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Abstract

With growing interest in carbon-based materials for energy storage and active
research in the field of advanced optoelectronic devices, we theoretically designed ten
complexes by cyclo[18]carbon (Cig) inside and outside complexing alkali-metal ions
(M* = Li*, Na*, K*, Rb*, and Cs*), respectively referred to as M*@Cis" and
M*@C1s®", and performed careful analyses of binding interaction between M* and
Cis as well as optical properties of stable endohedral complexes M*@Cis". The
effects of atomic number of alkali-metals on electronic structures, binding interactions,
electronic absorption spectra, and molecular (hyper)polarizabilities of the M*@Cas™
were studied using accurate density functional theory (DFT) calculations. The
research results indicated that the differences in radius and properties of M* lead to
different binding modes and strengths with Cig, but there is no difference in electronic

absorption spectra between the complexes; the polarizability and second
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hyperpolarizability of M*@Cas™ containing different alkali-metal ions are similar due
to their analogous electronic structures, but their first hyperpolarizability differ greatly
due to discrepancies in molecular symmetry. The similarities and differences in
intramolecular interactions, electronic absorption spectra, and (hyper)polarizability of

M*@Cas™ were explored using advanced wavefunction analysis methods.
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1. Introduction

Lithium ion (Li") batteries (LIBs) play a vital role in various electronic devices in
today's society,! but the limited and uneven distribution of lithium resources makes
them difficult to meet the needs of large-scale applications. For this reason, batteries
based on earth-abundant alkali-metals, also known as "post LIBs", have been
proposed as alternatives,?’ and the discovery of anode materials suitable for various
alkali-metal ion batteries (AMIBs) has become an important topic in scientific
community. Carbonaceous electrode materials, including pure/doped/hybrid forms of
carbon nanomaterials with sp?-hybridization such as fullerenes, graphene, and carbon
nanotubes, are attracting significant attention as promising anode candidates for
AMIBs. The recent report by Kothandam et al. reviewed latest overview of these
advanced carbon-based structures in energy storage and conversion.®

Cyclocarbon is a new carbon allotrope, composed of carbon atoms holding hands.
Earlier intermittent research on such carbon molecules provided only evidence of
their existence in the gas phase.>*? In 2019, the successful generation and clear
imaging of cyclo[18]carbon (Cig) in condensed phase quickly sparked a research
boom on cyclocarbons.®® Subsequently, in the past four years, due to its attractive
aesthetic structure and potential application prospects, a large number of property
predictions and synthesis attempts for Cig and its analogues were emerged.***
Thereinto, our group has conducted extensive and in-depth theoretical research on Cis
ring and related systems, and achieved significant results.?**4 Very recently, three
smaller carbon rings, i.e., cyclo[16]carbon (Cis),*® cyclo[14]carbon (Cis),*" and
cyclo[10]carbon (C10),*” have also been prepared and characterized in the condensed
phase, which is bound to trigger another wave of research enthusiasm for
cyclocarbons.

Although scientific research has achieved dazzling achievements in both the
storage of alkali-metal ions (M = Li*, Na*, K*, Rb", and Cs") and the preparation of
cyclocarbon molecules, the use of cyclocarbons for energy storage has not been
reported. The exploration of the properties of materials formed by M* doped

cyclocarbons is therefore also blank.
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Toward a deep understanding of the performances of bulk materials, the first step
should be to study the structure and properties of their constituent molecules. Based
on the analyses of the above research status, here we designed ten complexes
M*@C1s of M* endohedral and exohedral Cis, respectively denoted by M*@C1s™ and
M*@C1s®, and conducted in-depth studies of interaction of M* with C1s as well as
optical properties of stable endohedral configurations. The purpose of this work is to
investigate theoretically the utility of cyclocarbons for alkali-metal ion storage and the

possibility of the formed complexes as optoelectronic functional materials.

2. Computational details

Geometry optimizations of the M*@Cis were performed by density functional
theory (DFT) using @B97XD exchange-correlation functional®® in conjunction with
ma-TZVP basis set.*>*° Vibrational frequency analyses were subsequently conducted
on the optimized geometries to determine that they are stable structures on the
potential energy surface (PES).

Gibbs free energies G(X) of the M*@C1s were evaluated by summing up the fairly
accurate single point energies E(X) of @B97X-V®Y/def2-QZVPP% level in
combination with Counterpoise correction and the thermal corrections to free energy
obtained via frequency analysis. Natural population analyses (NPA) and Wiberg bond
order (calculated based on natural atomic orbitals) of the M*@Cis™ were calculated
based on wB97XD/ma-TZVP wavefunctions. Electron excitations were investigated
by means of the time-dependent DFT (TD-DFT) method at ®B97XD/ma-TZVP level
at optimized ground-state geometries. Charge-transfer spectra (CTS)% were plotted
based on the TD-DFT results. The @B97XD functional combining with very large
d-aug-cc-pVTZ(-PP) basis sets>*>* within the framework of DFT were employed for
calculating optical nonlinearity and (hyper)polarizability density of the M*@C1s™.

All gquantum chemistry calculations were carried out by Gaussian 16 (A.03)
program package,* except for high-level single-point energy calculations performed
using ORCA 4.2.1.% High order symmetry-adapted perturbation theory (SAPT)

analysis by SAPT2+(3)6MP2 method in conjunction with def2-TZVP basis set for
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gaining deeper insight into the interaction energy was accomplished in PSI4 1.3.2
code.>” The analyses of electronic wavefunction and the presentation of CTS were
finished by Multiwfn 3.8(dev) code.® The isosurface maps of molecular orbitals
(MOs), hole and electron, and (hyper)polarizability density, as well as the unit sphere
representation of (hyper)polarizability were all rendered by using Visual Molecular

Dynamics (VMD) software>® based on the related files exported by Multiwfn.

3. Results and Discussion
3.1 Geometric Structure, Energy, and Electronic Structure of M*@Cis"

The optimized geometries of complexes M*@C1s™ and M*@C1s®"* are displayed in
Figure 1, and the Cartesian coordinates of them are listed in Tables S1 and S2,
respectively. As seen from the relative free energy (AG) and equilibrium constant
(K'Mouty at standard ambient condition in Table 1, the endohedral complexes M*@C1s"
are significantly lower in energy compared to their respective exohedral counterparts,
and the relative energies of two configurations increase with the atomic number of the
alkali-metal, indicating that M™ are more inclined to adsorb inside the Cig ring, and
the higher the atomic number, the more pronounced this trend becomes. Based on this,
our subsequent discussions in this paper will focus on M* endohedral Cig, that is,

M*@C1s™", only.
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Figure 1. Optimized structures of complexes (a) M*@C1s" and (b) M*@C1s®". The

labelled distances are in A.

Table 1 Absolute free energy (G™ and G, in a.u.), relative free energy (AG, in kcal
mol™?), and equilibrium constant (K™ of complexes M*@Cis" and M*@C1®"* at

standard ambient condition

Gin Gout AG2  Kioutb
Li'@Cis -692.60559 -692.60347 1.3 9.4
Na'@Cis -847.37016 -847.36763 1.6 145
K'@Cis -1284.99095 -1284.98457 4.0 866.2
Rb*@Cis -709.23405 -709.22630 4.9 3698.6
Cs'@Cis -705.29734 -705.28929 5.1 5069.4

2 The difference between G" and G, AG = Gt - GI",

A nin out _~in
b Kln/out — :e(G G'"")/RT
nOLII

The distances between M™ and the geometric center of Cig ring (do), as well as the
distances between M* and the nearest and farthest C atoms of Cig (di and d,
respectively) are shown in Table 2. Combining Figure 1 as well as Tables S1 and 2, it
can be seen that for complexes M*@C1s" with M* = Li*, Na*, K*, and Rb*, the metal
ions are located on the plane of the C1g and gradually approach the geometric center
of the ring as the atomic number increases, however, Cs* ion, due to the steric
hindrance caused by the larger ionic radius, is 0.673 A vertically offset from
geometric center of the Cis. No matter which metal ion is complexed with, the
deformation of the C1g ring does not appear obvious, showcasing a degree of rigidity

in its structure.

Table 2 Distances between M* from the geometric center of Cig (do, in A), distances
between M* and the nearest and farthest C atoms of Cis (d1 and dz, in A), point group

(PG), NPA charge of M [g(M"), in €], and the max Wiberg bond order of M*.--C
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[BO(M*---C)™] in M*@C1s™
do dx d» A2 PG 9(MY) BO(M'...C)"™
Li*f@Cis" 1.647 2.240 5437 3.197 Cs 0.980 0.098
Na‘@Cis" 1.026 2.818 4.835 2.017 Cs 0.987 0.112
K*@Cis" 0.005 3.689 3.698 0.009 Dgn 0.980 0.045
Rb*@Cis" 0.004 3.690 3.698 0.008 Dgn 0.985 0.055
Cs*@Cis" 0.673 3.756 3.758 0.002 Co 0.984 0.066

2 The difference between d; and d2, Ad = d> - d, in A.

Some characteristic parameters related to electronic structure, including NPA
charge and Wiberg bond order, of M*@Cas™ are also listed in Table 2. It can be seen
that the positive charge of the M*@Cas™ is concentrated mostly on the M*, while Cis
ring are essentially in a neutral state. The experimental studies on the structure and
optical properties of Li*@Cg™ also obtained the conclusion that Cgo is almost
electrically neutral,®® which confirms the electron-accepting feature of Cis ring similar
to Ceo, because even when combined with cations, they can still keep their electrons
from losing. The fairly small Wiberg bond order between M* and C atoms in Cis
moiety [BO(M™---C)™*] reveals that the contribution of electron-sharing effect to

M*...C1g binding can be neglected.

3.2 Binding Interaction in M*@Cg™

The independent gradient model based on Hirshfeld partition (IGMH) is a
popular method in graphically displaying occurrence region and nature of
non-covalent interactions.®? It can be seen form Figure 2 that the main interaction
region in M*@Cis" becomes wider as atomic radius increases in the order of
Li*-Na'™—K™*. In sharp contrast, K*, Rb*, and Cs" interact equally with all C atoms in
Cis as shown by the perfect circular g™ isosurfaces and consistent atomic coloring
in the IGMH maps, because they have sufficiently large radii. Furthermore, all IGMH
isosurfaces are basically green, indicating very low electron density in the interaction

region of M* and Casg; this again demonstrates that no evident covalent interaction is
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formed between M* and Cis, as covalent interaction always causes notable electron
concentration. This observation is also consistent with the Wiberg bond order analysis,
and somewhat explains why K*, Rb*, and Cs" much more tend to be adsorbed inside
Cig than Li* and Na*, because the former three will interact with significantly fewer

C1g atoms if they are adsorbed outside.

Li*@C4g" Na*@C,5" K*@Cs" Rb*@C g™ Cs*@Cyg"
Isosurface: -0.05 -0.025 0 0.025 0.05 a.u.

AGindex: 0 5 10 15 20 %

Figure 2. Isosurface map of IGMH of M*@C1s™ with 8™ isovalue of 0.001 a.u.

Each atom is colored according to its percentage contributions of AG index.

In order to study binding strength between M™ and Cig from energetic point of view,
we calculated interaction energy (AEint), binding energy (AEning), and binding free

energy (AGbind) of M*@C1s™ at gas standard state (298.15 K and 1 atm). Three types

of energy defined as AE,=EM'@C,") - [E(M") +E(CZ™™)]
AE,,=E(M"@C,") — [E(M") +E(Cj5)] : and
AG,,, =G(M"@C,") — [G(M") +G(Cs*)], where CI™ and Cji* refer to Cis

in complexed and free-state structures, respectively. It can be seen from Table S3 that
Li* has strongest binding strength with Css ring, followed by Na* and then K*, while
there is no evident difference in binding strength among K*, Rb*, and Cs*, which is in
line with the observation of the isosurfaces in IGMH map. From the physical sense,
AEint and AEping differ by deformation energy (AEqer) of C1s during the complexation.
It was found that complexation of Cig with Li* and Na* leads to AEger of 1.4 and 0.6
kcal/mol, respectively, while AEgqer is completely negligible in the case of binding to

K*, Rb*, and Cs*. The magnitude of AEge is closely related to the extent of structural
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deformation of Cig from its free state (circular shape) to complexed state, and this can
be easily recognized from the structure maps in Figure 2. According to the principle
of thermodynamics, AGping is the most straightforward metric for determining binding
capacity. The AGyping data are all distinctly negative, indicating that all M™ are able to
stably bind to Cig at least under gas standard state, although penalty effect due to
decrease in entropy evidently hinders the complexation to some extent, which is
largely exhibited by the clear difference between AEpind and AGpind.

We also conducted calculation and decomposition of interaction energy at the
SAPT2+(3)6MP2 level, which is arranged in Table S4. The interaction energies of
complexes M*@C1s™ obtained by DFT and SAPT are reasonably consistent, and their
change trends with metal atomic numbers are exactly the same, thus confirming their
reliability. The energy components extracted from SAPT2+(3)6MP2 calculations for
exploring the nature of interaction between M* and Cis are plotted in Figure 3. It is
seen that only the exchange-repulsion that essentially characterizes the steric effect
contributes negatively to the binding, while all other components, including
electrostatics, induction, and dispersion, promote formation of the complexation to
different extents. Comparing different types of metal-doping, it is found that as the
atomic number of M™ increases, dispersion and induction effects between M™ and Cis
significantly increase and decrease, respectively, while electrostatics effect does not
vary evidently and always contribute little to the complexation. Impressively, the
induction effect mainly charactering polarization effect dominates the attractive part
of the M*---Cyg interaction energy, and for the case of Li*-doping, it even contributes
more than 93%. Although dispersion effect is not as important as induction effect for
the studied interactions, its role should never be ignored, especially for M* with large
atomic numbers. For example, contribution of dispersion effect to Cs*---Cyg binding is

even comparable to that of induction effect.
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Figure 3. Components of interaction energy between M* and Cis in M*@Cis™"

obtained from SAPT2+(3)dMP2 calculations.

3.3 Electronic absorption spectrum of M*@Cig™"

Electronic absorption spectrum is a conventional but important technique for
material analysis, which essentially involves the optical excitation of electrons in
molecules. The data related to vertical excitation of M*@Cis™ determined by TD-DFT
calculations are shown in Tables S5 and S6. The corresponding TD-DFT results are
employed to simulate the absorption spectra of the complexes, as shown in Figure 4.
The M*@C1s™ exhibit characteristic absorption in the wavelength range of about 170
nm to 260 nm, consisting of a super strong peak at 219 nm followed by an extremely
weak absorption at 191 nm. It is obvious that M* doped Cig not only have virtually
identical electronic absorption spectra with each other, but their absorption
characteristics are also not distinguishably different from that of pristine Cis,?° that is
to say, the electronic absorption spectra of the complexes M*@Cis" are almost
independent of the species or even the existence of the M*. This observation can be
rationalized by the results of NPA charge analysis described above that there is not
much charge transfer between M* and Cis as well as charge transfer spectrum (CTS)
depicted below that the electronic absorption spectra of M*@Cis™ are almost entirely
contributed by the C1s moiety. So obviously, the M*@Cas™ should still look colorless,
just like the pristine Cis.
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Figure 4. Electronic absorption spectra (curves) and oscillator strengths (spikes) of
M*@C1s". The Gaussian function with full width at half-maximum of 0.333 eV was

employed for broadening the theoretical data as spectrum curves.

The concept of charge-transfer spectrum (CTS) proposed by us is helpful to
understand the nature of electron excitation from the perspective of the contribution of
electronic transitions within and between fragments to entirety.®? By using this
approach, the contributions of electron rearrangement and charge transfer to the
absorption spectra of M*@Cas™ are evaluated and plotted in Figure S1(a)-(e). As can
be seen, almost the entire optical absorption of the M*@Cis™ is assigned to be an
electron excitation within Cig moiety, as the red curves representing the electron
redistribution in Csg ring is extremely similar to the absorption spectrum of the
complexes shown in Figure 4. This is precisely why the electronic absorption spectra
of M*@C1s" are independent of the metal ion they contain. Furthermore, the electron
transfers of M*—C1s and M*«—C1g contribute to the same and negligible remaining
portion of the electronic absorption spectrum of M*@Cis™.

As shown as an example in Figure 5, the maximum absorptions of Li*@Cis™"
originated from the degenerate electron excitation of Sp—S2s and So—Sz6 involve
many MOs, and there is no specific orbital pair plays a dominate role. Other
alkali-metal ions endohedral complexes also exhibit the same excitation
characteristics, making it difficult to describe the electron excitation by means of MO
picture. In this case, the hole-electron analysis method developed by us can more
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conveniently provide the characteristics of electron transitions.?® The isosurface maps
of hole and electron distributions for the excited states involved in maximum
absorption of M*@C1s™ are given in Figure 6. It can be found that both in-plane and
out-of-plane = MOs participate in the excitations since the isosurfaces of holes and
electrons involved are distributed around the C-C bonds in the form of circular ring. A
more detailed observation reveals that all relevant excitations are electron transfer
transitions almost exclusively from short C-C bonds to long C-C bonds. Note that the
hole and electron characters of the two degenerate excitations are very similar but
different in distribution orientation. The electron excitation characteristics of the
complexes M*@C1s" obtained by hole-electron analysis confirm the conclusion of

CTS and are very much like the related features of Cs.2°
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Figure 5. Dominant contributions of MO transitions to (a) So—S2s and (b) So—S2s
excitations in Li*@Cis™ (isovalue = 0.02). Green and blue regions denote the positive
and negative orbital phases, respectively. The numbers outside and inside the
parentheses denote the energy gaps of orbital and the contributions of the transition to

corresponding excitation, respectively.
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Figure 6. Real space representation of hole and electron distributions for critical
excitations related to maximum absorption of M*@Cis™ (isovalue = 0.002 a.u.).

Green and blue regions denote the hole and electron distributions, respectively.

3.4 Molecular (Hyper)polarizability of M*@C1s"

(Hyper)polarizabilities are response properties of a molecule to an external
electric field. The (hyper)polarizabilities of M*@C1s" in zero-frequency limit (A = oo
nm) and under frequency-dependent fields (4 = 1907, 1460, 1340, 1180, and 1064 nm)
calculated by the coupled perturbed Kohn-Sham (CPKS) method®? are numerically
listed in Table S7. The isotropic average polarizability [aiso(1)], the projection of first
hyperpolarizability on molecular dipole [Aec(4)], and the average of second
hyperpolarizability [y;(1)] in zero-frequency limit (1 = .o nm) are shown in Figure 7,
and their analogues under frequency-dependent fields (4 = 1907, 1460, 1340, 1180,
and 1064 nm), which can be directly compared with experimental observations,

are illustrated in Figure 8, respectively.
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Figure 7. Calculated molecular (hyper)polarizability of M*@C1s" in zero-frequency

limit.
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Figure 8. Calculated molecular (hyper)polarizability of M*@C1s™ under electric field
of different frequency: (a) the isotropic average polarizability [aiso(1)], (b) the
projection of first hyperpolarizability on molecular dipole [Aec(1)], and (c) the
average of second hyperpolarizability [y(1)].

Under the action of incident light with specific frequency, there is almost no
distinction in aiso(4) of different M*@C1s™, and the variation of y (1) with the
complexed metal ion is also subtle. This is because the charges of all M* are close to
+1 e, so the polarizabilities of them are small, and the polarization properties of Cis
unit are similar due to its electronic structure is almost unaffected by complextion.
Taken together, the aiso(2) and y(1) of M*@Cas™ with different metal ions do not
differ significantly under certain frequencies of incident light. The components of
(hyper)polarizability tensor parallel to the plane of ring (i.e., xy plane), axx(4) and ayy(1)
as well as yxwxx(4) and pyyyy(4), are obviously larger than those perpendicular to the ring,

i.e., 0z2(4) and yzz2(4). Moreover, the components of aiso(1) and y(2) in the long axis
14
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(i.e., x axis) of M*@C1s" with M* = Li* and Na* that deviate from the nine-fold
symmetry are slightly higher than those in their short axis (i.e., y axis), while the two
axial components of M*@C1s" with M* = K*, Rb*, and Cs* are almost equal. These
observations are due to the fact that © electrons in Cig have a wider delocalization
space parallel to the ring plane, and it is more prominent in the long axis direction.

As for the case of Bec(1), the M*@C1s™ with different metal ions exhibits different
behavior, wherein Li*@Cis™ has the highest value, Na*@Cis™ has a smaller value,
K*@C1s" and Rb*@C1s™ have a value almost zero, and Cs*@Cis™ has a very small
value. Obviously, the Sec(4) of these complexes is closely related to their molecular
symmetry, that is, the larger the molecular deviation from the centrosymmetric
structure, the greater the SBc(4) value. The component of SBec(4) in the long axis of
M*@Cis" with M* = Li* and Na* dominates the contribution to the total first
hyperpolarizability, while the components in the molecular plane of M*@C1s" with
M* = K" and Rb" is essentially zero due to the approximate centrosymmetric structure.
Strictly planar structure makes the components of the Brec(1) of M*@Cis" (M* = Li*,
Na*, K*, and Rb") in the z direction zero, while in contrast, the small Bec(1) of
Cs*@Cis™ is mainly contributed by its z-component, as Cs* is located vertically
outside the ring. It can be seen that different alkali-metal ions, due to their different
radii and properties, can composite with Cyg to regulate the first hyperpolarizability of
the system.

The frequency-dependent (hyper)polarizabilities aiso(1), Bvec(), and y(A) (4 =
1907, 1460, 1340, 1180, and 1064 nm) are substantially higher than those in the
zero-frequency limit (1 = oo nm) for all complexes M*@C1s™ and the resonance
effect of the (hyper)polarizability induced by incident light amplifies steadily with the
light frequency.

The above observations indicate that Li*-doped complex exhibits the most
prominent nonlinear optical (NLO) properties. Therefore, the following
in-depth analysis of the (hyper)polarizabilities of M*@C1s™ will be conducted
using Li*@Cas" in zero-frequency limit as an example.

(Hyper)polarizability density is a very useful manner to visually exhibit
15
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contribution of different regions to molecular (hyper)polarizability.%3237.63-66 |t can

be seen from the (hyper)polarizability density for Li*@Cis™ in Figure 9 that for i = x

and y, the —ip®r) and -ip®(r) functions exhibit impressive large positive

isosurfaces at both ends of the carbon ring, which reasonably explains the fact that the

polarizabilities and second hyperpolarizabilities of the complex have large

components in these directions. In contrast, the density distribution of the —ipi(f)(h

prevents us from visually quantifying the magnitude of the first hyperpolarizability
component of Li*@Cis". With the isovalues setted in Figure 8, the isosurfaces of
(hyper)polarizability density corresponding to i = z do not occur due to the very small
function values, which is in line with the fact that the z components of
(hyper)polarizability are much smaller than x and y components. Taken overall, the
isosurface is invisible over Li*, which means that the contribution of Li* to the
(hyper)polarizability is negligible, as expected, because Li* has no valence electrons

and its core electrons have little response to external fields.
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Figure 9. Plots of local contribution of (hyper)polarizability densities of

Li*@C1s™ in zero-frequency limit: (a) —ipi“)('r) for the polarizability (isovalue

= 0.6 a.u.), (b) —ipff)(}) for the first hyperpolarizability (isovalue = 6.0 a.u.),
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and (c) -ip®(r) for the second hyperpolarizability (isovalue = 60.0 a.u.). Pink

and blue regions denote positive and negative contributions, respectively.

In order to visually display the interesting anisotropic character of the molecular
(hyper)polarizability rom different perspectives, the unit sphere representation map of
(hyper)polarizability tensor of Li*@Cis™ is plotted and shown in Figure 10.5” The
anisotropy of the (hyper)polarizability of Li*@Cas™ is clearly visible from the tensor
maps, and the hyperpolarizability tensors parallel to the ring plane is significantly
stronger than that of the perpendicular one. More specifically, for polarizability and
second hyperpolarizability, the tensors in all directions along the ring plane are
identical, while the tensors of first hyperpolarizability clearly follows the negative
x-axis direction. The characteristics of molecular (hyper)polarizability tensors are

consistent with the values of the (hyper)polarizability components analysis above.
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Figure 10. Unit sphere representation of (a) the polarizability tensor, (b) the first

(a) Polarizability

hyperpolarizability tensor, and (c) the second hyperpolarizability tensor of Li*@Cis™
in zero-frequency limit. The length and the color of the arrows represent magnitude of

(hyper)polarizability in different directions.

4. Conclusions

The geometric and electronic structures, binding interactions, electronic absorption
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spectra, and (hyper)polarizabilities of designed complexes M*@Cis" by M*
endohedral Cis were studied by using (TD-)DFT method in this work. Due to the
difference in radius, different M* ions complex with Cig at different positions in the
ring. The binding interaction is found to be strongest for Li*@Cis™ among the
M*@Cas™ with different alkali-metal ions. Atomic charge analysis shows that all M*
in the complexes carry charge of almost +1.0 e, while the C1g moiety basically keeps
neutral like its pristine status. The nature of the complexation mainly comes from
induction term and/or the dispersion term, depending on the type of M*. Theoretical
electronic spectra show that all complexes have the same optical absorption
characteristics as the pristine Cis, mainly because the electronic excitation of the
complexes contributed almost solely by the redistribution of electrons within the Cis
ring, which is demonstrated by both CTS and hole-electron analyses. Furthermore, it
is found that the electron transition within Cig is exclusively from short C-C bonds to
long C-C bonds. The studies of the NLO properties of the external field response of
the M*@C1s" indicate that, under the action of incident light with specific frequency,
there is no significant distinction in molecular polarizability and second
hyperpolarizability of complexes with difference M*, while the first
hyperpolarizability can be regulated by the species of doped alkali-metal ions. For all
complexes M*@Cis", the frequency-dependent (hyper)polarizabilities —are
substantially higher than those in the zero-frequency limit, and the higher the incident
frequency, the greater the molecular (hyper)polarizability, indicating obvious
resonance effect of the external field on molecular optical nonlinearity. Moreover, the
analyses of the (hyper)polarizability densities and (hyper)polarizability tensors of the
complexes reveal in depth the inherent characteristics of their optical nonlinearity.
Cyclocarbons are a type of system that have recently come into the view of
chemists and may have great application potential in the future. We believe this work
can provide guidance for experimental research on the application of cyclocarbons in
alkali-metal ion storage and the possibility of process complexes as optoelectronic

functional materials.
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Synopsis:

The binding interaction between alkali-metal ions (M* = Li*, Na*, K, Rb", and Cs")
and cyclo[18]carbon (Ci8) as well as optical properties of stable endohedral
complexes M*@Cis" were carefully analyzed using accurate density functional
theory (DFT) calculations. The similarities and differences in intramolecular
interactions, electronic absorption spectra, and (hyper)polarizability of M*@Cs™"

were then explored using advanced wavefunction analysis methods.
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