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Abstract: This work conducts the comprehensive theoretical study on the non-covalent
complexation between cyclocarbons of different sizes and Ceo fullerene for the first
time. The binding energy between cyclocarbons and Ceo fullerene is observed to be
significantly stronger than that between two Cig or two Ceo fullerenes, indicating a
particularly strong affinity between them. The cyclocarbons and Ceo fullerene can
spontaneously assemble into non-covalent complexes characterized by =-rt stacking in
the gas phase at room temperature, and the hydrophobic effect caused by the solvent
environment can promote this binding. From Cig to Caas, the binding strength with Ceo
fullerene increases almost linearly with the increase of cyclocarbon size, and the
Cz@Coeo dimer exhibits a perfect nano-Saturn structure. By studying the trimers of 2:1
form between cyclocarbons and Ceo fullerene, it is observed that as the ring size
increases, the angle between the two cyclocarbons gradually decreases. In the largest
trimer we studied, Ceo@2C34, the fullerene is symmetrically surrounded by two
cyclocarbons. The results on the trimers formed by cyclocarbon and Ceo fullerenes in a
1:2 ratio showed when the size of the cyclocarbon sandwiched between two fullerenes
is not quite large, the trimers exhibit an ideal dumbbell-like structure, and the presence
of the first fullerene has a significant synergistic effect on the binding of the second one.

Combined with the analysis of interaction energy and van der Waals potential, we
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found that the cyclocarbon greatly promotes the non-covalent dimerization

fullerenes, which acted as a “molecular glue”.
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1. Introduction

Cyclocarbon is a cyclic molecule composed of sp-hybridized carbons connected
to each other. Earlier, cyclocarbons have been explored experimentally and there are
evidences of their formation in the gas phase,* but for a long time, no one can
provide direct molecular morphology for them. In 2019, cyclo[18]carbon (Cig) was
first observed in the condensed phase, ending a long-standing controversy over the
structure of this unique carbon allotrope and reigniting a wave of research on it. Over
the next three years, scientists synthesized cyclo[n]carbon molecules with various
sizes, including n = 6,161 10,[1 12 161 131 14,1 161 20,1 and 26.81 Theoretical
chemists have also conducted extensive research on the special properties and
potential applications of cyclocarbon systems in recent years, among which we have
achieved meaningful results in many aspects of Cig and related compounds, including
geometric structure, electronic structure, ring strain, aromaticity, optical nonlinearity,
intermolecular interaction, external field effect, dynamic behavior, excited state, and
so on.[t-27]

Multiple works have speculated or confirmed that the high reactivity of
cyclocarbons and their precursors allows them to fuse through covalent coupling,
opening up avenues for molecular polymerization into bigger carbon rings.>! There
are also indications that cyclocarbons are valuable precursors for building
three-dimensional carbon networks?® and forming fullerenes in graphite
vapor.?l These statements all imply the possibility of encountering cyclocarbon
molecules and other carbon materials in real space. Graphene and Ceo fullerene are
recognized as two of the most typical carbon materials, which have had a great impact
on the development of chemistry and materials.*°3!1 Recently, Chen et al. performed
the interaction of C1s with graphene by periodic and non-periodic calculations.®? The
nature of the interaction between Cig and graphene was found to be essentially the
same as that between monomers in Cig dimer, but all components of the high order
symmetry-adapted perturbation theory (SAPT) in Cig-graphene complex are about

three times as large as those in Cyg dimer, indicating that the intermolecular interaction
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is much stronger in the former. This conclusion is strictly consistent with our results
obtained by high-precision quantum chemical calculations?®?4l. As of now, however,
the complexation behavior of cyclocarbons with Ceo fullerene has not been reported.
The circular cavity of cyclocarbons and spherical structure of Ceo fullerene inevitably
lead to novel interactions between them, which is worth exploring in depth. Whether
cyclocarbons can stably bind with Ceo fullerene and what the form of the resulting
complex are not only very interesting theoretical questions, but also of great
significance for the future design and utilization of their composite systems.

In this study, we performed a comprehensive quantum chemical study of the
complexation between cyclocarbons and Ceo fullerenes. The cyclo[n]carbons with an
even number of carbons from n = 18 to 36 (Cn, n = 18, 20, 22, 24, 26, 28, 30, 32, 34,
and 36) are considered. We not only examine dimers formed between cyclocarbons
and Ceo fullerene (Ceo@Cn), but also consider trimers composed of them in 1:2 and
2:1 manners (Ceo@2Ci and 2Cs0@Ch, respectively). The geometric structure, binding

strength, and interaction nature of the complexes are explored in detail.
2. Computational Details

Our previous studies have shown that a density functional theory (DFT) method
with a high amount of Hartree-Fock (HF) exchange (usually more than 25%) are
necessary to correctly describe the ground-state geometry of Cis, and that ®B97XD!!
functional with 6-311G(d)4 basis set can give acceptable results*>1%24271 So, in this
work, all systems studied were optimized at the ®B97XD/6-311G(d) level, and
frequency analyses were subsequently calculated. The Gaussian 16 program!®! is used
in these stages. All optimized structures in xyz format are given in the Supplemental
Information (SI). In order to obtain as accurate binding energies as possible, for the
studied Ceo@Cy dimers, the involved single point energies were evaluated using the
very accurate wB97M-VE®/def2-QZVPPE level by ORCA 5.0.4 program.t®8l The
®B97M-V functional shows superior performance in evaluating intermolecular

interaction energies,*® and its 100% HF exchange at long range enables it to
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represent cyclocarbon reasonably like the @B97XD. The def2-QZVPP is a fairly large
basis set and essentially free of basis set superposition error (BSSE),*¥ thus it is
well-suited for estimating intermolecular binding energies. However, the def2-QZVPP
basis set is too expensive to study trimers in this work, which contains up to 150
carbon atoms, so the single point energies used to derive binding energies for all them
were calculated using cheaper def2-TZVPE'l instead, and geometrical counterpoise
(gCP) method™? was employed to empirically correct for nonnegligible BSSE.

The thermal corrections to free energies of gas-phase standard state (298.15 K, 1
atm) were derived by Shermo 2.5 code* through Grimme’s quasi-rigid-rotor
harmonic oscillator model.[*?! Scanning of free energy at different temperatures was
also realized via Shermo. Free energies in the aqueous phase at solution standard state
(298.15 K, 1 M) were calculated as sum of free energies in the gas phase and
solvation free energies (AGsain), the latter were obtained via solvation model based on
density (SMD)™3 in combination with the M05-2X/6-31G(d) level, which was found
to be the most ideal strategy to estimate AGsom.1**! 1.89 kcal/mol has been included
into AGsoin to account for concentration change from gas to solution standard states. 4

The sobEDAw energy decomposition analysis*®! was conducted by Multiwfn
3.8(dev) codel® in combination with Gaussian 16 program. Independent gradient
model based on Hirshfeld partition (IGMH),*"*8] Mayer bond order, fragment charge
calculations, and evaluation of van der Waals (vdW) potential were all realized by
Multiwfn 3.8(dev) code based on the ®B97XD/6-311G(d) wavefunction at optimized
structures. All isosurfaces and molecular structure maps were rendered by VMD 1.9.3

program,*®! and colored section maps were plotted by VESTA 3.5.8.55]
3. Results and Discussion

3.1 Dimerization between cyclocarbons and Ceo fullerene
We first studied the dimers composed of a Cn (n = 18, 20, 22, 24, 26, 30, 32, 34,
and 36) and a Ceo fullerene, Ceo@Cn. Two minimum structures of Ceo@C1s Were

located, as shown in Fig. S1, in which the Cis faces the hexagonal and pentagonal
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rings of Ceo fullerene, respectively. The former is 0.9 kcal/mol lower in energy than
the latter, so in subsequent research, we will only focus on the configuration of the
former.

Five representative Ceo@Cn dimers are presented in Fig. 1. It can be seen that as
the size of the cyclocarbon increases, Ceo fullerene gradually submerges into the
carbon ring. When the cyclocarbon reaches Caas, since the interior region of the ring is
large enough to completely accommodate the Ceo fullerene, the centers of the two
moieties coincide exactly, forming a C3@Ceo structure that is a new example of
nano-Saturn.®1 As the cyclocarbon expands further to Css, the center of the Cgo
fullerene spontaneously deviates from the center of the carbon ring to maximize their

intermolecular attraction.

S O oo -0.05 a.u.
(d) Ceo@C4 (e) Ceo@C6
Fig. 1 Optimized geometry of Ceo@Ci dimers (n = 18, 24, 30, 34, and 36). Isosurfaces

of 59" function with isovalue of 0.002 a.u. colored by sign(12) 0 according to the color

bar are also shown.
IGMH is a popular method for visualizing interactions in chemical systems. 74l

The 8g™e" function defined in the framework of IGMH is able to clearly reveal the

interaction between specific fragments in terms of isosurfaces. If the isosurfaces are
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colored by sign(42)p, the interaction type can also be easily distinguished. The
sign(A2)p colored dg™e" isosurfaces for Ceo@Cn are also shown in Fig. 1, where
cyclocarbon and Ceo fullerene are defined as the two fragments used for analysis. The
59" isosurfaces intuitively display the regions where significant intermolecular
interactions occur, and the completely green color indicates that the electron density
in the regions is very low, which corresponds to the typical feature of
dispersion-dominated interactions. Considering that both cyclocarbons and Ceo
fullerene have rich = electrons and the nature of n-n stacking arises precisely from the
dispersion effect between parallel distributed © electrons, and moreover, that the very
flat shape of 8" isosurfaces between m-conjugated fragments in Fig. 1 is a typical
signal of m-m stacking,>244748] the complexation between cyclocarbons and Ceo
fullerene can be unambiguously regarded as driving by the n-n stacking effect.

To quantitatively compare the binding strength between various cyclocarbons
and Ceo fullerene, we calculated binding energies based on electronic energies (AEbind)
as well as binding free energies of gas-phase (AG°uind(gas)) and aqueous-phase
(AG®nina(aq)) at respective standard states. AEping Was calculated using standard
definition, that is AEpina = E(Ceo@Cn) — [E(Ceo) + E(Cn)], where E represents
electronic energy evaluated at the respective optimized geometry. AG®nind(gas) and
AG®pvind(aq) were calculated by a similar way, but using free energies in the
corresponding phases instead. The results of binding energies are collectively plotted

in Fig. 2, and the raw data are given in Table S1.
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Fig. 2 Binding electronic energies (AEpind) as well as binding free energies in gas-phase
standard state and in aqueous-phase standard state (AG°ind(gas) and AG°pind(aq),

respectively) of C,@Cso dimers.

It can be seen that the binding strength steadily increases with increasing the size
of cyclocarbon until Css. This can be easily understood from the variation of 5g™
isosurfaces in Fig. 1, namely, the larger the cyclocarbon, the wider its prominent
interaction region with Ceo fullerene. The areas of the isosurfaces have a very good
linear relationship with the binding energies (R?> = 0.973) as shown in Fig. S2,
indicating that the isosurface area is a useful descriptor for predicting the strength of
n-1t interactions without conducting energy calculations. It is found that Czs interacts
less strongly with Ceo fullerene than Cass4, mainly because the ring size of Csg is too
large for fullerene to interact tightly with all its atoms simultaneously, as clearly
illustrated by the IGMH map in Fig. 1(e).

Due to the large reduction of entropy caused by the complexation of
cyclocarbons and Ceo fullerene, the entropy penalty effect makes AG°pina(gas) much
more positive than AEpinda. However, since all AG®ing(gas) data in Fig. 2 are still
evidently negative, the formation of Ceo@Cy dimers must occur spontaneous in the
gas phase, at least at room temperature. Furthermore, one can see that all AG®ping(aq)
are systematically more negative than AG°bing(gas) by several kcal/mol, indicating that

aqueous environment can facilitate the formation of the Ceo@Cn dimers. As is well
8
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known, the hydrophobic effect significantly promotes the aggregation of nonpolar
substances in aqueous solution, thus this phenomenon also reflects the strong
hydrophobic properties of the monomers.

Fig. 3 displays variation of AG®nind(gas) with respect to temperature for Ceo@Cis,
Ceo@Cas, and Ceo@Css. It can be clearly seen that the higher the temperature, the
more positive the AG®nind(gas) and the stronger the tendency for dissociation of the
complexes, that is, the lower the possibility of forming complexes. The temperatures
at which the AG°ping(gas) equal to O corresponds to the critical temperature (T for
formation of the dimers in the gas phase, which are labelled in Fig. 3. The T = 366
K of Ceo@Cis indicates that the dimer can remain stable to some extent above room
temperature. As mentioned above, Cs4 has the strongest tendency of complexation
with Ceo fullerene compared with other cyclocarbons, and correspondingly, the T of
Ceo@C34 0f 605 K corresponds to the highest temperature that a cyclocarbon can form
a dimer with Ceo fullerene. The T of Ceo@Css is calculated to be of 505 K, which is
significantly lower than that of Ceo@Cs34, suggesting that cyclocarbons larger than Cas
do not have a higher ability to bind Ceo fullerene non-covalently from a

thermodynamic point of view.
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Fig. 3 Variation of binding free energy of Ceo@C1s, Ceo@Caz4, and Ceo@Css with respect to

temperature in the gas phase of 1 atm pressure.
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Due to the flexibility of cyclocarbons,?! their complexation with Ceo fullerene
may lead to deformation in different degrees. To quantify this effect, we calculated the
deformation energy (AEder) Of the cyclocarbons in different Ceo@Cn dimers, and the
data are given in Table S1. It can be seen that the AEger is almost zero from C1g to Cas,
showing that the deformation of ring structures during complexation is negligible.
However, the AEger reaches 1.0 kcal/mol in the case of Cas, indicating that evident ring
deformation due to the asymmetric interaction between Css and Ceo fullerene. The
superposition map of Css in isolated state and after complexation in Fig. S3 shows a
notable elongation of the ring in the latter case.

It is worth mentioning that we have reported an interaction energy of -9.2
kcal/mol between the monomers in the m-m stacking dimer formed by two Cig,?4
while the binding energy of Ceo@C1s obtained in this work is -14.4 kcal/mol. This
indicates the interaction strength between Cig and Ceo fullerene is significantly
stronger than that between two Cyg. In addition, the binding energy of Ceo@Cas is also
significantly greater than that between two Ceo fullerenes, estimated to be -8.3
kcal/mol by the very accurate DLPNO-CEPA/1 method with complete basis set
extrapolation.52l Therefore, we can conclude that the cyclocarbon systems have an
inherent strong affinity with Ceo fullerene.

In order to gain a deeper understanding of the interaction between cyclocarbons
and Ceo fullerenes, we performed energy decomposition analysis on the representative
complex Ceo@Cis at the BHandHLYP-D3(BJ)B*%%/6-311+G(2d,p)4 level via the
robust and universal sobEDAw method,*®! using complex basis functions to suppress
BSSE in monomer calculations. The BHandHLYP functional has been shown to be
able to reasonably characterize Cis?"1 and is also satisfactory in assessing
intermolecular interactions if used in combination with DFT-D3(BJ) dispersion
correction.® The interaction energy between Cis and Ceo fullerene at this level is
-12.0 kcal/mol, which is close to the results by ®B97M-V/def2-QZVPP calculation
(-14.4 kcal/mol). The contributions of different physical components to the interaction

energy analyzed by sobEDAw are: -8.4 kcal/mol electrostatic, 25.6 kcal/mol
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exchange-repulsion, -2.4 kcal/mol orbital, and -26.8 kcal/mol dispersion. Clearly, the
dispersion effect plays a crucial role in the complexation between Cig and Ceo
fullerene, while the electrostatic effect, although not negligible, only plays an
auxiliary role in the formation of the dimer. The orbital interaction can be basically
ignored, as its percentage contribution to the attractive component is merely 6.4%.
Regarding these situations of the Ceo@Cis dimer, it fully conforms to the typical
characteristics of 7-m stacking.® The conclusion of the above IGMH analysis has
therefore been confirmed from an energy perspective.

We then calculated fragment charge of Cig in the Ceo@Cis dimer using the
Mulliken®551 and atomic dipole moment corrected Hirshfeld charge (ADCH)B8
methods for examining the extent of charge transfer between Cis and Ceo fullerene.
The results are 0.015 and -0.027 e, respectively, which are fairly low values indicating
that intermolecular charge transfer is completely negligible. Furthermore, the total
Mayer bond order® for all atomic pairs between Cig and Ceo fullerene was calculated
to estimate effective number of shared electron pairs between the two molecules. The
very small value of 0.041 reflects that the Ceo---C1g interaction is undeniable
non-covalent.

With the discovery of two minimum structures of Ceo@C1s dimer in mind, the
possibility of relative rotation between Ceo fullerene and cyclocarbons is also worth
exploring. At the same computational level as geometry optimization, we located the
transition state between Ceo@Ci1s dimers of different configurations, which has a
unique imaginary frequency of 9.8i cm™. The corresponding normal coordinate of the
transition state is plotted as Fig. 4, which clearly demonstrates the relative sliding
tendency of Ceo relative to the Cig and characterizes the interconversion between the
two configurations. The forward and reverse potential barriers calculated at the
®B97M-V/def2-QZVPP level are extremely low of 0.90 and 0.04 kcal/mol,
respectively, indicating that configuration conversion can occur very frequently. For
complexes formed by Ceo fullerene and other cyclocarbons, due to their n-n

interaction characteristics similar to that of Ceo@Cis, relative motion between the two
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molecules must also be very easy.

Fig. 4 Normal coordinate of the only imaginary frequency of the transition state linking two

minimum configurations of the Ceo@Cas dimer.

After a Ceo fullerene and a cyclocarbon form a dimer, another cyclocarbon or
fullerene can be further combined with it to form a trimer. In the following two
sections, we investigated the possible geometric structures, binding strength, and
interaction nature of trimers composed of Ceo fullerene and cyclocarbon with 1:2 and

2:1 manners.

3.2 Trimerization of one Ceo fullerene with two cyclocarbons

This section considers the case of one Ceo fullerene combined with two
cyclocarbons to form Ceo@2Ci trimers, where n = 18, 22, 26, 30, and 34.

The optimized structures of the trimers composed of one Cego fullerene and two
cyclocarbons are shown in Fig. 5. The IGMH 8g™®" isosurfaces represented in blue
and green reveal the main interaction regions between monomers, and the angle
between the fitting planes of the two cyclocarbons is also shown. It can be seen that in
all trimers, due to m-m interactions, the two cyclocarbons bind to each other and are
always closely attached to the Ceo fullerene. As the size of the cyclocarbons increases,

the angle between the two rings decreases gradually, and at the same time, Ceo
12
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fullerene is more and more completely wrapped by the cyclocarbons. When the size
of the cyclocarbon reaches Cass, the two rings become perfectly parallel to each
other. In this case, as emphasized by the blue isosurface in Fig. 5(e), a clear circular
n-1t stacking region is formed between the two Cs4, and the fullerene is embedded
precisely at its center. Incidentally, in 2C3@Ceo0, the shorter C-C bond of one
cyclocarbon faces the longer C-C bond of another one, as observed in our study of
n-rt stacked Cig dimer, and this phenomenon can be well explained by the electrostatic

potential complementary rule.[2460

(d) C60@2C30
Fig. 5 Optimized geometry of Ceo@2Ch trimers (n = 18, 22, 26, 30, and 34). Isosurfaces of

59" function with isovalue of 0.003 a.u. are shown to reveal main interaction regions
between two cyclocarbons (colored by blue) and between cyclocarbons and fullerene (colored

by green). The angles between the fitting planes of the two cyclocarbons are also labelled.

Fig. 6(a) presents the binding energies for Ceo@Cy dimer formation between Cego

fullerene and Cn (AE,;,,) and for Ceo@2Cn trimer formation between Ceo@Cn and
another Cn (AE ). Their sum (AEY,) corresponds to the total binding energy

between the three monomer molecules. It can be seen that AEj, becomes
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increasingly negative as ring size increases, clearly indicating that the fullerene has a

stronger tendency to aggregate into trimers with two relatively large-sized

2

cyclocarbons. In addition, AE? , is distinctly more negative than AE;

ving» denoting

that the later added cyclocarbon bind more easily than the first one, and this trend is
more pronounced for large-sized cyclocarbons. This phenomenon shows an evident

synergistic effect brought by intermolecular interaction between cyclocarbons.
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Fig. 6 (a) Binding energies for Ceo@Cn dimer formation between Cego fullerene and Cy
(AE;, ;) and for Ceo@2Cy trimer formation between Ceo@Cn and another C, (AE?

bind /1

as well as the total binding energy (AE.,) of 2C.@Ceo trimers; (b) Interaction energy

between two Cn (AES ") and between two Cy and Ceo fullerene (AE2S ), as well as

int int

deformation energy of all molecules during complexation to trimer (AEger).

We further characterized the interaction strength between the constituent
monomers  in  the  Ceo@2Cn  trimer  using interaction  energy
AES S = E(2C, ) —[E(C) + E(C?)] and
AEZ 0 = E(C,, @2C,) -[E(Cy,) +E(2C,)] , where E(2C)), E(CL), E(C)),
E(C,@2C,), and E(C,) stand for the electronic energies calculated for the

complex of two cyclocarbons, the first cyclocarbon, the second cyclocarbon, the

Ceo@2C,, trimer, and the Cgo fullerene, respectively. All energies were evaluated based
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on optimized trimer geometries. It is found from the AES in Fig. 6(b) that the
interaction strength between the two cyclocarbons increases steadily and slowly as the
ring size varies from Cis to Cso. The interaction between the two Css rings in
Ceo@2Cs34 is quite significant (-17.3 kcal/mol), which is in line with the observation in
Fig. 5 that only two Cs4 can form a complete r-rt interaction with each other, while

this interaction in other trimer can only occur within a very limited contact area.

As can be seen from AEZr Ce

int

in Fig. 6(b), the interaction strength between Ceo

fullerene and the two cyclocarbons increases linearly and rapidly with increasing ring
size from Cis to Czo. However, the situation is different for the case of Ceo@2Csa4, as
the interaction between two Css and Ceo fullerene is not much stronger than that in
Ceo@2C30, mainly due to the large ring size of Cz4 preventing fullerene from perfectly
interacting with the two stacked Css, as shown in Fig. 1(d). This is also supported by
the fact that the average width of the 5g"™" isosurfaces between the cyclocarbons and
fullerene in 2C34@Ceo is notably lower than that in other trimers.

Fig. 6(b) also shows the deformation energy (AEdef) of the studied trimer, which
is inferred to be almost entirely contributed by two cyclocarbons, as fullerene has a
very rigid framework. It can be seen that AEges increases with ring size, mainly
because the larger the carbon ring, the more flexible it is, and thus the easier it is to
deform due to external influences. Once again, the Caa@Cso Shows its specificity
because the two stacked Css interact "incompletely” with Ceo fullerene relative to

other cyclocarbons, resulting in their being less affected.

3.3 Trimerization of two Ceo fullerenes with one cyclocarbon

This section considers the case of two Ceo fullerenes combined with one
cyclocarbon to form 2Cso@Ci trimers, where n = 18, 22, 26, and 30.

The optimized structures of the trimers composed of two Ceo fullerenes and a
cyclocarbon are shown in Fig. 7. The IGMH g™ isosurfaces represented in yellow
and green reveal the main interaction regions between monomers, and the minimum

distance between the two fullerenes (dmin) is also shown in the graph. For complex
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2Cs0@Cas, it can be seen that there is an evident interaction between the Cis and Ceo
fullerenes, but the small size of the carbon ring hinders the close contact between
fullerenes, resulting in a dmin of up to 4.86 A, which is obviously much longer than the
sum of the vdW radius of the two carbons (~ 3.40 A). As the ring size increases to Cz,
there is not only a significant Ceo...C22 interaction, but also an obvious interaction
between two Ceo fullerenes in the 2Ceo@Ca2, as shown by the yellow isosurface and
small dmin. With the complex comes to 2Cs0@Czs, although the Ceo...Ceo interaction is
further enhanced, as shown by the yellow isosurface becoming wider and dmin
decreasing to 3.05 A, the interaction between cyclocarbon and fullerene is weakened
to a certain extent, which is vividly reflected by the narrowed green
isosurface. Therefore, it is inferred that 2Ceo@C2 and 2Ceo@Cz2 may have
comparable stability. Finally, in the case of 2Ceo@Cs30, the oversized ring of Cszo
makes it difficult to symmetrically bind two Ceo fullerenes. So, only one Ceo fullerene
interacts with all atoms on the cyclocarbon, while the other one binds obliquely to the
cyclocarbon, resulting in a relatively limited interaction. Therefore, it is reasonable to

expect that 2Cso@Cspo is less stable than 2Cs@C22 and 2Cs0@Cos.

(a) 2C¢@C1s (b) 2C4,@C,, (c) 2C4,@C (d) 2C4,@C5
(d,,=4.86A) (d,,=3.53A) (d,in=3.05 A) (di,=3.19 A)

Fig. 7 Optimized geometry of 2Cso@Ci trimers (n = 18, 22, 26, and 30). Isosurfaces of
5g'™ function with isovalue of 0.003 a.u. are shown to reveal main interaction regions
between two fullerenes (colored by yellow) and between fullerene and cyclocarbons (colored

by green). The minimum distances (dmin) between the two fullerenes are also shown.
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Fig. 8(a) presents the binding energies for Ceo@Cn dimer formation between Ceo

fullerene and Cp (AEéind) and for 2Cs0@C, trimer formation between Cso@C, and

another Ceo (AEZ ;). It can be seen that for the complexes involving Cig, Ca2, and Cas,

the binding energy of the second Ceo fullerene is clearly more negative than that of the
first one, that is, the presence of the first Ceo fullerene significantly promotes the
binding of the second one, reflecting a synergistic effect within the systems. However,
if the size of the cyclocarbon is too large to bind two Ceo fullerenes compactly at the
same time, not only will there be no synergistic effect, but anti-synergistic effect will
occur. This is the case for 2Cso@Cs0. When the second Ceo fullerene binds in
2Cs0@Cs3o, the energy reduction is only half that of the first one, which results in the
total binding energy of 2Cs0@C30 being more positive relative to that of 2Ceo@Cos.
From the perspective of total binding energy, 2Ceo@C22 and 2Cso@Co26 have similar
and most stable bond strengths, confirming our above inference by IGMH analysis,
and it can be seen that C2; and Czs have the strongest ability to “glue” two Ceo
fullerenes together.

We further characterized the interaction strength between the constituent

monomers  in  the  2Ceo@Cn  trimer  using interaction  energy

AE-C%O'”CéU = E(2C60) - [E(C%so) + E(Céo)] e

int

AEZ%% = E(2C, @C,)~[E(2Cy) + E(C,)], where E(2C,). E(CL), E(C%).

int

E(2C,@C,), and E(C,) stand for the electronic energies calculated for the

complex of two Ceo fullerenes, the first Ceo fullerene, the second Ceo fullerene, the

2Ce0@Ch trimer, and the cyclocarbon, respectively. All energies were evaluated based

on optimized trimer geometries. It is found from the AES* % in Fig. 8(b) that as

int
the size of cyclocarbon increases, the interaction strength between the fullerenes

slowly increases because the existence of the cyclocarbon hinders their close contact.

From the interaction between two Ceo fullerenes and cyclocarbon (AE2S* %), it can

int
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be seen that the medium-sized C2, and Cos interact most strongly with fullerenes, the
Cqs interacts weakly due to its smaller number of atoms, and the Cso interacts less
strongly due to its loose binding with one of the fullerenes. The deformation energy in
Fig. 8(b) indicates that the larger the carbon ring, the more likely it is to increase the
system energy due to structural change during formation of the 2Cso@Cy trimer. But
even for 2Ceo@C3z0 with the maximum deformation energy, this value is only about

1.0 kcal/mol, which creates negligible hindrance to the complexation.

(a) (b)

7 0 3.0
_ = \‘\‘\‘ 5
S -1a. E
£ 14 %-10- 2.4 =
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= o0 >
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Fig. 8 (a) Binding energies for Ceo@Cy dimer formation between Ceo fullerene and C,

(AEL ;) and for 2Ceo@Cn trimer formation between Ceo@Cn and another Ceo (AEZ ),
as well as the total binding energy (AE,,) of 2Ce@Cs trimers; (b) Interaction energy

between two Cgo fullerenes (AEC» %) and between two Ceo fullerenes and Cy (AE =S,

int

as well as deformation energy of all molecules during complexation to trimer (AEge).

The vdW potential proposed by one of us is a particularly useful method for
intuitively understanding vdW interaction between a molecule of interest and
surrounding molecules.® Here, we use the vdW potential based on the
Lennard-Jones parameters of Generation Amber Force Field (GAFF) forcefield®? to
delve into how the cyclocarbon acts as a “glue” to aid in the binding of two Ceo
fullerenes. Carbon is used as the probe atom, and complexes 2Cg@C>2 and 2Ce@ Cso

are taken as examples. The vdW potentials generated by the cyclocarbon in these two
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systems are plotted as isosurface maps and colored section maps in Fig. 9. In Fig. 9(a),
the atoms in fullerenes are colored according to the vdW potential—the bluer the
color, the more negative the vdW potential, and the stronger the dispersion attraction
from the cyclocarbon felt by the corresponding fullerene atoms. From the maps of
2Ce0@C22, it can be intuitively seen that the region where the vdW potential
generated by C» is obviously negative, that is, the region where the dispersion
attraction interaction greatly exceeds the exchange-repulsion effect, mainly covers the
axial area near the center of Co> with slight outward extension at both ends. This
region simultaneously covers more than one-third of atoms in the two Cego fullerenes.
Obviously, due to the distribution characteristics of the vdW potential caused by the
unique structure of the Cy, this cyclocarbon can significantly promote the
complexation between two fullerenes. In sharp contrast to the case of 2Cso@C2, in
2Ces0@Ca0, the region with a significantly negative vdW potential of C3o covers nearly

half of the atoms of one Cgo fullerene, while for another fullerene, only a small

portion can be covered. This is the main reason why the AE?, of 2Ceo@Cao is

obviously more positive than the AE;, ,. But even so, since AE? , (-17.1 kcal/mol)

is more than twice the energy of Ceo fullerene dimerization (-8.3 kcal/mol, as
mentioned earlier), the presence of Csg is significantly helpful in promoting fullerene

dimerization.

2Cg@C2 2Cg@C30 2Cg@C» 2Cg@C3o
A5 I 1.5kcalimol 2.0 IS | 0.0 keal/mol

Fig. 9 VdW potential generated by the cyclocarbon in 2Ce@C2, and 2Ce@C3o With carbon as
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the probe atom: (a) Isosurface map with isovalue of -0.8 kcal/mol, atoms are colored by vdW

potential according to the color bar; (b) Section maps colored according to the color bar.

4, Summary

In this work, for the first time, we conducted in-depth theoretical studies on the
non-covalent complexes formed by cyclocarbons of different sizes and the most
representative Ceo fullerene, in order to reveal the structure, binding strength, and
interaction nature of them. By means of high-precision density functional calculations,
we found that the binding energy between cyclocarbons and Ceo fullerenes is more than
-14.4 kcal/mol, which is much stronger than that of C1g dimer and Ceo fullerene dimer,
suggesting the particularly strong affinity between cyclocarbon and fullerene.
According to binding free energy, the combination of cyclocarbons and Ceo fullerene in
the gas phase is found to be spontaneous at room temperature, and the hydrophobic
effect arising from solvent environment can facilitate their binding. Until Css, the
binding strength of the cyclocarbons with Ceo fullerene increases almost linearly with
the increasing size, and the dimer of Cs4 and fullerene forms a perfect nano-Saturn
structure. However, cyclocarbons larger than Cas have a reduced interaction with
fullerene, because not all of their atoms can contact fullerenes closely. IGMH map,
sobEDAw energy decomposition, fragment charges, and intermolecular total Mayer
bond order collectively confirmed that the dimerization between cyclocarbon and
fullerene is driven by the n-n stacking effect. The relative rotation between the
monomers is found to be extremely easy due to negligible barrier.

We examined the trimers formed by cyclocarbons and Ceo fullerene in a 2:1 ratio,
namely 2C,@Ceso (n = 18, 22, 26, 30, and 34). As the ring size increases, the angle
between the two cyclocarbons gradually decreases. In the largest trimer we studied,
2C34@Ce0, the fullerene is symmetrically surrounded by two cyclocarbons, and the
trimerization energy is as high as -64.9 kcal/mol. The molecular interactions between
the trimers are carefully discussed by analyzing interaction energies and the very

intuitive IGMH isosurface maps. By studying the trimers in the form of 1:2 between
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cyclocarbon and fullerenes, that is 2Cs0@Chn (n = 18, 22, 26, and 30), it is observed that
when the size of the cyclocarbon sandwiched between two fullerenes is not very large,
the trimer exhibits an ideal dumbbell-like structure, and the presence of the first
fullerene has a significant synergistic effect on the binding of the second one. On the
contrary, larger cyclocarbons like Cz4 have an anti-cooperative effect. Combined with
the analysis of interaction energy and vdW potential, we point out that the existence of
cyclocarbon can greatly promote the non-covalent dimerization of fullerenes; in other
words, the cyclocarbon acts as a “molecular glue”.

This work will help chemists gain insight into the non-covalent aggregation
between cyclocarbons and fullerenes, so as to design supramolecular systems
composed of them or their analogues. The conclusions of this article also have
reference significance for exploring the complexation between other types of cyclic
molecules and spherical molecules or atomic clusters. In the following work, we plan
to further explore the self-assembly behavior of cyclocarbons and fullerenes in the gas
phase and condensed phase through molecular simulations to further understand the

dynamic process of their interaction.

Supplemental information

xyz files of all studied complexes involved in this work, optimized geometry of two
configurations of Ceo@C1s dimer, deformation energy and binding energies (kcal/mol)
of Ceo@Cn (n = 18, 20, 22, 24, 26, 28, 30, 32, 34, and 36) dimers, relationship
between area of IGMH 5g'™" isosurface of 0.002 a.u. and binding energy of Ce@Cn
(n = 18, 20, 22, 24, 26, 28, 30, 32, and 34), conformational superpositions of Czsin

isolated state and after complexation with fullerene.
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