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Abstract

In this study, the spectroscopic and aromaticity properties of newly synthesized methylene bridged
[6], [8] and [10] rings of p-styrene (MCPP) were investigated. The photophysical properties of MCPP
with n=6, 8 and 10 are calculated and analyzed by time-varying density functional theory (TD-DFT).
The main characteristics of Raman spectra are revealed by vibration analysis. The results show that
the contribution of m orbital to electron excitation is the main cause of antiaromaticity. By means of
induced current density anisotropy (AICD), isochemical shield surface (ICSS) and magnetic
induction galvanometer (GIMIC), the responses of these molecules to external magnetic fields,
especially the ring current induction and magnetic shield effects, were investigated. The results show
that these MCPP systems exhibit anti-aromaticity, which is mainly driven by the delocalization of
strong 7 electrons. This study deepens the understanding of the structure and electronic properties
of MCPP, and provides a reference for practical application in material design in the future.

Keywords: OPA; TPA; raman; nonlinear optical properties; antiaromaticity; electron delocalization

1. Introduction

In recent years, with the rapid development of nanotechnology and organic chemistry[1-3],
cyclic molecular materials have become the frontier research field of materials science because of their
unique electronic structure and optical properties[4-6]. Carbon nanomaterials, such as fullerenes,
graphene, carbon nanotubes, etc., have shown significant application potential in electronic devices,
energy storage, and sensing technologies[7-9]. In 2017, Segawa et al. from Nagoya University in Japan
achieved the first organic synthesis of carbon nanoribbons from a simple precursor (para-xylene)
through an iterative Wittig reaction and an aryl-aryl coupling reaction catalyzed by nickel [10]. In
2022, Segawa et al. designed a macrocyclic precursor with an odd number of repeating units, and
determined a feasible synthesis route through Z-selective Wittig reaction and nickel-mediated
intramolecular homologous coupling reaction. The first Mobius ring (MCNB) was synthesized in 14
steps [11]. In 2023, Kono et al successfully synthesized [8]MCPP and [10]MCPP using readily
available ethoxy-substituted column [8] aromatics and column [10] aromatics as precursors through
a three-step reaction of deethylation, trifluoromethanesulfonylation and nickel-mediated aryl - aryl
coupling[12]. In 2024, Lei S et al prepared 3 2, 9-dibromine derivatives CoTCNR1-3 containing carbon
nanocorrings by using an efficient one-pot Yamamoto coupling method catalyzed by nickel [13]. In
the same year, Cong H et al jointly developed a new method for the synthesis of macrocyclic
molecules of whole benzene based on post-functionalization of MCPPs [14]. Albrech et al. realized
the precise synthesis of odd-ring carbon molecule C13 on a specific surface through advanced
scanning probe microscopy [15]. Jasti et al. has developed a multifunctional active template method
and successfully synthesized a series of mechanically interlocked catenanes and rotaxane-type carbon
nanostructures, which are entirely composed of m-conjugated units. [16]. At the same time, cyclic
para-phenylene (MCPP), as a unique carbon nanostructure, has gradually become a new research
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hotspot in materials science and chemistry due to its unique photophysical properties, anti-
aromaticity and m-electron delocalization[17-19]. The exploration of such molecular structures not
only helps to reveal the basic physical and chemical properties of new materials, but also provides
new ideas for the development of advanced optoelectronic devices, molecular electronics and
nanotechnology in the future.

From early diamond, to graphite in the Middle Ages, to fullerenes discovered in the last 20 years,
emerging carbon materials such as carbon nanotubes, graphene and graphylene have also had an
important impact on human life. For example, graphene, known as "black gold", "the king of new
materials”, and even known as "black technology that completely changed the 21st century". Since its
discovery in 2004, the research achievements over more than ten years have shown that graphene has
extraordinary application potential in fields such as flexible display, new energy Dbatteries,
supercapacitors, electronic information technology, aerospace technology, biomedicine, and daily
life[20,21]. For the cyclic carbon structures formed by carbon atoms connected through alternating
single bonds and triple bonds, since they possess the properties of semiconductors, this implies that
similar linear carbon structures may be able to become molecular-level electronic components,
including useful elements such as transistors.

This research aims to systematically investigate the electronic structures, photophysical
properties and responses to external magnetic fields of MCPP molecules with different sizes through
a series of precise computational chemistry methods and spectroscopic analysis techniques.
Specifically, we utilize technical means such as the anisotropic induced current density (AICD),
isochemical shielding surfaces (ICSS) and gauge-including magnetically induced currents (GIMIC)
to conduct an in-depth analysis of the antiaromaticity characteristics of MCPP molecules, and
quantify their spectral characteristics through time-dependent density functional theory (TD-DFT)
calculations. The research results will not only contribute to a further understanding of the intrinsic
physical mechanisms of MCPP molecules, but also provide a theoretical basis for future application
explorations in the fields of optoelectronic materials and molecular electronics. In this research,
several already synthesized derivatives were selected, and their unique size dependence in terms of
the highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap
and the maximum single-photon wavelength was investigated.
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2. Materials and Methods

In this study, the Gaussian 16 (A.03) program [22] was employed to perform optimizations and
frequency calculations on [6] MCPP, [8] MCPP and [10] MCPP based on density functional theory
(DFT) and time-dependent density functional theory (TD-DFT) at the b3lyp/6-31g (d, p) theoretical
level with the addition of D3 dispersion correction, and stable structures without imaginary
frequencies were obtained. The wave function of the structure was analyzed using the Multiwfn 3.8
(dev) program [23]. In combination with the VMD software [24], isochemical shielding surfaces
(ICSSzz) [25] and other surface maps were plotted. The anisotropic induced current density (AICD)
was analyzed through the AICD program [26], and images were rendered and generated by the POV-
Ray program [27]. Based on the data files optimized by the Gaussian program, the gauge-including
magnetically induced currents (GIMIC) program was utilized to complete the GIMIC analysis, and
the ParaView visualization program [28] was used to plot images. Based on the vibration analysis,
the Raman spectrum was plotted. Based on the cam-b3lyp/6-311g (d) method, the optimized
structures were excited, and the ultraviolet-visible spectrum, the transition density matrix (TDM)
spectrum as well as the electron-hole density map were plotted. The orbital isosurface maps and hole-
electron density maps of the structure were plotted by using the VMD software. All the calculations
in this work were carried out under the condition of toluene solution.

3. Results
3.1. Molecular Structure

The three structural names described in this paper are methylene-bridged [6]
cycloparaphenylene, methylene-bridged [8] cycloparaphenylene and methylene-bridged [10]

cycloparaphenylene respectively. The basic configurations are shown in Figure 1. The molecular
structures of such nanoribbons present a perfect circular shape, and the diameters of the circles are

7.758 A, 10.451 A and 13.127 A respectively.
)
2 o Wy
&>

[6]MCPP [8]MCPP [10]MCPP

Figure 1. Structures of Methylene-Bridged [6]-, [8]-, and [10]Cycloparaphenylenes.
3.2. UV-Vis Spectra and Excited State Analysis

In this work, electronic excitation calculations were performed based on the optimized
structural coordinates, and the ultraviolet-visible absorption spectra of [6] MCPP, [8] MCPP and
[10] MCPP were obtained, along with the transition density matrix (TDM) and the charge density
difference (CDD) maps of each excited state. The light absorption characteristics of these three
structures were analyzed. Figure 2 (a) shows the ultraviolet-visible spectrum of [6] MCPP. In the
wavelength range from 300 nm to 400 nm, there is an obvious absorption peak, which is mainly
contributed by S3 and is a strong peak at 337.95 nm. Figure 2 (b) shows the ultraviolet-visible
spectrum of [8] MCPP. There is a strong peak mainly contributed by S2 at 359.57 nm. Figure 2 (c)
shows the ultraviolet-visible spectrum of [I0]MCPP. There is a strong peak mainly contributed by
52 at 381.31 nm. Figure 2 (d) is the superimposed diagram of the three absorption spectra, which
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shows that as the molecular size increases, the wavelength corresponding to the absorption peak
exhibits a red shift in the absorption spectrum, and the absorption rate also increases accordingly.
This indicates that the absorption spectrum has an obvious size dependence..
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Figure 2. (a-c) The ultraviolet-visible spectra of [6] MCPP, [8] MCPP and [10] MCPP (the ordinate represents
the molar absorption coefficient); (d) The combined diagram of the ultraviolet-visible spectra of the three

nanorings.

Figure 3 (a-c) shows the transition density matrix (TDM) maps and charge density difference
(CDD) maps of [6] MCPP in the S3 excited state, [8] MCPP in the S2 excited state and [10] MCPP in
the S2 excited state. It can be seen from the TDM maps that the transition densities of the three
structures all exist at the diagonal positions, demonstrating relatively strong local excitation
characteristics. It can be known from the charge density difference (CDD) maps that there are
obvious hole densities and electron densities at the benzene rings of the three structures, and the
excitation mode is the transition of the pi orbitals at the benzene rings
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Figure 3. (a-c) The ultraviolet-visible spectra of [6] MCPP, [8] MCPP and [10] MCPP (the ordinate represents
the molar absorption coefficient), the transition density matrix (TDM) maps, and the hole-electron density

maps (electrons are represented by blue and holes are represented by red).

As can be seen from Figure 2, as the molecular size increases, the wavelength corresponding to
the absorption peak shows a red - shift in the absorption spectrum. This is because the excitation
energy of the molecule becomes smaller, thus absorbing in the direction of longer wavelengths. It can
be known from Figure 3 that the highest occupied molecular orbitals (HOMO) of the three structures
are all distributed on both sides of the plane where the benzene rings are located. The lowest
unoccupied molecular orbitals (LUMO) are distributed near the five-membered rings. For the peak
at 338 nm of [6] MCPP, it is mainly contributed by the orbitals from 138 to 141. For the peak at 360
nm of [8]MCPP, it is mainly contributed by the 184—186 and 183—185 orbitals. For the peak at 381
nm of [10]MCPP, it is mainly contributed by the 230—232 and 228—231 orbitals. It can be seen from
Figure 4 that as the size of the molecular ring of [n]MCPPs increases, the occupied orbitals rise and
the unoccupied orbitals decline. This results in the reduction of the energy required for electrons to
transition from occupied orbitals to unoccupied orbitals. The transition energies of HOMO — LUMO
+1/LUMO + 2 and HOMO-1/HOMO-2 / HOMO-3 — LUMO decrease, making electron transitions
occur more easily. This leads to the color shift of the wavelength corresponding to the maximum
absorption peak.

0- . — —LUMO+3
— — ——LUMO+2
1 ___ —| UMO+1
] 4 —LUMO
20— SEINY ——HOMO
L —HOMO-1
B 37 0 HOMO-2

=—=HOMO-3

E(ev)

6[MCPP] 8[MCPP]  10[MCPP]

Figure 4. The energy of the [n]MCPPs orbitals and the isosurface maps of the HOMO and LUMO molecular
orbitals (the positive phase of the HOMO orbital is represented by red and the negative phase is represented
by blue).

Figure 5 (a) indicates that [6] MCPP has a relatively high two-photon absorption efficiency at
the wavelength of 512.72 nm, and there are multiple excited states with similar energies at 467.43
nm, which result in this peak. In Figure 5 (b), the maximum absorption peak of [§]MCPP appears at
558.77 nm, which is caused by S11. It also indicates that []MCPP has a relatively high two-photon
absorption efficiency at this frequency. Moreover, due to the presence of a large number of closely
connected excited states near 491.34 nm, the absorption band here is relatively wide. In Figure 5 (c),
the relatively high two-photon absorption (TPA) cross-section of [10] MCPP corresponds to the
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wavelength of 592.68 nm, which is caused by S13. There is a peak caused by S20 at 527.08 nm.
Figure 5 (b) shows the combined diagram of the two-photon absorption (TPA) spectra, and its
absorption wavelengths are mainly in the range of 400 - 600 nm. In summary, as the number of
benzene rings in the n[MCPP] structure increases, the absorption peaks all experience a red - shift.
This indicates that the excitation energy required for the transition becomes smaller. This is closely
related to the change in orbital energy.
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Figure 5. (a-c) The two-photon absorption (TPA) spectra of the [6] MCPP, [8] MCPP and [10] MCPP nanorings,
and (d) the TPA spectra of the three nanorings.

Two-photon absorption is a typical third-order nonlinear optical effect and has numerous
applications in photopolymerization, fluorescence imaging, and the study of molecular reaction
cross-sections. In this paragraph, the charge density difference (CDD) and transition density matrix
(TDM) are utilized to qualitatively analyze the electron transition characteristics of each excited state.
It can be seen from the two - photon absorption (TPA) spectrum in Figure 5 (a) that the relatively
strong two - photon absorption cross - sections of [6(]MCPP are in the S15 and S25 excited states, and
the intermediate state of these two excited states is S4. By observing the S0-54 transition density
matrix maps in Figure 6 (a), it can be seen that the transition density is mainly concentrated in the
diagonal region. The electron-hole density maps reveal that the excitation process has local excitation
characteristics because electrons are mainly located on both sides of the benzene rings in the
structure. It can be seen that for the 54 - 515 transition, the transition density matrix shown in Figure
6 (c) indicates that the transition density is not only distributed along the diagonal but also in the
corners. Meanwhile, in the electron - hole pair density map, the electron distribution is shifted to the
two sides of the five - membered ring. The TDM and CDD maps of 525 also have similar changes.

Similarly, the two-photon absorption cross-sections of [S]MCPP are also quite strong in the S11
and 526 excited states, and their intermediate states are all S3. The TDM map of S0 - S3 for the S11
excited state in Figure 6 (e) shows that the transition density is mainly distributed along the diagonal,
while there is almost no distribution in the upper left and lower right corners of the figure, indicating
a localized excitation. The charge density difference (CDD) map shows that electrons are distributed
on both sides of the five-membered ring while holes are distributed near the carbon atoms. The TDM
map of S3 - S11 in Figure 6 (g) also reveals that the transition density is mainly distributed along the
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diagonal and the range is even smaller. The CDD map shows that electrons are not only transferred
to the vicinity of carbon atoms but also the isosurface becomes smaller. The image of SO - S3 for the
526 excited state is the same as that of S11. The TDM map of S3 - 526 shows that the electron
distribution is quite extensive. The electron transfer situation in the CDD map is similar to that of S3
- S11. [10]MCPP has relatively strong two-photon absorption cross-sections in the 513 and S20 excited
states, and their intermediate states are all S3. The TDM maps of SO - S3 for these two excited states
in Figure 6 (i) show that the transition density is mainly distributed along the diagonal, indicating a
localized excitation. The CDD map shows that electrons are distributed on both sides of the five-
membered ring while holes are distributed near the carbon atoms. The TDM maps of S3 - S13 and S3
- 520 in Figure 6 (k) show that the transition density is mainly distributed along the diagonal. The
CDD maps show that electrons and holes are distributed on both sides of the ring structure and the
isosurfaces become smaller.
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Figure 6. (a-1) The two-step transition processes of [6]MCPP, [S]MCPP, and [10]MCPP, including the transition
density matrix (TDM) and electron-hole pair density from the ground state to the intermediate state and from

the intermediate state to the final state.
3.3. Raman Spectral Analysis

In the Raman spectra of Figure 7 (a - ¢) studied in this section, the wavelengths of the incident
light sources for [6(]MCPP, [8]MCPP, and [10]MCPP were set at no light source and 532 nm
respectively. Two relatively strong Raman peaks of the three structures under the two incident light
sources were studied respectively. In the Raman spectrum of [6]MCPP, the two characteristic peaks
under static conditions and with a 532 nm light source are located at 1268.63 cm™ and 1559.51 cm™!
respectively. For [S]MCPP, the two characteristic peaks under static conditions and with a 532 nm
light source are located at 1282.57 cm™ and 1568.70 cm™ respectively. For [10]MCPP, the two
characteristic peaks under static conditions and with a 532 nm light source are located at 1300.67
cm™ and 1586.53 cm™ respectively. It can be found from Figure 7 that the Raman intensity
generated by the nanorings under static conditions is ten times smaller than that under the 532 nm
light source. The first Raman peaks of the three structures under static conditions and with a 532
nm light source are located at 1268.63 cm™, 1282.57 cm™, and 1300.67 cm™ respectively, and their
vibration modes are all the stretching vibration of the C - C bond in the benzene ring. The second
Raman peaks of the three structures under static conditions and with a 532 nm light source are
located at 1559.51 cm™, 1568.70 cm™ and 1586.53 cm™ respectively, and their vibration modes are all
the torsional vibration of the C - C bond.
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Figure 7. (a-c) The Raman spectra of [6]MCPP, [S]MCPP and [10]MCPP nanorings.
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Figure 8. (a-c) The vibrational states of carbon nanorings in the Raman spectra of [6)]MCPP, [§]MCPP and
[10]MCPP nanorings.

3.4. Response to External Magnetic Field: Anisotropy of Induced Current Density (AICD), Iso-Chemical
Shielding Surface (ICSS), and Gauge-Including Magnetically Induced Current (GIMIC)

The AICD (Anisotropy of the Induced Current Density) function serves as a convenient method
for studying the anisotropy and aromaticity of molecules. Usually, the AICD is used to plot the
surface current density and to distinguish between aromatic compounds and anti-aromatic
compounds [29]. Antiaromatic compounds exhibit properties opposite to those of aromatic
compounds, being highly unstable and highly reactive. [30] As shown in the AICD schematic
diagram in Figure 9 (a), when an external magnetic field perpendicular to the plane of the ring and
pointing outward is applied to [6]MCPP, a counterclockwise ring current is formed within the ring
in the 7t system. The direction of the current is opposite to that predicted by the left-hand rule. The nt
electrons are not delocalized as a whole but exhibit delocalization in local spaces. Near the C - C
bonds of the benzene ring, the induced current density vectors generate local ring currents. It reflects
that [6]MCPP has local anti-aromaticity. Figure 9 (b) shows the AICD schematic diagram of [S]MCPP.
The current is concentrated in the benzene ring structures of the molecule. Compared with [6(]MCPP,
it has stronger localization and the motion trajectories of electrons are closer to the C - C bonds on
the benzene ring. Figure 9 (c) shows the AICD schematic diagram of [10]MCPP. The induced current
density vectors also generate local ring currents that closely surround the ten benzene rings. The
formation of counterclockwise ring currents within the rings reflects the same anti-aromaticity as that
of [6]MCPP and [8]MCPP. As the size of the nanoring increases, the overall anti-aromaticity gradually
weakens.
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Figure 9. Response characteristics of [6)]MCPP, [8]MCPP, and [10]MCPP to an external magnetic field: (a - f)
AICD (Anisotropy of the Induced Current Density) maps composed of mt-all electrons (isosurface value of 0.05
a.u., with the magnetic field perpendicular to the paper plane and pointing outward). (g - i) Toroidal GIMIC
(Generalized Induced Magnetic Current) maps (the external magnetic field is perpendicular to the plane of the
ring and points outward, arrows indicate the direction of the induced current, and the color bar scale is

represented in a.u.)

The GIMIC provides an alternative complementary method for aromaticity to the AICD method.
In the GIMIC maps of Figure 9 (g-i), the whiter the region is, the greater the current will be. As shown
in Figure 9 (g), white rings are formed at the carbon rings, indicating that the ring current in this ring
area is relatively large. Obvious counterclockwise currents are observed inside the carbon skeleton
ring, and obvious clockwise currents are observed outside the carbon skeleton ring, which proves
that [6]MCPP has anti-aromaticity. Figure 9 (h) shows the GIMIC map of [§]MCPP. The proportion
of the white parts at the carbon rings is significantly smaller compared with that of [6]MCPP,
indicating that its aromaticity has relatively weakened. At the C - C bond parts where benzene rings
are connected to each other, the flow direction of the current is significantly different from that at the
benzene rings. However, obvious counterclockwise currents within the nanoring and clockwise
currents outside the nanoring can still be seen. Figure 9 (i) shows the GIMIC map of [10]MCPP. The
scarcity of the white parts in the figure indicates its weaker aromaticity. The counterclockwise current
within the structure is relatively weak, and the currents all surround the benzene rings in the
structure without obvious integrity.
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Figure 9. Response characteristics of [6]MCPP, [8]MCPP and [10]MCPP to an external magnetic field: (a - c)
ICSSZZ (Region color code: shielding, red; deshielding, blue) on the equivalent surface of the slice plane
parallel to the ring (isovalue: 0.8); (d - f) Two-dimensional cross-sections of [6(]MCPP, [S]MCPP and [10[MCPP

(the unit of the color bar scale is Bohr)

In this section, the method of the Isochemical Shielding Surface (ICSS) [31] was utilized to study
the degrees of magnetic shielding and deshielding effects of delocalized electrons in different
regions[32]. If the external magnetic field is shielded/deshielded at a certain point, the ICSSZZ will
be locally positive/negative. In Figure 10(a), in the direction perpendicular to the plane of the
[6]MCPP ring, its shielding region is not prominent, indicating that the magnetic deshielding in the
internal region of [6]MCPP is relatively strong. This is because [6]MCPP has anti-aromaticity. Even
in the region where benzene rings are concentrated, the external magnetic field is significantly
shielded and thus surrounded by the red isosurface. The reason is that the electrons in the 7t bonds
of the benzene rings form local induced circulations in the C - C bond regions, and the external
magnetic field in the C - C bond regions is also shielded to a large extent. It can be seen from Figure
10 (d - f) that at 1 A above the molecular plane of the [(]MCPP ring, the magnetic shielding value in
the direction of the YZ plane is relatively high, and there is a strong contrast between the magnetic
shielding effect inside the ring and that outside the ring. In Figure 10(b), the blue deshielding region
of [8]JMCPP in the vertical direction of the ring plane becomes smaller compared with that of
[6]MCPP, and the isosurface of deshielding in the ring plane expands. This indicates that compared
with [6]MCPP, the magnetic shielding in the internal region of [8]MCPP is weaker and it has lower
anti-aromaticity. Judging from the cross-section of ICSS in the YZ direction, the magnetic shielding
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value is weaker and the difference from that outside the ring is smaller. In Figure 10 (c), there is an
obvious continuous deshielding region outside the [10]MCPP ring, and the deshielding region inside
the ring is very flat, indicating that its anti-aromaticity is relatively weak, the mobility of m electrons
is low and they are concentrated on individual benzene rings.

4, Discussion

This paper has studied various physical mechanisms of [n]MCPP. [6]MCPP, [8§]MCPP and
[10]MCPP each have three relatively high absorption peaks, among which the strongest peaks are
located at 338 nm, 360 nm and 381 nm respectively, and are mainly contributed by the S3 and S2
excited states. The transition density matrices show that the densities of these excited states are
concentrated along the diagonal regions, reflecting their local excitation characteristics. The
distribution of electrons and holes on the nanoring in the charge difference density map further
indicates its tendency towards local excitation. The Raman spectrum shows that under the light
source of 532 nm, the Raman intensity is ten times greater than that under the condition without a
light source. The aromaticity calculation spectra illustrate that [n]JMCPP is an anti-aromatic
substance, so its structural stability is relatively poor. Electronic structure analysis shows that the
orbital system of [nN]MCPP consists of electrons on the benzene rings in the structure. The benzene
rings of [nN]MCPP have stronger m - 7 interactions. By analyzing the ring currents under the action of
an external magnetic field through AICD (Anisotropic Induced Current Density), ICSSZZ
(Isochemical Shielding Surface along the Z-axis) and GIMIC (Gauge-Independent Molecular Orbital
Currents), it was found that the ring currents flowed in opposite directions inside and outside the
ring, which proved that [nN]MCPP has anti-aromaticity. The special photophysical properties of cyclic
carbons can be applied in fields such as high-performance organic semiconductors and energy
storage materials. The detailed analysis of cyclic carbons in this work is helpful for its practical
applications and can guide the research on other carbon-rich anti-aromatic molecules.
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