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Abstract: The conjugated structure of carbon is used in chemical sensing and small molecule catalysis
because of its high charge transfer ability, and the interaction between carbon materials and small
molecules is the main factor determining the performance of sensing and catalytic reactions. In
this work, Reduced Density Gradient (RDG) and Symmetry-Adapted Perturbation Theory (SAPT)
energy decomposition methods were used in combination to investigate the heterogeneity of catalytic
substrates commonly used in energy chemistry with [6, 6] the carbon nanobelt ([6, 6] CNB, the
interaction properties and mechanisms inside and outside the system). The results show that most
of the attractive forces between dimers are provided by dispersive interactions, but electrostatic
interactions cannot be ignored either. The total energy of the internal adsorption of [6, 6] CNB was
significantly smaller than that of external adsorption, which led to the small molecules being more
inclined to adsorb in the inner region of [6, 6] CNB. The dispersive interactions of small molecules
adsorbed on [6, 6] CNB were also found to be very high. Furthermore, the dispersive interactions of
the same small molecules adsorbed inside [6, 6] CNB were significantly stronger than those adsorbed
outside. In [6, 6] CNB dimers, dispersion played a major role in the mutual attraction of molecules,
accounting for 70% of the total attraction.

Keywords: [6, 6] CNB; heterogeneous catalysis; interaction energy; dispersive interaction;
energy decomposition

1. Introduction

Heterogeneous catalysis refers to a catalytic reaction that occurs at a two-phase in-
terface, and most of the catalytic reactions used in industry are heterogeneous catalysis
reactions. The development of materials with a high specific surface area is extremely
important for the development of the field of heterogeneous catalysis [1,2], because hetero-
geneous catalysis reactions involve processes such as the diffusion of reactant molecules
within the catalyst pores and the adsorption on the surface. Carbon is one of the most
closely related and important elements that exist in nature. Carbon-based nanomaterials
have considerable applications in many fields [3–10], among which catalysis is a very
important application field of carbon nanomaterials. Carbon nanomaterials are excellent
catalytic materials due to their large specific surface area and many surface-active centers.
Carbon nanomaterials have great application prospects in research activities in the fields of
fine chemicals [11,12], renewable energy [13,14] and biotransformation [15,16]. Reactions
using carbon materials as catalysts are called carbon catalysis reactions [17]. Nearly a hun-
dred years ago, the catalytic activity of carbon materials was discovered, which is almost
the earliest report on carbon catalysis [18]. Fullerenes, graphene, carbon nanotubes and
carbon nanodots have also been investigated as efficient carbon catalysts or metal/oxide
supports in catalytic applications [19]. In 2017, the carbon nano family ushered in a new
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member: [6, 6] the carbon nanobelt ([6, 6] CNB, Figure 1) [20]. Guillaume Povie et al.
successfully synthesized [6, 6] CNB through iterative Wittig reactions and nickel-mediated
aryl–aryl coupling reactions. Carbon nanotubes have excellent applications in the field of
catalysis. Carbon nanobelts are the smallest unit of carbon nanotubes, and they also have
good application prospects. Therefore, we selected [6, 6] CNB as the research object.
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Figure 1. Top view (a), front view (b) and oblique view (c) of [6, 6] CNB. The golden balls represent
carbon atoms, and the white balls represent hydrogen atoms.

At present, energy and environmental issues are a very serious challenge for the world.
The development of green chemical science is of great significance to the sustainable develop-
ment of energy and the environment. Heterogeneous catalysis is a central pillar of the modern
chemical and energy industries. Compared with homogeneous catalysis, heterogeneous
catalysis has the advantages of easy separation and convenient recovery [21,22]. In energy
chemistry, some small molecular heterogeneous catalytic substrates are often used to convert
harmful gases such as CO2 into usable energy such as CH4 [23–25]. These are manifested in
photocatalysis, electrocatalysis and photothermal catalysis derived from photocatalysis and
thermocatalysis [26–28]. In the field of perovskite solar cells, Cao et al. demonstrated that
molecularly localized electric field (electrostatic interaction)-induced electron transport is very
important for improving perovskite solar cell performance [29–31]. Yang et al. also proved
that the electrostatic and dispersion effects of conjugated carbon materials on other materials
are crucial for the performance of photovoltaic devices [32–34].

Based on these, we designed a series of dimers of [6, 6] CNB combined with hetero-
geneous catalytic substrates (N2, CH4, CO, CO2, H2, H2O, H2O2 and O2) commonly used
in the field of energy chemistry. We designed the catalytic substrate adsorption with two
binding modes inside and outside the [6, 6] CNB. The interactions between catalysts and
supports are of great significance for regulating catalytic performance and active sites.
Finally, we calculated the nature of the interaction between [6, 6] CNB dimers.

2. Results and Discussion
2.1. Electrostatic Potential and Van Der Waals Potential

Intermolecular interaction comes from four physical components: electrostatic interac-
tion, dispersion interaction, exchange interaction and induction interaction. Among them,
electrostatic interaction and dispersion interaction are the main sources of contribution to
intermolecular adsorption. In the following section, the interaction of [6, 6] CNB with the
external environment was analyzed based on electrostatic potential [35] and van der Waals
potential [36].

Since [6, 6] CNB has high symmetry, the dipole moment is zero, but we cannot simply
consider [6, 6] CNB as a non-polar molecule. This is because the local polarity cannot be
ignored. The electrostatic potential is directly determined by the charge distribution of
the system, so the electrostatic potential can characterize the polarity of the system, which
is of great significance for investigating the electrostatic interactions between molecules.
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We chose the van der Waals surface with an electron density of 0.001 a.u. for research,
because this surface can describe the electrostatic interactions between molecules very
well. As shown in Figure 2, the internal and external electrostatic potential distributions
of [6, 6] CNB were −13.3~−10.0 kcal/mol and −13.3~−7.7 kcal/mol (the lowest internal
and external electrostatic potentials are equal), while the electrostatic potential near the
hydrogen atom was 16.0~21.0 kcal /mol. We speculate that the electrostatic interaction
had little effect on the interaction between the internal and external parts of the [6, 6]
CNB. The molecular polarity index (MPI) is a quantity that can reflect polarity through the
distribution of electrostatic potential [37]. MPI is defined as

MPI = (1/A)
x

S

|V(r)|dS (1)

where V is the electrostatic potential of the system, S is the surface, and A is the surface area.
MPI can quantify the polarity of the system surface; the larger the value, the stronger the
polarity. Through calculation, we found that the MPI of [6, 6] CNB was 9.3 kcal/mol. The
MPI values of benzene and ethylamine were 8.4 and 9.3 kcal/mol, respectively. Obviously,
[6, 6] CNB had a certain polarity. This also means that the electrostatic interaction had a
certain importance in the process of [6, 6] CNB and small molecules adsorption.
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Figure 2. The front view (a) and top view (b) of the isosurface (isovalue = 0.01 a.u.) of [6, 6] CNB’s
electrostatic potential distribution. The red (blue) isosurface represents the area where the electrostatic
potential is positive (negative), and the red (blue) balls represent the maximum (minimum) value of
the electrostatic potential.

Dispersion interaction is also extremely important in intermolecular interactions. In
2020, a new method of describing interactions was proposed: van der Waals potential [36].
Van der Waals potential is composed of dispersion potential and exchange potential. It is
defined as:

VvdW(r) = Vrepul(r) + Vdisp(r) = ∑
A

εAB

(
R0

AB
|RA − r|

)12

+ ∑
A

−2εAB

(
R0

AB
|RA − r|

)6
 (2)

where Vrepul and Vdisp are the exchange potential and dispersion potential in van der Waals
potential, respectively. A represents all atoms circulating, ε and R0 are the LJ potential well
depth and equilibrium distance between atoms, and RA represents the nuclear coordinates
of the A atom.

Here, we used the Xr atom as a probe to study the van der Waals potential of [6, 6]
CNB, and the results have been drawn as isosurface and plane diagrams. This is because
the electrostatic interaction is negligible when noble gas is used as the probe atom. When
studying the van der Waals potential, usually only the regions where the dispersion action
is stronger than the exchange action has chemical significance. So, in the isosurface diagram,
we only show the regions where the van der Waals potential was negative.
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As shown in Figure 3a, the van der Waals potential was distributed both inside and
outside [6, 6] CNB, where the inside was dumbbell-shaped and the outside was barrel-
shaped. The probe atom was located at the exact center of [6, 6] CNB, which also shows that
the van der Waals potential at the center was the lowest (−5.0 kcal/mol), while the outer
van der Waals potential was −1.4~−1.2 kcal/mol. Additionally, from Figure 3b, we can
clearly see the huge difference between the internal and external van der Waals potential
of [6, 6] CNB. The difference comes from the change of dispersion interaction. When the
probe atom is inside the [6, 6] CNB, the probe atom will be attracted by all the surrounding
atoms, and when the probe atom is outside the [6, 6] CNB, it will only be attracted by a part
of the atoms. So, the internal dispersion interaction of [6, 6] CNB was much stronger than
the external dispersion interaction. Based on the analysis of electrostatic potential and van
der Waals potential, we predict that small molecules are more likely to be adsorbed inside
[6, 6] CNB. Additionally, because of the difference between the minimum value of the inner
and outer regions of the electrostatic potential and the van der Waals potential, it can be
inferred that the internal adsorption and the external adsorption have less influence on the
electrostatic interaction, but have a greater influence on the van der Waals interaction. We
will now verify this conjecture.
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2.2. Adsorption and Energy Decomposition between [6, 6] CNB and Small Molecules

In order to study the nature of the adsorption configuration and interaction between [6, 6]
CNB and different small molecules (The following is written as [6, 6] CNB&X, [6, 6] CNB&X(ext)
and [6, 6] CNB&X(int), X is a small molecule), we optimized a series of configurations for small
molecules adsorbed inside and outside [6, 6] CNB (Figures 4 and 5). These small molecules
include N2, CH4, CO, CO2, H2, H2O, H2O2 and O2.
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Reduced Density Gradient (RDG) [38,39] is a widely used method for visualizing
weak interactions. RDG is defined as:

RDG(r) =
1

2(3π2)
1/3
|∇ρ(r)|
ρ(r)4/3 (3)

where ∇ is the gradient operator, and |∇ρ(r)| is the modulus of the electron density
gradient. Then, we projected the sign(λ_2)ρ function, which was obtained by multiplying
the ρ(r) and sign(λ_2) functions, onto the RDG isosurface, and we could obtain the position,
intensity and type of weak interaction. The principle is to map the sign(λ_2)ρ function to
the interaction isosurface to display different colors. The blue part represents the strong
attraction, the green part represents the van der Waals action, and the red part represents
the strong mutual repulsion. Because of the formation of covalent bonds between [6, 6]
CNB&O2(ext) dimers, we used the IRI method [40] to show the chemical bond interaction.
IRI is defined as:

IRI(r) =
|∇ρ(r)|
[ρ(r)]a

(4)

where ∇ is the gradient operator, and |∇ρ(r)| is the modulus of the electron density
gradient. The parameter value a was 1.1, because at this time, it was ideal to exhibit
chemical bonds and weak interactions at the same time. After that, we also projected the
sign(λ_2)ρ function onto the IRI isosurface to display color.

Symmetry-Adapted Perturbation Theory (SAPT) is currently a very widely used en-
ergy decomposition method for weak interactions [41–43]. It can decompose the interaction
between fragments into different physical components (electrostatic, dispersion, exchange
and induction). We combined the two methods to better study the nature of the interaction
between [6, 6] CNB and small molecules.

It can be seen from Figures 4 and 5 that the type of interaction between [6, 6]
CNB&O2(ext) and other systems was obviously different. [6, 6] CNB&O2(ext) had a
clear blue isosurface on the C–O bonds (in the black circle); this shows that the system
had formed a C-O covalent bonds, and [6, 6] CNB was significantly deformed. In other
systems, in addition to green, the isosurface of the interaction also presented a certain kind
of red, which shows that there was a certain steric effect in addition to the van der Waals
interaction. The interaction isosurfaces of systems were mainly green, which indicates that
the electron density in this region was relatively low. It can be preliminarily concluded
that the intermolecular interaction was mainly provided by dispersion because the electron
density of the interaction dominated by electrostatic interaction was usually higher. In
order to verify this conclusion, we used the psi4 program to perform energy decomposition
calculations for all structures (except [6, 6] CNB&O2(ext)) based on the jun-cc-pVDZ basis
set under the sSAPT0 level. Since this method is only suitable for weak interactions, we
did not perform energy decomposition calculations for [6, 6] CNB&O2(ext). sSAPT0 is
an empirically corrected version of SAPT0. Due to the better error offset when sSAPT0 is
combined with jun-cc-pVDZ basis set, the accuracy of the result is significantly higher. For
the system we studied, this combination can not only ensure the accuracy of the calculation,
but also save as much time as possible.

The SAPT energy decomposition result is shown in Figure 6a. The abscissa was differ-
ent small molecules, and the ordinate was the energy of different physical components of
the interaction. Components with positive energy played a repulsive role in the adsorp-
tion process, while components with negative energy played an attractive role. It can be
seen that the repulsive force in the adsorption of small molecules in all systems studied
was dominated by exchange interaction. The intermolecular attraction was provided by
electrostatic, dispersion and induction interaction. Among them, the induction interaction
was relatively small, and the dispersion interaction was stronger than the electrostatic in
most systems. This also confirms the conclusion drawn in the previous RGD analysis that
the dispersion interaction is dominant in the adsorption process. Next, we will analyze the
energy absorbed by [6, 6] CNB and small molecules in detail.
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First of all, it was necessary to analyze the total energy of the interaction. The total en-
ergy can directly reflect the strength of adsorption between [6, 6] CNB and small molecules.
As shown in Figure 6b, it can be seen that [6, 6] CNB&X(ext) and [6, 6] CNB&X(int) had
a huge difference in total energy. The total energy of [6, 6] CNB&X(ext) was significantly
greater than the total energy of [6, 6] CNB&X(int), and the biggest difference was seen for
[6, 6] CNB&CH4, whose total energy of [6, 6] CNB&CH4(int) was 4.1 times that of [6, 6]
CNB&CH4(ext). For [6, 6] CNB&N2, [6, 6] CNB&CO, [6, 6] CNB&CO2, [6, 6] CNB&H and
[6, 6] CNB&H2O2, the ratio of the total energy absorbed inside and outside was 3.2, 3.1, 3.2,
2.2 and 1.6, respectively. It can be seen that the adsorption of small molecules at different
positions of [6, 6] CNB had a great influence on the total energy of the interaction. This also
shows that small molecules tend to be adsorbed inside [6, 6] CNB.

The position of small molecules in the adsorption process has such a great influence on
the total energy of the interaction. In order to understand which composition the difference
comes from, we processed the data of the different physical components of all systems. We
drew a scatter diagram of the four physical components with the energy absorbed inside
as the ordinate and the energy absorbed outside as the abscissa and show the y = x curve.
These graphs proficiently express the degree of changes in the energy of small molecules
adsorbed inside and outside the [6, 6] CNB. It can be clearly seen from Figure 7 that the
points of electrostatic (Figure 3a), exchange (Figure 3b) and induction (Figure 3c) are evenly
distributed on both sides of the y = x curve, while the points of dispersion (Figure 3d)
are all above the y = x curve. This shows that the different adsorption positions of small
molecules had less influence on the electrostatic, exchange and induction interactions in
the intermolecular interaction, but had a greater influence on the dispersion interaction. It
is not difficult to see that the dispersion interaction of [6, 6] CNB&X(int) was significantly
stronger than [6, 6] CNB&X(ext), which was also the main source of the huge difference in
total energy.
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In order to clearly understand the importance of dispersion interaction in [6, 6]
CNB&X, we calculated the value of attrdis/attrtot in all systems (Table 1). In this way,
we could intuitively come to understand the contribution of the dispersion interaction
in the intermolecular adsorption. The value of attrdis/attrtot in [6, 6] CNB&X(ext) was
41~71%, and the value of attrdis/attrtot in [6, 6] CNB&X(int) was significantly increased at
41~85%. Additionally, for the same small molecule, the proportion of dispersion interaction
of [6, 6] CNB&X(int) was always higher than that of [6, 6] CNB&X(ext).

Table 1. The ratio of the dispersion attraction to the total attraction of small molecules adsorbed on
[6, 6] CNB.

attrdis/attrtot N2 CH4 CO CO2 H2 H2O H2O2 O2

ext 0.61 0.71 0.56 0.60 0.64 0.41 0.42 –
int 0.79 0.85 0.76 0.72 0.77 0.59 0.58 0.41

2.3. Intermolecular Interactions of [6, 6] CNB Dimer

In a high-concentration environment, the main form of [6, 6] CNB is likely to be a
dimer system. Therefore, it was very important to study the interaction between [6, 6] CNB
dimers. In this section, we present the results for the intermolecular interactions of [6, 6]
CNB dimers and real-space functions such as electron density at bond critical points.

The optimized [6, 6] CNB dimer exhibited a staggered and juxtaposed structure,
and the vertical distance between molecules was 3.10 Å. Since the stacking interactions
between dimers were weak interactions, the intermolecular interactions had no obvious
effect on the electronic structure of monomers. Next, we decomposed the interaction
energies of [6, 6] CNB dimers again using RDG and SAPT energy decomposition methods
to investigate the nature of intermolecular interactions. As shown in Figure 8, the isosurface
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of the intermolecular interaction of the dimer was green and accompanied by red, which
indicates that the intermolecular interaction was dominated by the dispersion interaction,
accompanied by a certain steric effect. The energy decomposition results are shown
in Table 2. The dispersive interaction was the main source of the attraction between
dimers, accounting for 70%, followed by the electrostatic interaction (23%), and the smallest
contribution to the mutual attraction was the induction interaction at only 7%. Quantum
theory of atoms in molecules (QTAIM) is another very popular method for analyzing weak
interactions. QTAIM is a method to quantitatively study weak intermolecular interactions
by analyzing intermolecular bond critical points (BCPs). The QTAIM theory also defines
the intermolecular interaction pathways (yellow lines in Figure 9). Since we only focused
on intermolecular interactions, we only provided four BCPs between molecules. The BCP
1 and BCP 4 were equivalent, and the BCP 2 and BCP 3 were equivalent. We calculated
the electron density (ρ), the potential energy density (V), the laplacian of the electron
density (∇2ρ), the energy density (H) and the electron localization function (ELF) at the
BCPs. The electron density and potential energy density at the BCPs were closely related
to the strength of the interaction between atoms. The potential energy density reflected
the external potential felt by the electron and was negative. It is generally believed that
the greater the electron density and the more negative the potential energy density, the
stronger the chemical bond strength between atoms. So, the bond strength of BCP 2 was
significantly stronger than that of BCP 1. The ∇2ρ is usually used to determine the type
of chemical bonds. A positive value of ∇2ρ indicates that a non-covalent bond is formed
between atoms, and a negative value of ∇2ρ indicates that a covalent bond is formed. It
was obvious that the ∇2ρ at the BCPs were all negative, which indicates that non-covalent
bonds were formed between atoms. Energy density reflects the energy of electrons, and the
positive and negative energy density can also be used to determine the type of chemical
bond. A positive H is believed to form a non-covalent bond, and a negative H represents
the formation of a covalent bond. The analysis results are the same as the conclusions
drawn by ∇2ρ. The ELF reflects the degree of electron localization at the BCPs. It can be
seen that the localization degree of BCP 2 was significantly stronger than that of BCP 1.
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Table 2. The energy of different physical components and total energy of the interaction between [6, 6]
CNB dimer based on SAPT energy decomposition, in kcal/mol.

Component Value (kcal/mol)

Electrostatics −6.28 (23%)
Exchange 17.95
Induction −1.98 (7%)
Dispersion −19.30 (70%)

Total −9.61
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3. Calculation Method

In this work, through density functional theory (DFT) [44], we used the Gaussian
16 program [45] to optimize all dimers based on B3LYP functional [46] and a def2-SVP
basis set [47] combined with DFT-D3 dispersion correction [48]. We performed structural
optimization through different initial structures. The most stable structures for internal ad-
sorption and external adsorption were selected, respectively. The calculation of electrostatic
potential, van der Waals potential, RDG and IRI was completed by the wave function analy-
sis program Multiwfn [49]. The SAPT energy decomposition adopts the psi4 program [50],
which was calculated based on the sSAPT0 level combined with the jun-cc-pVDZ basis set.
sSAPT0 is a corrected version of SAPT0. It can be used with the jun-cc-pVDZ basis set to
offset errors and obtain higher accuracy, and it is called copper level [51]. All the structural
diagrams in this work were drawn by the Visual Molecular Dynamics (VMD) program [52].
Since our focus did not involve solvent effects, all calculations were performed under
vacuum conditions.

4. Conclusions

In this work, we investigated the interaction of [6, 6] CNB with the external environ-
ment from a theoretical level. The molecular polarity index was proposed to describe the
polarity of [6, 6] CNB and to explore the interaction between the molecular local electric
field and the external environment. On the other hand, we investigated the interaction
of a series of small molecules commonly used in the field of energy catalysis adsorbed
on different sites (inside and outside the system) of [6, 6] CNB. We used RDG and SAPT
energy decomposition methods to deeply investigate the nature of the interactions between
[6, 6] CNBs and small molecules. Electrostatic potential and MPI index analysis showed
that [6, 6] CNB had a certain polarity, and the interaction of the molecular local electric
field could be ignored during the adsorption process. Furthermore, the van der Waals
potential showed huge differences in van der Waals roles inside and outside the [6, 6]
CNB. Therefore, the two adsorption modes (internal and external) had little effect on the
contribution of electrostatic interactions in adsorption, but a greater effect on dispersive
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interactions. Among the dimers of [6, 6] CNB and small molecules, [6, 6] CNB&O2(ext)
is special. When O2 was adsorbed on the outside of [6, 6] CNB, a covalent bond was
formed between the two, and the [6, 6] CNB was obviously deformed. Theoretical analysis
shows that small molecules tend to adsorb inside [6, 6] CNB, which is mainly due to the
significantly stronger dispersion interaction of adsorption inside [6, 6] CNB than outside.
Weak interactions are ubiquitous and are necessary to describe many physical, chemical
and biochemical phenomena. Clarifying the physical components of weak intermolecu-
lar interactions is crucial for the performance and selectivity of molecular catalysts. The
theoretical analysis of this work established the structure–activity relationship between
the structure and interaction properties of [6, 6] CNB, which provides theoretical guidance
for practical applications in molecular sensing, catalysis and energy fields, and helps to
promote the design and application of CNB materials.
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