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ABSTRACT: A porphyrin derivative called 5,15-di(4-carboxyphenyl)-
porphyrin (H2DCPp) with carboxyl groups successfully self-assembled
on a highly oriented pyrolytic graphite (HOPG) surface and its co-
assembly structures with three kinds of pyridine molecules were
investigated by scanning tunneling microscopy (STM) with atomic
resolution. H2DCPp arranged in a long-range ordered structure, and
both 1,4-bis (pyridin-4-ylethynyl) benzene (BisPy), 4,4′-bipyridine (BP)
and 1,3,5-tris(pyridin-4-ylethynyl) benzene (TPYB) molecules success-
fully regulated the host molecules as guest molecules. The well-organized
model optimized by density functional theory (DFT) calculations reveals
the detailed behavior of the assembly characteristics and regulation of
porphyrin derivatives, which is helpful for the research and development
of solar cells and nanodevices.

■ INTRODUCTION

It is important for us to know that porphyrin and porphyrin
derivatives are famous for their optical and electrical
performances,1−5 which play a key role in photocatalytic6,7

and electroluminescent materials,8 molecular sensors,9 solar
cells,10,11 etc. Besides, porphyrin derivatives have been
considered seriously for their thermal stability and rigidity in
molecular functional design and device assembly.12 In recent
years, novel nanoconstructions of porphyrin derivatives at
solid/liquid interfaces have been widely used.13

Although more and more studies have been carried out on
the assembly of porphyrin molecules on two-dimensional
surfaces/interfaces, the well-ordered assembly of porphyrin
derivatives needs further study. Generally speaking, whether a
supramolecular self-assembly structure is stably ordered or not
depends on the solvent, the type of functional group, and the
interaction force between molecules. These interactions are
noncovalent forces, which include hydrogen bonding, π−π
stacking effect, van der Waals interaction, metal−ligand
coordination, and so on.14−18 Supramolecules are able to
self-regulate and thus balance the forces between molecules
and molecules, and molecules and substrates to reach the
equilibrium state ultimately.19 The investigation on porphyrin
assemblies through hydrogen bonding on a two-dimensional
surface has become a hot topic of study.20,21 Due to the
selectivity and saturation of hydrogen bonding, an increasing
number of research have reported that porphyrin with a
carboxyl functional group interacts with other molecules by
hydrogen bonding to form supramolecular nanostruc-
tures.8,13,15,22

Scanning tunneling microscopy (STM) with atomic
resolution is considered to be the most effective method to
investigate the molecular dynamics of assembly at solid/liquid
interfaces,23−28 and the regulation behavior of guest molecules,
which impact the host molecules can be observed in real-time
by STM under an ambient environment.29−34 Hou et al used
STM to detect porphyrin derivatives with side chain groups
not only to obtain a self-assembled structure of H2TCPp under
the action of hydrogen bonds but also to successfully regulate
the host molecule by introducing dipyridine as a guest
molecule.35 Although some studies on pyridine regulation on
self-assemblies of porphyrin derivatives have been reported,
this article introduces a co-assembled structure formed by the
interaction of different hydrogen bonds and different pyridine
derivatives including terpyridine.
It is worth noting that pyridine derivatives combine with

other molecules to form the interaction forces such as
hydrogen bonds or coordination bonds easily.36,37 Addition
of pyridine derivatives provides a new idea and method for the
construction of a variety of two-dimensional self-assemblies.
The 5,15-di(4-carboxy-phenyl)porphyrin (H2DCPp) molecule
(Scheme 1), a highly symmetric porphyrin derivative, has a
porphyrin ring in the center and two benzoic acid substituents.
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The carboxyl group provides a strong guarantee for its
hydrogen bond formation. It has been proved that H2DCPp
can be used to create a crystalline metal−organic framework
(MOF) material,38,39 so it is of great significance to study the
self-assembly of H2DCPp on a two-dimensional surface. In this
paper, we obtained a self-assembled structure formed by the
H2DCPp molecule, which was successfully regulated by three
kinds of pyridine molecules 1,4-bis(pyridin-4-ylethynyl)
benzene (BisPy), 4,4′-bipyridine(BP), and 1,3,5-tris(pyridin-
4-ylethynyl)benzene (TPYB), the chemical formulae of which
are shown in Scheme 1. With the help of DFT calculations,

their assembly mechanisms were interpreted, which also
provided scientific support for the future research on porphyrin
derivatives.

■ EXPERIMENTAL SECTION
Materials. H2DCPp molecules, BisPy, BP, and TPYB were bought

from Jilin Chinese Academy of Sciences, Yanshen Technology Co.,
Ltd. The solvent and the substrate used in this experiment are
heptanoic acid (HA) and the highly oriented pyrolytic graphite
(HOPG), respectively. Besides, details of STM investigation and
theoretical calculations are given in the Supporting Information (SI).

■ RESULTS AND DISCUSSION
Self-Assembly Behavior of H2DCPp on the HA/HOPG

Surface. After dropping the H2DCPp molecule on the HA/
HOPG surface, one can clearly capture the formation of a two-
dimensional (2D) single-layer self-assembly structure con-
tributed by the H2DCPp molecule like other porphyrin
molecules. Using STM, a clear self-assembly image of the
H2DCPp molecule in a wide range is observed as shown in
Figure 1A.
This amazing assembly fabrication can be furthur studied

from the high-resolution image of H2DCPp in Figure 1B.

Scheme 1. Chemical Structures of H2DCPp, BisPy, BP, and
TPYB

Figure 1. Large-scale (A) (60 nm × 60 nm) (Iset = 299.1 pA, Vbias = 699.8 mV) and (B) high-resolution (25.0 nm × 25.0 nm) (Iset = 270.1 pA, Vbias
= 699.8 mV) STM images of H2DCPp assembled structures on the HA/HOPG interface. (C, D) Optimized model of the H2DCPp assembled
structure provided by DFT calculations.
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H2DCPp molecules, rhombus-shaped in the figure, formed the
tight linear arrangement between the molecules. The terminal
carboxyl groups of each H2DCPp molecule interact end to end
with another two molecules to form a pair of O−H···O
hydrogen bonds, which can be clearly seen inside the red circle.
The hydrogen bonds keep the system stable on the HA/
HOPG surface. The distance between adjacent rows is
approximately 1.42 nm, and the length between two
contiguous molecules in one row is measured to be
approximately 2.29 nm, which includes the extent of a single
H2DCPp molecule 1.50 ± 0.2 nm. The parameters for the
H2DCPp molecule assembly are provided in Table 1.
Furthermore, the optimization model based on DFT
calculations is shown in Figure 1C,D, and the scanning
condition of each STM figure is graphically represented.

Regulating Behavior of BisPy to H2DCPp. To further
investigate the interfacial self-assembly behavior of the above
carboxylic acid porphyrin derivatives, BisPy molecule was
added to the H2DCPp molecule to regulate it. The selected
BisPy molecule is a linear pyridine derivative with a benzene
ring as the center, and the para-position of the benzene ring is
replaced by substituents that consist of an alkyne bond and a
pyridine group.
From a wide range of STM scans and high-resolution images

in Figure 2 A, B, it can be seen that after introducing BisPy
molecule into the H2DCPp molecule assembly structure, a
BisPy molecule is added between every two H2DCPp
components. The N atom on the pyridine group of BisPy
and OH of the carboxyl group at the end of the host molecule
form one O−H···N hydrogen bond, whereas the H atom on
the pyridine group of the same BisPy and oxygen atom of
carbonyl of the carboxyl group at the end of the same host
molecule form one C−H···O hydrogen bond, which makes this
co-assembled structure more stable. From the optimized model
of DFT calculation, we can clearly see a pair of O−H···N and
C−H···O hydrogen bonds in one unit cell in the red circle in
Figure 2C,D. The distance between each two columns is
approximately 1.16 nm, which is smaller than that of the
assembled structure of H2DCPp. However, the BisPy molecule
bends to a certain extent because of steric hindrance. Because
the single bond between the carbon atom of the acetylene
bond and the pyridine ring is flexible, to fit the co-assembly
structure better, the single carbon−carbon bonds are twisted.
The unit cell parameter of the H2DCPp-BisPy co-assembly is
shown in Table 1. The total energy and the total energy per
unit area calculated by DFT are given in Table 2. Compared

with the H2DCPp self-assembly, the total energy (−69.666
kcal·mol−1) of the H2DCPp-BisPy co-assembly and the energy
per unit (−0.184 kcal mol−1 Å−2) decrease owing to the close
packed structure. It is well known that the lower the total
energy per unit area, the more stable the self-assembled
structure is. Therefore, the whole system has attained a more
stable state.

Regulating Behavior of BP to H2DCPp. A BP molecule
is a plain pyridine derivative with two pyridine groups. When
BP molecules are added into the H2DCPp molecule assembly
structure, two kinds of co-assembled structures appear
simultaneously. The large-scale images investigated by STM,
containing both structures I and II, are exhibited in Figure
3A,B. According to the short-range STM figure in Figure 3C,
there is a small bright spot appearing between two rows of
H2DCPp molecules. On combining with DFT theory
calculations, we have a better understanding of the
intermolecular forces in H2DCPp-BP structure I. From the
optimized model in Figure 3E, the O−H···O hydrogen bonds
between H2DCPp molecules is so strong that the BP molecules
are not able to break the interaction forces between H2DCPp
molecules. It could be clearly seen that the N atom on one
pyridine ring of BP molecules and the H atom at No. 7 of the
core porphyrin ring form C−H···N hydrogen bond. The red
circle shows that the distance between the two atoms is
measured to be approximately 0.2332 nm. Meanwhile, as
shown in the green circle in Figure 3E, the distance between
the N atom of the other pyridine ring and the H atom in the
third position of the benzene ring in the benzoic acid
substituent of H2DCPp, which lies parallel to the BP molecule,
is approximately 0.2703 nm, which is enough to form a C−H···
N hydrogen bond. The BP molecule and the porphyrin ring of
the adjacent H2DCPp molecule take advantage of edge-to-face
π−π mutual effects, which further enhances the intermolecular
force in this system. The diversity of intermolecular forces
contributes to the stability of the assembled construction.
Furthermore, from Figure 3D, structure II is similar to

structure I, but the BP molecule turned approximately 90°, so
they are nearly perpendicular to the H2DCPp molecule. The
optimized structure obtained through the DFT calculation is
illustrated in Figure 3F. The two N atoms of pyridine form a
C−H···N hydrogen bond with the 3-position H atom of
benzene in the benzoic acid substituent of the host molecule,
which is situated in two parallel rows. These two hydrogen
bonds are circled in blue and purple, respectively, and the
distance between them is approximately 0.2203 and 0.2125
nm, respectively. Furthermore, BP molecules are vertical to the
molecular plane of H2DCPp, which could reinforce the
stability of the co-assembly due to the offset face-to-face
stacking mutual interactions formed by the twisted pyridine
ring of BP and the benzene ring of benzoic acid substituent.
Compared with structure I and H2DCPp self-assembly,
structure II is more stable than the H2DCPp self-assembly
but less than structure I. The data in Table 2 explain this
statement well; the total energy per unit area of the H2DCPp-
BP structure I is −0.278 kcal mol−1 Å−2 and of structure II is
−0.215 kcal mol−1 Å−2, which reflects that structure I is the
most steady one in this system, which provides a scientific
support for the structure of nanometer devices.

Regulating Behavior of TPYB to H2DCPp. The selected
TPYB molecule is a cloverleaf pyridine derivative with a
benzene ring as the center, and the intersites of the core
benzene are, respectively, replaced by substituents, which

Table 1. Experimental (Expt.) and Calculated (Cal.) Unit
Cell Parameters for the Assembled Structures

unit cell parameters

a (nm) b (nm) α (deg)

H2DCPp expt. 1.5 ± 0.2 1.7 ± 0.2 99 ± 1
cal. 1.58 1.88 99.0

H2DCPp-BisPy expt. 1.0 ± 0.2 3.4 ± 0.2 65 ± 1
cal. 1.16 3.60 65.0

H2DCPp-BP (I) expt. 1.5 ± 0.2 1.8 ± 0.2 96 ± 1
cal. 1.42 1.76 95.0

H2DCPp-BP (II) expt. 1.5 ± 0.2 2.0 ± 0.2 93 ± 1
cal. 1.60 1.88 93.0

H2DCPp-TPYB expt. 3.2 ± 0.2 1.4 ± 0.2 86 ± 1
cal. 3.38 1.34 86.0
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consist the acetylene bond and the pyridine group. Through a
wide range of STM images (Figure 4A), we can see that one
TPYB molecule regulates the H2DCPp assembled structure
successfully (domain I). Domain II represents the TPYB self-
assembly, which is further illustrated in the Supporting
Information (SI). The unit cell parameters are shown in
Table. S1, and the calculated energies are shown in Table S2.
Besides, STM images and the optimized model of the TPYB
self-assembled structure can be found in Figure S1, and the
self-assembly behaviors of TPYB molecules on the HA/HOPG
surface has been further explained. To further study how the
bonding combines between molecules in domain I, a high-
resolution STM image is obtained (Figure 4B). The optimized
structure of H2DCPp-TPYB obtained through the DFT

calculation is shown in Figure 4C,D. One TPYB molecule
enters between every two H2DCPp molecules, in which two
pyridyl groups at the end of the TPYB molecule form an O−
H···N hydrogen bond with the carboxyl group at the end of the
H2DCPp molecule. Besides, another kind of weak C−H···O
hydrogen bonding could be observed in the red circle, where
the distance between the H and the O atom is approximately
0.2932 nm. The distance between the N atom on another
pyridine group of TPYB and the adjacent central benzene ring
of TPYB is measured to be approximately 0.2772 nm, which is
sufficient to form a C−H···N hydrogen bond among them.
Nevertheless, to better accord with the parameter of STM
figures, the pyridine ring of TPYB twists without affecting the
hydrogen bond density of the whole system. Three kinds of

Figure 2. Large-scale (A) (60.0 nm × 60.0 nm) (Iset = 299.1 pA, Vbias = 699.8 mV) and (B) high-resolution (25.0 nm × 25.0 nm) (Iset = 320.0 pA,
Vbias = 720.0 mV) STM images of H2DCPp-BisPy co-assembled structures on the HA/HOPG interface. (C, D) Optimized model of the H2DCPp-
BisPy co-assembled structures provided by DFT calculations.

Table 2. Total Energies and Energies per Unit Area of Assembled Structures

interactions between adsorbates
(kcal mol−1)

interactions between adsorbates and substrate
(kcal mol−1)

total energy
(kcal mol−1)

total energy per unit area
(kcal mol−1 Å−2)

H2DCPp −18.149 −31.483 −49.632 −0.156
H2DCPp-
BisPy

−23.131 −46.535 −69.666 −0.184

H2DCPp-BP
(I)

−32.001 −37.214 −69.215 −0.278

H2DCPp-BP
(II)

−28.124 −36.321 −64.445 −0.215

H2DCPp-
TPYB

−30.632 −54.183 −84.815 −0.188
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hydrogen bonds synergistically regulate the H2DCPp molecule
assembly. The parameters of a unit cell for H2DCPp-TPYB are
provided in Table 1. The unit cell containing one H2DCPp and
one TPYB molecule is indicated on the STM image with unit
cell parameters a = 3.2 ± 0.2 nm, b = 1.4 ± 0.2 nm, and α = 86
± 1°, which are in good agreement with the calculated results.
Apparently, from Table 2 the total energy for each space unit

has declined to −0.188 kcal mol−1 Å−2, which means the
H2DCPp-TPYB co-assembly has stronger intermolecular
effects than the H2DCPp single assembled system.

■ CONCLUSIONS

In conclusion, three kinds of two-dimensional supramolecular
self-assembly structures on the HA/HOPG substrate were

Figure 3. Large-scale (A) (100.00 nm × 100.00 nm) (Iset = 317.4 pA, Vbias = 733.9 mV) and (B) (60.00 nm × 60.00 nm) (Iset = 317.4 pA, Vbias =
733.9 mV) STM images of H2DCPp-BP co-assembled structures at the HA/HOPG interface. (C, D) High-resolution STM images of H2DCPp-BP
(I) (21.18 nm × 21.18 nm) (Iset = 299.1 pA, Vbias = 624.1 mV) and H2DCPp-BP (II) (19.99 nm × 19.99 nm) (Iset = 260.9 pA, Vbias = 683.9 mV),
respectively. (E, F) Optimized model of the two kinds of H2DCPp-BP co-assembled structures provided by DFT calculations for H2DCPp-BP (I)
and H2DCPp-BP (II), respectively.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01812
Langmuir 2021, 37, 11544−11551

11548

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01812?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01812?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01812?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01812?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


investigated by STM observation and optimized by DFT
calculations, respectively. A stable and ordered structure,
assembled by the H2DCPp molecule, was formed on the HA/
HOPG surface. After adding the dipyridine derivative BisPy to
the H2DCPp molecule, a new well-organized and tightly
packed co-assembly structure is formed on the HOPG surface.
The pyridine group of BisPy and the carboxyl group of
H2DCPp formed O−H···N and C−H···O hydrogen bonds.
Moreover, the BP molecule also regulated the H2DCPp
assembly structure successfully, and two kinds of co-assembled
structures came into existence. Different intermolecular effects
concurrently resulted in a more stable co-assembly structure
proved by the lower total energy per unit area, and structure I
was more stable than II. In the same way, after the addition of
the tripyridine derivative TPYB, the stubborn forces formed
between the host and guest due to the hydrogen bond. It is
worth noting that there was one C−H···N hydrogen bond
between two adjacent tripyridine derivatives. These intermo-
lecular O−H···N and C−H···N hydrogen bonds synergistically
resulted in a well-ordered arrangement, which provided strong
evidence for two-dimensional assembly behaviors.
Combined with DFT calculations, the formation mechanism

of the self-assembly on the 2D plane could be better reflected.
Three pyridine derivatives formed more stable co-assembled
constructions with H2DCPp. In general, H2DCPp-BP structure
I is the best co-assembly in these systems. Furthermore,

formation of different hydrogen bonds based on porphyrin
derivative template molecules is a significant improvement in
the understanding of the forces on the surface of two-
dimensional nanoscale systems.
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