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The striking chiral optical properties of carbon nanostructures are closely related to the precise three-
dimensional spatial arrangement (interaction) of carbon atoms. This work investigated the chiral optical
properties of three different structures of all-benzene catenane and trefoil knot regulated by van der
Waals (vdW) forces using density functional theory (DFT) calculations and wave function analysis. We
systematically illustrate how molecular electrical polarization modulates the chiral optical deflection of
alkane oligomers under the induction of van der Waals forces. In this work, the UV-vis spectra, transition
density matrices (TDM), and electron—hole density diagrams of three molecules have been studied.
Combined with a visualization method to represent the effect of molecular polarization on transition
electric/magnetic dipole moments (TEDMs\TMDMs), the results show that vdW interactions can induce

chirality deflection in polymers. This mechanism provides a clear direction for designing polymers with
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then the chirality of the molecule can be precisely regulated. This will help us to establish a strategy for

DOI: 10.1039/d3ra00786¢ precisely-oriented design of chiral optical materials, and provide guidance for the application and
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1 Introduction

In 2019, Itami et al. successfully synthesized for the first time
three cycloparaphenylene (CPP) molecules with different
structures composed of para-phenyl rings through a traceless
synthesis method.* They are carbon nanomolecules composed
of sidewall segment structures of carbon nanotubes, with
alkane and trefoil junction topologies. Geometrically, trefoil
knots belong to the class of torus knots. They retain the high
symmetry and radial m-conjugation mode characteristic of
CPPs, but also exhibit unique intramolecular electron interac-
tions and dynamic motions. Nowadays, more and more chain
molecules with mechanically interlocked structures are being
prepared,>* and the synthetic basis for the preparation of more
complex structures has been laid.>” This novel synthetic
method will generate a wider range of topological molecular
nanocarbons and open the door to the field of nanocarbon
scientific research.

A chiral molecule refers to a molecule with a certain
configuration or conformation that is different from its mirror
image and cannot overlap with each other. The enantiomers of
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development of optoelectronic materials in specific fields.

chiral molecules generally have similar chemical structures and
physical properties,® but they often show completely different
effects in organisms.’** Chiral structures have a very wide range
of applications in optics,"””™** and chirality regulation plays
a very important role.’**® Nonlinear effects, such as second
harmonic generation (SHG), serve as extremely sensitive probes
of structural symmetry,” allowing us to distinguish between
chirality and anisotropy effect.** This chiral molecule has
a unique molecular electric field. Under the influence of weak
interactions and van der Waals (vdW) forces on molecules,
strong repulsion occurs when two atoms are in close proximity
to each other and the electron clouds overlap each other. The
fluctuation of the atomic electron cloud makes the atom have
an instantaneous electric dipole moment, which induces the
electric dipole moment of the nearby atoms. The result is
a mutually attractive inter-dipole interaction that forms this
special structure and generates charge transfer, which can
reasonably explain that molecular chirality can also be regu-
lated by intermolecular interactions.

In this work, the energy composition of the two structures 1
and 2 is studied through an independent gradient model based
on Hirshfeld partition (IGMH), indicating that the dispersive
interaction of these two structures plays a major contribution to
the intermolecular binding. Secondly, by examining the vdW
potential, we know where the molecules tend to bind to the
system through the action of vdW. It has important implica-
tions for understanding vdW interactions between chemical
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systems and the external environment. On this basis, in order to
clarify the difference of the polarities among the three systems,
we comprehensively displayed the first hyperpolarizability
through the unit sphere representation, so as to intuitively
examine the degree of change of the molecular dipole moment.
Finally, the UV-vis spectra, transition density matrices (TDM)
and electron-hole density diagrams of three molecules are
studied. And the nature of the three structural chirality is
understood by analyzing the densities of TEDMs\TMDMs in
different directions.

2 Calculation method

In this work, the molecular structure was optimized by
Gaussian software** based on the density functional theory
(DFT),” B3LYP functional® and the 6-31g(d) basis set*
combined with DFT-D3 dispersion correction.> Electron exci-
tation spectra was calculated by the CAM-B3LYP functional®®
and the 6-31g(d) basis set. D3 correction only calculates the
correction energy based on the geometric structure, indepen-
dent of the electronic state, and only changes the energy
without affecting the wave function of the system. The
geometric structures used to calculate different electronic states
are the same, so the addition of D3 does not affect the calcu-
lation results. The three structures used in this article do not
have virtual frequencies, and the infrared (IR) spectroscopy is
provided in the ESI (Fig. S1).f The wave function analysis
including electron-hole density,” transition electric/magnetic
dipole moments (TEDMs/TMDMs),*** vdW potential,*
IGMH?*" and electronic circular dichroism (ECD) were done by
the Multiwfn program.** All 3D maps in this work were drawn by
the VMD program.*

3 Results and discussion

Carbon nanomolecules have shown excellent applications in
optoelectronics due to their strong charge mobility, and the
modulation of chirality is of great significance.***” In 2019,
Itami et al. successfully synthesized three cycloparaphenylenes
(CPP) molecules with different structures composed of para-
phenyl rings through a traceless synthesis method for the first
time.* They nested different numbers of CPPs together in
different ways to form diverse interlocking structures. This
shows that a variety of intermolecular interaction structures
with different strengths can be synthesized by adjusting the size
and interlocking mode of CPP, and then its chirality can be
adjusted purposefully. Fig. 1(a—c) are schematic diagrams of the
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Fig. 1 Schematic diagram of the geometric structure of molecules 1
(@), 2 (b) and 3 ().
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three structures, respectively. Among them, molecule 1 is
formed by two [12]CPP molecules nested in each other, and the
angle between the planes where the two chains are located is
40.58°. Molecule 2 consists of a [9]CPP and a [12]CPP molecule
nested with each other, and the angle between the planes where
the two chains lie is 74.55°. Molecule 3 consists of 24 para-
phenyl rings connected to form a unique trefoil knot structure.

3.1 Weak intermolecular and intramolecular interactions

In this section, the weak intermolecular interactions of two
systems 1 and 2 and the weak intramolecular interactions of 3
are studied using IGMH and the energy decomposition analysis
based on forcefield (EDA-FF) method.*® IGMH is an important
way to graphically represent custom inter- and intra-fragment
interactions. IGMH is defined as:

3g(r) = g"M(r) — g(r) (1)
&) =[S0 @)
M) = |Vp(r)] 3)

i
where r is the coordinate vector, V is the vector differential
operator, p; represents the electron density of the i atom. dg
shows the interactions between all atoms in the current system.

In order to reflect the inter- and intra-fragment interactions,
3g™™*" and 5g'™™ are defined:

aginter(r) _ gIGM, inter(r) _ ginter(r) (4)
gimer(r) _ szl)i(r) (5)
A ieAd
gIGMﬁinter(r) _ Z vai(r) (6)
A |ied
3" (r) = dg(r) — dg™ (1) )

EDA-FF is a method to decompose the total interaction
energy between fragments into energy terms with physical
meaning, which is beneficial to investigate the nature of the
interaction. EDA-FF is defined as:

By = 4 (5)
4B
Efp’ = Efb + Eif ©)
RO 12
E/rqeg = &4B —4B (10)
4B
. R° 6
Ej];p = _2€AB —AB (11)
4B

where A and B are atom numbers, g is the atomic charge, r is the
distance between atoms, ¢ is the vdW action potential well

© 2023 The Author(s). Published by the Royal Society of Chemistry
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depth, R® is the non-bonding distance between atoms. The
interatomic vdW action energy is exactly equal to the potential
well depth when r = R°.

From Fig. 2(a), it can be clearly seen that the isosurfaces of
the intermolecular interactions of 1 and 2 and the intra-
molecular interactions of 3 appear green, which indicates that
the dispersive interaction plays a major contribution to the
intermolecular binding. Intermolecular (intra) interactions are
typical vdW interactions. Compared with 2, the isosurface area
of structure 1 is larger, indicating that it has a larger interaction
and a larger binding energy, which also indicates that its
molecular stability is stronger. The energy decomposition
results of 1 and 2 are shown in Fig. 2(b). Among them, elec-
trostatic interaction and dispersive interaction contribute to the
attraction between molecules, while exchange interaction is not
conducive to the attraction of molecules. Compared to disper-
sive interactions, electrostatic interactions are completely
negligible. It can be seen that the total interaction energy of the
two systems is quite different, which is mainly caused by the
difference in dispersion interaction. This is also consistent with
the IGMH analysis results.

3.2 vdW potential

Through the analysis of the different energy components of
structures 1 and 2 in the previous section, the strong disper-
sion interaction reveals the essence of the formation of this
relatively stable structure. And this phenomenon will lead to
the particularity of vdW potential. In this section, we investi-
gate the vdW potential, which helps us understand where
small molecules tend to bind to this system through vdw
interaction, which can easily reveal the vdW interaction
between the chemical system and the external environment.
Since the electrostatic interactions are completely negligible
when noble gas atoms are used as probe atoms, we choose He
as the probe atom. Typically, only the negative region of the
vdW potential is of chemical interest, since the dispersive
attractive effects outweigh the exchange repulsive effects in
this region. In order to facilitate the observation of the nega-
tive region of the vdW potential, we hide the region of the
positive isosurface during the drawing process.
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Fig. 2 (a) The IGMH diagram of three structures. The green area is the
interaction isosurface. (b) The energy possessed by different physical
components.
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In Fig. 3, most of the regions with negative vdW potential
isosurfaces of structure 1 and structure 2 are distributed inside
the system, and only a small part of the region is outside the
system, while the negative parts of the vdW potential isosurface
of structure 3 are completely distributed within the system. The
red ball in the Fig. 3 is the minimum point, which is the posi-
tion of the global most negative point that we need to focus on.
It can be found that the positions of the minimum points are all
ravines in the system, and are also the positions with the most
surrounding atoms. Atoms in the region near the red ball can
feel the strongest vdW gravity, mainly because they can be
attracted to many atoms near the region at the same time. Since
dispersive attraction is essentially a short-range interaction, we
can see from the Fig. 3 that the vdW potential of other parts
decays with the increase of the interaction distance. In
summary, non-polar molecules tend to be adsorbed at the
ravines of the system.

3.3 Visualization of the first hyperpolarizability

Through the study of intermolecular interaction, it is revealed
that the main interaction between molecules in the chemical
system is vdW interaction, and the vdW interaction of different
strengths will cause the molecules to produce different degrees
of polarization. In this section, the unit spherical representa-
tion* is used to visualize the first hyperpolarizability* to reflect
the degree of structure 1, 2 and 3 polarization. This method can
intuitively and comprehensively investigate the characteristics
of 8 tensor, thus showing the anisotropy of the system. In order
to clearly show the direction of the two electric fields applied to
the molecule, and the coupling of the electric fields will cause
the dipole moment of the molecule to change in what direction
and to what extent, the unit sphere representation defines the
B vector:

Beri(0.9) = B x e(0,¢) x e(6.¢) (12)

where e(f,¢) is the unit vector from the origin towards the
spherical polar coordinate (6,4). The Bes(6,¢) vector calculated
based on beta (—2w,w,w) reflects the direction and magnitude of
the dipole moment oscillating at a frequency of 2w caused by
the combined action of two electric fields with a changing
frequency of w in the (6,¢) direction. Calculate the 8 vector for
each point on a sphere of a certain radius, draw arrows and

bd

-1.06 keal/mol -1.25 keal/mol -1.38 keal/mol

Fig. 3 The vdW potential isosurface plots for the three structures with
He as the probe atom (isosurface is —0.85). The red ball is the lowest
point of vdW potential.
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color them according to the direction and size of the vector, and
get the image corresponding to the unit sphere representation.

Fig. 4(a-c) are the static first hyperpolarizability tensor of
three structures. Fig. 4(d-f) show the dynamic first hyper-
polarizability of three structures when the external field is
1064 nm. The arrows on the spherical surface in the figure
represent the change of the dipole moment of the molecule
when the center of the molecule applies an external electric field
of the same strength in all directions. Overall, the static and
dynamic first hyperpolarizability of 1 and 3 are very small and
completely negligible. This is due to its centrosymmetric
structure. But this does not mean that the first hyper-
polarizability is negligible anywhere in the system. The unit
sphere can perfectly reflect the polarizability of different posi-
tions in the system. It can be seen from Fig. 4(a-c) that the static
B of 1, 2 and 3 becomes larger in turn. When an external field of
1064 nm is applied to the three structures, the polarizability of
the three is enhanced to different degrees. It can be seen from
Fig. 4(b and e) that a large number of arrows (red arrows) rep-
resenting the magnitude of polarizability point downward,
leading to the general trend of polarizability (green arrows)
downward, indicating that structure 2 is in the direction
perpendicular to the [9]CPP. The polarizability is large in the
direction parallel to the [9]CPP, while the polarizability is small
in the direction parallel to the [9]CPP.

3.4 UV-vis, ECD spectra and transition electric\magnetic
dipole moment

Fig. 5 is the UV-vis spectrum of three structures, each of which
has only one absorption peak between 250-350 nm. The
absorption peak positions of molecule 1 and molecule 2 are the
same, but the absorption intensity is significantly different. The
absorption peak intensity of molecule 1 is higher than that of
molecule 2.

Fig. 6 describes the TDM diagram and electron-hole density
diagram of the excited states that make a major contribution to

(a—c)
polarizability tensor of three structures, (d-f) dynamic first hyper-
polarizability when the external field is 1064 nm of three structures.
The blue-white-red colors represent the first hyperpolarizability from
small to large. The green arrow is the general trend of the first
hyperpolarizability of the system.

Fig. 4 Unit sphere representation of static first hyper-
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Fig. 5 UV-vis spectrum of three structures.

the excitation process. From the TDM diagrams of the three
structures, it can be seen that the transition density only exists
at the diagonal, indicating that the excitation process is local
excitation.

Fig. 7(a) shows the ECD spectrum of three structures, and the
ordinate is the average molar absorptivity. Each of the three
structures has a positive peak and a negative peak in the range
of 250-400 nm. The positions of the wave peaks of 1 and 2 are
very close, but the rotor strength of 1 is significantly stronger
than that of 2 and 3. The peak of 3 is significantly red-shifted

TDM
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Fig. 6 Electron hole density diagrams and TDM for molecules 1&Ss (a),
structures 285Sg (b), and structures 3Ss (c). The red and blue iso-
surfaces represent electrons and holes, respectively.
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Fig.7 The ECD spectrum (a) and negative chiral peak intensities (b) of
the three structures.

relative to 1 and 2. The ECDs of the fragments involved in
molecule 1 and molecule 2 are shown in Fig. S2.1 The calcula-
tion results show that the individual [12]CPP and [9]CPP frag-
ments have almost no chirality. When the rings are nested to
form a new structure, the van der Waals interaction will induce
the generation of chirality. Combined with the negative chirality
peak intensities of the three structures in Fig. 7(b), it shows that
the chirality intensity can be adjusted by changing the size of
the nested [n]CPPs.

The asymmetric electromagnetic interaction mechanism
between molecules and light is the source of molecular ECD.
The molecular polarization will affect the molecular chirality by
affecting the TEDMs\TMDMSs. In this section, we explain the
formation mechanism of molecular chirality by visualizing
TEDMs\TMDMs. The intensity of ECD can be expressed as:

1o (pjlucloi (@)lum|ei) B (13)
where pu. is the transition electric dipole moment, and pu,, is the
transition magnetic dipole moment. ¢ is the orbital wave
function, 7 and j are the occupied orbital number. B is the
magnetic induction intensity. ECD is the asymmetric response
of a molecule to electromagnetic interactions. The ECD inten-
sity can be represented by the tensor product of TEDM and
TMDM. TEDM can be expressed as:

[P Gul-sho) + PGl
2

Dl = P:Lr;n<xu| - x|Xu> +
(14)

occ vir . .
1= . e . .
where PiI =375 Twy 7C,iCy; is the transition density matrix.
i
C,i and C,; are linear combination coefficients of molecular
orbitals. u is the sequence number of the basis function x,.

TMDM can be expressed as:

i)
Xu

X@ — ya
d d tran

i) 2 (x

2

M = P‘;’:"<xﬂ

4o d
dy Y ix

w)|

(15)

> [P:ff" <x#

nFEV

Next, the nature of the three structural chirality is understood
by analyzing the densities of TEDMs\TMDMs in different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 1&Se (a), 26Ss (b) and 3&Ss (c) are TEDMsS\TMDMs in different
directions. The green (orange) isosurfaces represents the positive
(negative) TEDM, and yellow (purple) isosurfaces represents the posi-
tive (negative) TMDM.

directions. As shown in Fig. 8 in structure 1, the rotor strengths
of S, and Ss are positive, and S is negative. The TEDM densities
of the three excited states decrease sequentially in the x, y, and z
directions (Fig. 8 and S3a and bt}). The TMDM density is rela-
tively average in the three directions. But the TMDM in the z
direction is obviously different from that in the x and y direc-
tions. The positive and negative regions of the TMDM in the z
direction have been completely separated. This shows that the
molecular polarization has a great influence on the TMDM of the
system. Among them, the TEDM\TMDM distributions of S, and
Se are similar, and the positive and negative TMDM densities in
the z-direction are different. This indicates that the chiral effects
of S, and S¢ are very similar in nature. In structure 2, S; and S,
rotor strengths are positive, and Ss is negative. The TEDM
densities of the three excited states also decrease sequentially in
the x, y, and z directions (Fig. 8 and S4a and bf). The
TEDM\TMDM densities of S; and S5 are mainly distributed on
[12]CPP, which also indicates that the chiral center of S; is on [12]
CPP. And S¢ also has a larger TEDM\TMDM density on [9]CPP,

RSC Adv, 2023, 13, 1055-11061 | 11059
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Table 1 The values of TEDMs\TMDMs and their eigenvalues of their tensor products
1&S, 1&Ss 1&Se 2&S; 2&Ss5 2&Se 3&S; 3&S, 3&S5
TEDM X —0.0022 6.8277 0.0008 —0.1822 —3.1647 —5.4205 0.0000 0.0000 0.0000
Y —0.0025 0.0007 —6.3978 —2.1148 3.9342 —2.9300 0.0000 —0.2927 —6.4194
zZ 1.9716 0.0008 0.0000 1.3329 0.7161 —0.0234 —0.3794 0.0000 0.0000
TMDM X 0.0011 —1.0448 0.0002 0.9179 0.3895 —0.1221 0.0003 0.0000 0.0000
Y —0.0065 —0.0048 —1.8996 —0.8864 1.4387 0.8092 0.0000 —7.2666 —0.2809
zZ —4.0603 —0.0027 —0.0086 —7.0465 3.5654 —0.4323 22.8003 0.0000 0.0000
Eigenvalue 8.0054 7.1342 —12.1536 7.6852 —6.9811 1.6991 8.6519 —2.1273 —1.8033

such as TEDM in the z direction. This indicates that the chirality
of Sg is jointly determined by [12]CPP and [9]CPP. In structure 3,
the rotor strength of S, is positive, and the rotor strengths of S,
and S; are negative. The TEDM density of the three excited states
decreases sequentially in the x, y, and z directions, while the
TMDM density increases sequentially in the x, y and z directions
(Fig. 8 and S5a and bf). But the regions of TEDM\TMDM density
of the three excited states are different, which also reflects
different chiral centers. In conclusion, molecular polarization
has a strong regulatory effect on TMDM, thereby regulating
molecular chirality. Finally, combined with TEDMs\TMDMs, the
chiral mechanism of the three structures was quantitatively
analyzed. The values of TEDM\TMDM of each excited state and
the eigenvalues of the tensor product are shown in the Table 1.
The results perfectly matched the intensity and orientation of the
ECD spectrum. This also shows that the chiral mechanism can
be confirmed by TEDM\TMDM analysis.

4 Conclusion

In this paper, three different structures of all-benzene catenane
and trefoil knot are introduced, and the mechanism of vdW
force-induced molecular electric polarization to modulate
molecular chiral optics is studied in detail. Firstly, the weak
interactions inter-and intra-fragment in the three systems were
decomposed by energy. The results show that the weak inter-
actions in the three structures are vdW interactions dominated
by dispersive interactions. The vdW potentials of the three
systems were visualized, and the binding sites of the systems
and the external environment through dispersive interactions
were identified. The degree of polarization of the first hyper-
polarizability beta tensor of the three systems was visualized by
unit sphere representation, and it was found that 1 and 3 with
an overall ¢ of zero have locally larger polarizabilities. In
essence, the x component of molecule 1 is relatively large and
the density is the highest. Therefore, the molecular chirality is
caused by the anisotropy of molecular TEDMs\TMDMs, and
these anisotropies are actually synchronized with the change of
VDW interaction. Finally, combining the TDM and the electron
hole density diagram, it can be seen that the excitation process
is localized excitation. The anisotropy of TEDMs\TMDMs is
consistent with the vdW force change, thus confirming that the
vdW interaction is the main reason for the induced chirality
inversion. Therefore, we can use specific modification methods
in the design of molecules to precisely generate vdW forces to

1060 | RSC Adv, 2023, 13, 1055-11061

control the chiral optical properties of materials. This work will
provide us with a strategy for the precise directional synthesis of
chiral materials, and provide necessary guidance for the devel-
opment and application of optoelectronic materials in special
fields.
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