA-COR host-guest structure can
be seen from the high-resolution STM image Fig. 2b. The big
hollow hexagonal structures and the shape of TPTA molecules
are well-resolved in the STM images (marked as a blue line with
120° in Fig. 2b). The COR molecules (marked as a yellow bright
point in Fig. 2b) are immobilized in I-type cavities of the pattern
B, because the size and shape of the COR molecule fit the I-type
cavities formed by the small cyclic hexamer which are
composed of three-pair building block of face-to-face dimer.
Interestingly, there is no COR molecules trapped by II-type
cavities of the rosette structure. Furthermore, even when an
excess of COR was added into the assembly structure of TPTA,
we can only observe the COR molecules immobilized at I-type
cavity. Based on previous studies, the highly symmetric struc-
ture of COR and strict size match render it a suitable size and
shape to fit the hexagon pores formed by isophthalic acid.*®
However, the size and shape of COR molecule is not matching
with the hexagon II-type cavity. Hence, it was thought that the
TPTA networks structure could be considered as a site-selective
template of COR.

In addition, the domain of the pattern A disappeared with
the addition of the guest COR molecules into this system. The

Fig. 2 STM images and proposed model for the TPTA-COR host—
guest structure at the interface between n-octanoic acid and graphite
at room temperature. (@) 40 x 40 NMZ Iy = 499.7 PA, Vpias =
698.9 mV, (b) 20 x 20 NM?, lset = 469.8 PA, Viias = 699.3 mV, (c) the
proposed molecular model for the TPTA-COR host—guest
construction.

RSC Adv., 2019, 9, 11659-11663 | 11661
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introducing of COR induces the transformation of host struc-
ture from densely packed row structure to rosette network
structure. In another word, the introduction of guest molecule
enhances the stability of pattern B. The unit cell parameters are
measured a = b = 4.6 = 0.1 nm, o = 60° as shown in Fig. 2a.

3.3. Three component supramolecular assembly

Bicomponent supramolecular assembly structure of TPTA-COR
system could serve as a two-dimensional template and offers
open cavity II for the different guest molecules to form three-
component self-assemblies structures. The rosette network
structure conducts size selectivity, that is, guest molecules
smaller than the cavity can be accommodated, whereas the
bigger ones are excluded. Hence, we chose HBPBE and CuPc
molecules with appropriate size as guest to fit the cavities of the
bicomponent assembly structure of TPTA-COR system.

When depositing a droplet of n-octanoic acid solution con-
taining TPTA, COR and HBPBE to the freshly cleaved surface of
HOPG, the assembled structure of TPTA-COR-HBPBE at the
interface was formed, and the obtained large-scale STM image
is shown in Fig. 3a. The large scale STM image reveal that
a highly ordered three component network was formed by two
kinds of guest molecules in the periodically porous network.
The high-resolution STM image Fig. 3b presents that the two
kinds of guest molecules are selectively co-adsorbed to form the
highly ordered three component network. The HBPBE mole-
cules can be immobilized in II-type cavities but not in I-type
cavities. Big circular bright spot corresponded to single
HBPBE molecule (marked as a yellow circular in Fig. 3b), and
small circular dim spot corresponded to single COR molecule
(marked as a blue circular in Fig. 3b). Hexagonal cavity was
constructed by six small circular dim spots and the center is
occupied by a big circular bright spot. TPTA molecule is not
clearly resolve in the high-resolution STM, presumably due to
the high electronic density in COR and HBPBE molecules.
Fig. 3c suggests molecular model for the TPTA-COR-HBPBE
host-guest structure. The unit cell parameters are measured a =
b =4.7 £ 0.1 nm, « = 60° as shown in Fig. 3b.

When depositing a droplet of n-octanoic acid solution con-
taining TPTA, COR and CuPc to HOPG, the assembled structure
of TPTA-COR-CuPc was formed at the interface, as shown in
the STM image of Fig. 4a. It was found that CuPc molecules can

Fig. 3 STM images and proposed model for the TPTA-COR-HBPBE
host—guest structure at the interface between n-octanoic acid and
graphite at room temperature. (a) 40 x 40 nM?, lee; = 378.1 PA, Vipias =
—299.7mV, (b) 20 x 20 NM?, lse¢ = 379.5 PA, Vias = —299.8 mV, (c) the
proposed molecular model for the TPTA-COR-HBPBE host—guest
construction.
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Fig. 4 STM images and proposed model for the TPTA-COR-CuPc
host—guest structure at the interface between n-octanoic acid and
graphite at room temperature. (a) 60 x 60 NM?, lye; = 378.1 PA, Vpias =
499.9 mV, (b) the proposed molecular model for the TPTA-COR-
CuPc host—guest construction.

be immobilized in II-type cavities by randomly, as illustrated by
the small yellow and white dotted line. Small circular bright
spots are ascribed to COR molecule, as marked by a blue
circular in Fig. 4a. And big circular bright spots are ascribed to
CuPc molecule. The CuPc molecules are surrounded by six
small circular bright spots, as illustrated by the small yellow and
white dotted line. An inset image clearly shows the detailed co-
assembled structure in Fig. 4a. Fig. 4b suggests molecular
model for the TPTA-COR-CuPc host-guest. The unit cell
parameters are measured a = b = 4.7 £ 0.1 nm, « = 60° as
shown in Fig. 4a.

4. Conclusions

In summary, we have observed 2D assemblies of a V-shape TPTA
molecule at the n-octanoic acid and graphite interface. TPTA
form two kinds of different self-assembly structure by hydrogen
bonds. One is close-packed (pattern A) and the other one is
porous rosette structure (pattern B). We observe both adaptive
assembly and host-guest assembly when introducing different
guest molecules to co-assemble with TPTA. Be specific, intro-
ducing the COR molecule into assembly system induce a struc-
tural transformation from densely packed row structure to
rosette network structure. By using HBPBE and CuPc molecules
with appropriate shape and size, the three-component 2D host-
guest structure was constructed with highly selectively molec-
ular recognition on the HOPG surface. The present work
demonstrates a novel system showing two-types of nanopores
which show different surface supramolecular chemistry in
response to different guest molecules.
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