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ABSTRACT

© Higher Education Press 2023

The first successful synthesis of fully fused and fully conjugated Mdbius

carbon nanobelts (CNBs) has attracted considerable attention. However,
theoretical calculations based on such n-conjugated Mobius CNB are still
insufficient. Herein, we theoretically investigated molecular spectroscopy
of M&bius CNBs without and with n-butoxy groups via visualization meth-
ods. The results show that the presence of n-butoxy groups can significantly
affect Mobius CNBs’ optical performance, changing electron-hole coher-
ence and enhancing two-photon absorption cross-sections. Our work
provides a deeper understanding of photophysical mechanisms of Mébius
CNBs in one- and two-photon absorption and reveals possible applications

on optoelectronic devices.

Keywords optical properties, Mobius carbon nanobelts, photon,
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1 Introduction

The recent successful synthesis of large Mobius carbon
nanobelts (CNBs) manifested as fully fused CNBs with
twist by Segawa’s group has attracted considerable
attention [1], which certainly will promote the development
of Mobius annular strips and bring great interest in
Mébius molecules [2]. Since the concept of Mébius strip
was born, its charm has been very touching and propagated
in various figurative or abstract disciplines. From the
physicochemical point of view, the presence of twists in
Mobius molecules can change the charge density distri-
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butions in frontier molecular orbitals, affecting electron-
spin interactions of different orbitals, thereby significantly
impacting on their electronic, optical, and magnetic
properties [3-6]. Moreover, topological characteristic in
Moébius CNBs due to the structural twist with multiple
conjugate rings further endows them with unique chiral
properties, making them not only excellent candidates
for fundamental researches on chirality, but also the
ideal for constructing novel chiral materials [7, 8]. So far,
a variety of Mobius molecules with fantastic topological
structures have been designed and synthesized [9-15].
Two important milestones were the first synthesis of non-
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Fig. 1 The atomic list of Mébius CNBs without and with
n-butoxy groups, where H atoms are not shown. (a) Mdobius
CNBs without n-butoxy groups, (b) Mo6bius CNBs with n-
butoxy groups.

conjugated molecular Mébius double-stranded strip by
Walba et al. [16] in 1982 and the synthesis and isolation
of the first n-conjugated Mobius ring by Herges et al. [4]
in 2003. The intriguing aspect of the recently synthesized
Mobius CNB by Segawa’s group is that the controllable
extension of CNB with irreducible inner and outer faces
to aromatic molecule with topological Mébius nanobelt,
the simplest example of a carbolic non-orientable surface
[1], which facilitates the theoretical calculations and
qualitative investigations of M&bius molecules’ physical
mechanisms.

Mobius CNBs with fully conjugated and rigid carbon
backbones have potential molecular optoelectronic appli-
cations [17, 18]. Organic molecules with conjugated
structures are more prone to polarization under light
irradiation, resulting in large carrier mobilities and
greater absorbance and photoluminescence [19, 20].
Their optical sensitivity, efficient light harvesting and
broad-spectrum absorption satisfy the applications of
optoelectronic devices, such as sensors and solar cells.
Furthermore, compared with one-photon absorption
(OPA), Mébius CNBs are capable of excellent nonlinear
performance due to large m-conjugated rings, such as
great  two-photon  absorption (TPA)  properties.
Although the outstanding photophysical properties of
Mébius CNBs have been demonstrated [1, 18], more
detailed physical mechanisms are not well understood,
such as the photoinduced delocalization characteristic in
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Fig. 2 IR absorption of M&bius CNBs without n-butoxy
groups.

OPA and TPA and the influence of modification of n-
butoxy groups on molecular photophysical performance.
Therefore, the molecular spectroscopy investigations of
Mébius CNBs are crucial.

In this paper, we theoretically investigated the mole-
cular spectroscopy of Moébius CNBs without and with n-
butoxy groups, and analyzed the electron-hole coherence
of optical excitation process in different conditions
through visualization methods. The results show that
Mébius CNBs without and with n-butoxy groups all
exhibit excellent optical properties, and the presence of
n-butoxy groups changes the optical properties of the
excited states and significantly enhances the TPA cross-
section. Our study provides a deeper understanding of
physical mechanisms of Mo6bius CNBs in one- and two-
photon absorption and reveals possible applications on
optoelectronic devices.

2 Methods

Structures of Mobius CNBs without and with n-butoxy
groups were optimized by density functional theory
(DFT) [21], B3LYP functional, and 6-31 G(d) basis set
[22, 23], without any symmetry assumptions, using
Gaussian 16 software [24]. Harmonic vibration frequency
calculation at the same level was performed to verify all
stationary points as local minima (with no imaginary
frequency), where the lowest frequency is 0.8733 cm !,
see IR spectroscopy in Fig. 2. Absorption spectroscopy
was calculated with time-dependent DFT (TDDFT) [25],
at the level of CAM-B3LYP functional [26], and 6-31
G(d) basis set. The visualization of transition density
matrix (TDM) and charge density difference (CDD) was
done with Multiwfn program [27, 28].

According to simplified sum-over-state (SOS)
approach, the TPA cross-section can be defined as [29]
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where the ¢ is the speed of light, T’y is the lifetime of the
final state, ag is Bohr radius, o is the fine structure
constant, w is the energy of the incident light, and g (w)
expresses the spectral line profile, which is assumed to
be a ¢ function. The transition probability &, in Eq. (1)
can be expressed as
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where |g) represents the ground state, |f) denotes final
state, and |m) stands for intermediate state; u is the elec-
trical dipole moment operators, E,, and E; are the
excited state and final state energy, and
Apgy = (flulf) = (glulg) is the difference between the
excited states’ permanent dipole moments and that of
the ground state; ¢ and ¢ are the angle between the
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3 Results and discussion

Figure 3 is the absorption spectra of Mdobius CNBs in
one- and two-photon absorption, respectively, where the
structures of Mébius CNBs are inserted in the figures.
Figures 3(a) and (b) are the one-photon absorption spectra
of Moébius CNBs without and with n-butoxy groups. It
is found that there is little of difference on the spectral
profiles influenced by n-butoxy groups. Their exciton
binding energies [30] are 1.20 and 1.18 eV, which reveals
that the side chain of Mobius CNBs can slightly
decrease the exciton binding energy. Generally, there is
an essential difference between OPA and TPA, since
TPA follows the nonlinear susceptibility relationship. It
can be seen from Fig. 3(c) that Sig state is the strongest
in TPA, while Syg is the strongest in OPA. According to
SOS expression, the magnitude of transition dipole
moment |(g|u|f)|* contributes a “two-state term” process
in TPA (green line), which is also the origin of the OPA
oscillator strength, and Sig in TPA originates from
[glulm)?[(mulf)> (bule line), which is a “three-state
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Fig. 3 One- and two-photon absorption spectra of Mébius CNBs with and without n-butoxy groups. (a, b) are one-photon
absorption spectra, and (c, d) are two-photon absorption spectra. 1 and 2 stand for three-state term and two-state term,

respectively.
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Fig. 4 CDD and TDM of Mé&bius CNBs without n-butoxy
groups in OPA. (a, b) CDDs for S¢ and Si9, where the green
and red stand for hole and electron, respectively;
(c, d) TDMs for Sg and Sig, respectively.

term” differentiated from the OPA. Besides, n-butoxy
groups can significantly influence the spectral profiles in
two-photon absorption, where TPA cross-section can be
increased more than 10 times, see Figs. 3(c) and (d),
because of different transition mechanism in TPA, which
will be discussed later.

Figure 4 reveals the electron-hole distribution and
electron-hole coherence [31] on two important electronic
transitions (Sg and Sig) in OPA in Mobius CNBs without
n-butoxy groups, where atomic list can be seen from Fig.
1. CDD demonstrates that electron—holes are distributed
within twist moiety and non-twist moiety in Mobius
CNBs for Sg in OPA, see Fig. 4(a); while for Sy,
electron—holes are equally distributed within twist
moiety and non-twist moiety of Mobius CNBs, see Fig.
4(b). TDM can further reveal the electrons separated
from and holes can where to go. It is found that there
are two nods in electron—hole distribution, which separate
twist moiety and non-twist moiety in Mdbius CNBs for
S¢ in Fig. 4(c); while for Sq9, electron—hole is equally
distributed in twist moiety and non-twist moiety in
Mobius CNBs, in which electron—hole coherence within 9
units equally is separated by 9 nods in Fig. 4(d). Thus,
by CDD and TDM, optical physics of Mobius CNBs can
be well understood.

For the Mobius CNBs with n-butoxy groups, Fig. 5
demonstrates that there are similar optical properties for
the first absorption peak of Sg electronic transition;
while for the second strong peak at Sy, optical properties
are similar with that of Sg electronic transition, which
reveals that the strain can still influence optical properties
of this excited state. Thus, n-butoxy groups can convert
of optical properties of Mobius CNBs. For two-photon
absorption, the addition of n-butoxy groups can result in
obvious effects on the nonlinear absorption properties
and delocalization of excitation process. In TPA spectra,
the first term “1” is two-step transitions via intermediate
states in TPA, which is the main contribution for the
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Fig. 5 CDD and TDM of Mébius CNBs with n-butoxy
groups in OPA. (a, b) CDDs for Sg and Sy, where the green
and red stand for hole and electron, respectively;
(c, d) TDMs for Sg and Sy, respectively.

transitions of Mobius CNBs without n-butoxy groups,
see Fig. 3(c), and charge transfer distribution and
electron—hole coherence in the first and second step
transitions and each channel can be seen from Fig. 6(a).
The second term “2” via direct transition from ground
state to final state in TPA is the most important contri-
bution for transitions of Mébius CNBs with n-butoxy
groups, because of large difference between permanent
dipole moments at ground and excited states, see Fig.
3(d); Moreover, first term “1” via two-step transitions is
also contributed part of cross sections. So, the n-butoxy
groups can significantly change the difference
Apgy = (flulf) — (glulg)  between — permanent  dipole
moments at ground and excited states, and increase of
the TPA cross-section. The charge transfer distribution
and electron—hole coherence in the one-step direct tran-
sitions for Sg and Si7 can be seen from Figs. 6(b) and
(c).

Figure 7 demonstrates the Raman spectra of Mobius
CNB and its twist and non-twist moieties. It can be
found that the Raman spectra cannot identify the
chirality of Mobius CNBs, even Mobius CNBs is divided
into two separated parts of twist and non-twist moieties,
respectively.

4 Conclusion

Molecular spectroscopy investigations of Mobius carbon
nanobelts without and with n-butoxy groups reveal that
Moébius CNBs are promising as emerging optoelectronic
devices due to their efficient light harvesting and large
TPA cross-sections. Electron—hole coherence analysis
shows that compared with fully conjugated structures,
Mébius CNBs with n-butoxy exhibit larger TPA cross-
sections, and they are speculated to have better fluorescence
efficiencies. In addition, Mobius CNBs are regarded as
excellent chiral molecules, and more applications are still
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Fig. 6 Electronic transitions of Mébius CNBs without and with n-butoxy groups in TPA. (a) Electronic transitions of
Mobius CNBs without n-butoxy groups, and (b, ¢) with n-butoxy groups.
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being explored. In the future, Mobius CNBs may be
used to study the catalysis application in 2D graphynes-
based materials [32], and hydrogen evolution performance
[33]. Also, Mobius CNBs may be coupled to transition
metal dichalcogenides heterostructures or other 2D
materials to provide optoelectrical properties [34-38].
Our work provides a deeper understanding of photophysical
mechanisms of Mdébius CNBs in one- and two-photon
absorption and reveals possible applications on optoelec-
tronic devices.
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