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Coordination disk-type nano-Saturn complexes†

Shun-Ze Zhan, *ac Jing-Hong Li, a Guo-Hui Zhang, a Ming-De Li, a

Shanshan Sun,a Ji Zheng, b Guo-Hong Ning, b Mian Li, a Dai-Bin Kuang, d

Xu-Dong Wangd and Dan Li *b

The first coordination disk-type nano-Saturn complexes, [Cu10-

(Mim)10]*C60 and [Cu10(Mim)10]*C70 (Mim = 2-methylimidazolate),

were assembled under one-pot solvothermal conditions. The highest

number of 30 C–H� � �p interactions between the [Cu10(Mim)10] disk and

the C60/C70 surfaces drives the formation of the nano-Saturns. The

calculated interaction energy is much larger than that of most of the

reported disk-type nano-Saturns. Different photoinduced charge/

energy transfer mechanisms are present for both nano-Saturn systems

to quench the intrinsic luminescence of the [Cu10(Mim)10] disk.

Recently, nano-Saturn supramolecular systems (ring*fuller-
ene),1 a fullerene moiety encapsulated in the center of a
nano-sized macrocycle, like the planet Saturn surrounded by
its rings, have attracted tremendous attention in supramolecular
chemistry due to their esthetical structures and photoinduced
charge/energy transfer from the ring donor to the fullerene
acceptor.1b,c,2 To achieve a nano-Saturn, a suitable inner diameter
(ca. 1.4 nm) for the macrocycle, a large contact area and strong
synergistic supramolecular interactions between the macrocycle
and the fullerene are essential. Theoretical calculations indicated
that the binding energy between [10]CPP (cycloparaphenylene)/
[17]cyclacene and C60/Li@C60

+ is larger than 100 kJ mol�1

because of their very matchable inner diameter and strong
convex–concave p–p interactions as well as donor–acceptor
interactions.1d,3

In a nano-Saturn system, the macrocycle exhibits belt- and
disk-type shape (Scheme 1a), as suggested by Toyota et al.1a The
belt-type shows convex–concave p–p interactions between the
fullerene and the hoop-shaped macrocycle (Scheme 1a and
Fig. S1 in the ESI†) mostly with a binding energy larger than
100 kJ mol�1 (Table S1 in the ESI†), such as cycloarylenes (cyclo-
p-phenylenes,4 cyclic paraphenyleneacetylene,1e,5 [4]cyclo-
chrysenylene,6 (12,8)-[4]cyclo-2,8-anthanthrenylene,7 and cationic
cyclophanes8) and coordination macrocycles.1i–k,9 In contrast, the
disk-type, more like the real Saturn, has a convex-edge contact
between the fullerene and the annulus disk (Scheme 1a and Fig.
S1 in the ESI†), including oligothiophenes,1c,h,10 [24]circulene,11

cyclo-2,7-anthrylene hexamer (C14H8)6,1a,12 cyclohexabiphenylene
(C12H8)6,12 and porous graphene (PG).1 f Experimental and theoretical
studies reveal that most of them bear a binding energy much lower
than 60 kJ mol�1 (Table S1 in the ESI†), due to the much smaller
contact area and weaker interactions. They contain covalent
p-conjugated macrocyclic precursors (Fig. S1 in the ESI†),
normally prepared by complicated organic synthesis procedures
in low yield.1a–c,e,g,5a,10a

For metal-involved coordination nano-Saturns, only belt-type
systems of copper(II) b-diketonate macrocycles,1i,j 3-D C60/C70-
encapsulated coordination cages9,13 and a new Zn24 metallacycle1k

have been reported, and no disk-type nano-Saturns were obtained.
It is a great challenge to construct a stable and size-fit disk-type

Scheme 1 Illustration of the belt- and disk-type nano-Saturn (a) and the
synthesis of the coordination disk-type [Cu10(Mim)10]*C60 nano-Saturn (b).
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coordination macrocycle because of the intrinsic lability of
coordination interactions and crowd effects in the planar disk-
type coordination macrocycles, especially for the multicomponent
coordination macrocycles.

Herein, we report the synthesis (details in the ESI†) and
crystal structures of two nano-Saturn complexes, [Cu10(Mim)10]*C60

(C60-Saturn) and [Cu10(Mim)10]*C70 (C70-Saturn) (Mim =
2-methylimidazolate), assembled under one-pot solvothermal
conditions (Scheme 1b and Fig. S2 in the ESI†). They demon-
strate a real disk-type coordination nano-Saturn structure with
a fullerene (C60/C70) encapsulated in the center of a disk-type
coordination macrocyclic [Cu10(Mim)10]. The 10 methyl groups
of Mim provide as high as 30 C–H� � �p interactions with the convex
of the C60/C70 molecule to stabilize the disk-type coordination
macrocycle. The calculated interaction energy is much larger than
most of the reported disk-type nano-Saturns (Table S1 in the ESI†).

Each of the two complexes is composed of a C60/C70 molecule
capsulated at the center of a [Cu10(Mim)10] macrocycle to form a
disk-type nano-Saturn (Fig. 1 and Fig. S3 in the ESI†). They are
stable in air and begin to decompose until higher than 300 1C
under dry N2 flow (Fig. S5 in the ESI†). At 300 and 250 K, the
C60/C70 moiety shows a disordered occupation, possibly due to
the rotation of the spherical C60/C70 molecule. However, the
rotational motion is frozen under lower temperatures (200 and
100 K), leading to an exact occupation of the C60/C70 moiety and
a different unit cell for both the complexes (Table S2 and Fig. S6
in the ESI†). For convenience, only the crystallographic data at
100 K were described. The N–Cu bond distances (1.840–1.872 Å)
and the N–Cu–N bond angles (172.31–179.41) (Table S3 in
the ESI†) are similar to those reported for [Cu10(Mim)10].14

30 C–H� � �p cooperative interactions between 10 methyl groups
and the adjacent hexagons/pentagons of the C60/C70 surface
stabilize the disk-type nano-Saturn structures. The closest distances
between these H atoms and the C60/C70 surfaces are ca. 3.1–3.6 Å,
similar to those in the (C14H8)6*C60 system.1a However, the largest
number of C–H� � �p interactions furnishes much stronger host–
guest supramolecular interactions than those reported for

nano-Saturn systems. Compared with the two-fold disordered
Mim ligand in the [Cu10(Mim)10]*p-xylene/naphthalene,14b all
the methyl groups of Mim are pointed to the fullerene center
without disorder to form a coplanar disk, which is believed to
relate to the stronger C–H� � �p cooperative interactions in the two
nano-Saturns than in the [Cu10(Mim)10]*p-xylene/naphthalene.14

A very round [Cu10(Mim)10] macrocycle is presented in the
C60-Saturn due to the spherical C60 molecule, in which the
opposite Mim center distances are very similar from 19.17 to
19.63 Å (Table S3 in the ESI†). However, an elliptic disk is
shown in the C70-Saturn because the elliptical C70 prefers the
‘‘standing’’ orientation but not lying/half-lying in the cavity,
which means that the 5-fold symmetry axis of C70 almost
coincides with the macrocycle plane, or the long axis of C70 is
perpendicular to the macrocycle axis, as reported in the belt-
type C70-Saturn.1j,15 The largest opposite Mim center distance is
about 20.03 Å, whereas the shortest one is 18.96 Å. Additionally,
the bulky C70 causes much closer contact distances between the
macrocycle and the C70 surface and slightly longer N–Cu bond
distances (1.853–1.872 Å) than that (1.840–1.856 Å) in the
C60-Saturn. The closest distance between the C(CH3) atoms
and the center of C70 is about 6.844(4) Å, much shorter than
7.077(2) Å in the C60-Saturn.

The nano-Saturns are interlaced through different Cu� � �Cu
interactions 3.021(1)–3.700(1) Å among the [Cu10(Mim)10]
macrocycles to form similar 3-D packing structures (Fig. S7
and S8 in the ESI†). For example, these shorter Cu� � �Cu
distances (3.021(1) and 3.166(1) Å for the C60-Saturn and
3.037(1)–3.129(4) Å for the C70-Saturn) extend the [Cu10(Mim)10]
macrocycles to a kind of 2-D sheet, which are connected by the
largest Cu� � �Cu distances (3.330(1) Å for the C60-Saturn,
3.579(1) and 3.700(1) Å for the C70-Saturn) to form the 3-D
packing structures (Fig. S7 and S8 in the ESI†). The packing of
the macrocycles provides a 1-D channel with a 7.9 Å � 8.7 Å
window (Fig. S7e and S8e in the ESI†). However, it is too small
to allow C60/C70 departing/entering the crystal freely, consistent
with the experimental results: soaking the crystal samples into
toluene, xylene or chlorobenzene for about 1 week did not
result in color change of the solvents.

To explore the interactions between the C60/C70 and the
[Cu10(Mim)10], DFT calculations were carried out to optimize
the two nano-Saturn molecules and evaluate the interaction
energy. The structure of the free [Cu10(Mim)10] macrocycle was
also optimized. The optimized C60-Saturn shows high similarity
to the measured structure (Fig. S9 in the ESI†), whereas the
[Cu10(Mim)10] in the optimized C70-Saturn is severely distorted
due to the bulky C70 (Fig. S10 in the ESI†). The optimized free
[Cu10(Mim)10] shows a coplanar structure for the Cu atoms;
however, the Mim planes are severely deviated from the Cu
plane to show much larger dihedral angles (18.181–50.161) than
those in the C60-Saturn (Table S3 and Fig. S11e in the ESI†) due
to the steric crowding among these methyl groups, which
implies strong C–H� � �p interactions between the macrocycle
and the C60 surface. The interaction energy DEint was calculated
to be �85.25 and �116.07 kJ mol�1 for the C60- and C70-Saturn,
respectively, much larger than those reported for covalent

Fig. 1 The top view (a and b) and side view (c and d) of the C60 (a and c)
and C70 (b and d) -Saturns and comparison with the real Saturn from the
side view (e).
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disk-type nano-Saturns (Table 1 and Table S1 in the ESI†). The
energy decomposition analysis (EDA)16 indicates that DEdisp

contributes most (larger than 68%) for the stabilizing energy
(DEelstat + DEorb + DEdisp), suggesting that van der Waals
(dispersion) forces dominate the host–guest interactions. How-
ever, both the electrostatic and covalent character demon-
strated by DEelstat and DEorb contribute no more than 32% for
the stabilizing energy. It is not surprising because the strong
electron-withdrawing/pulling group is absent in such inclusion
complexes. The methyl group is a weak electron donor for the
C–H� � �p interactions, significantly different from those of
cyclophane-C60,8 CPP-Li@C60

+ 1d and porphyrin-C60
9 with strong

electrostatic and covalent character. Careful comparison of the
energy decomposition results reveals that the C70-Saturn shows not
only larger DEint but also all the decomposed terms (in particular,
the DEPauli). This may be reasonably assigned to the much closer
ring-planet distances caused by the bulkier C70 than C60.

The spatial charge distributions over the C60/C70 surfaces are
shown by the molecular electrostatic potential (MEP) surfaces,
giving further understanding in the electrostatic character
of the interaction. By comparing the MEP surface of the free
C60/C70, a positive region lies on the belt of the C60/C70 surfaces
surrounded by methyl groups (Fig. 2a, b and Fig. S12 in the
ESI†), indicating that weak electrostatic interactions cannot be
excluded, as evidenced by the small DEelstat.

TD-DFT calculation reveals that the occupied frontier orbitals
are localized in the macrocycle and the unoccupied ones are
in the C60/C70 moiety (Fig. 2c, d and Fig. S13, S14 in the ESI†).

The calculated energy gap between the HOMO and the LUMO is
2.33 eV (533 nm) and 2.31 eV (537.7 nm) for the C60- and
C70-Saturn, respectively. The low energy gap provides a possibility
for photoinduced charge transfer from the macrocycle to the
fullerene.

Both nano-Saturn complexes do not emit in the visible region.
However, the [Cu10(Mim)10]*p-xylene complex shows photo-
luminescence with lmax

em = 515 nm (lmax
ex = 280 nm) at room

temperature based on 3[MLCT] enhanced by cuprophilicity.14

Transient absorption (TA) spectroscopy17 was performed to
explore the possible photoinduced charge/energy interplay
between C60/C70 and the macrocycle (Fig. 3). Due to their poor
solubility in common solvents and serious absorption of the
pure solid, KBr disks with 1% of the complexes were used for
measurements.

Both complexes show similar broad absorption covering the
whole UV-Vis region (Fig. S15 in the ESI†). Noticeably, the
absorption curve of C60-Saturn gives a characteristic absorption
of the anionic C60

� at 1080 nm18 (Fig. S15b in the ESI†), indicating
the presence of charge transfer from the [Cu10(Mim)10] to the C60

planet. The charge separation is also evidenced by the TA spectra
in the NIR region with a peak at around 1080 nm under photo-
excitation at l = 350 nm, produced in 410 fs then followed by
charge recombination in several nanoseconds. Additionally, a
weak peak at about 920 nm corresponding to the singlet 1C60* 19

is observed, which is believed to be directly photoexcited (Fig. 3a
and b).

In contrast, no charge transfer was detected for the
C70-Saturn because of the lack of the characteristic absorption
of the C70

� at 1370 nm20 (Fig. 3c, d and Fig. S15c in the ESI†).

Table 1 Energy decomposition analysis (kJ mol�1) for the C60- and C70-Saturn, respectively

Nano-Saturn DEint DEPauli DEelstat DEorb DEdisp

C60-Saturn �85.25 57.48 �13.12, 9.19% �14.56, 10.20% �115.05, 80.61%
C70-Saturn �116.07 136.83 �47.13, 18.64% �31.70, 12.53% �174.07, 68.83%

DEint = DEPauli + DEelstat + DEorb + DEdisp.

Fig. 2 Calculation results to show: MEP surfaces at C60 and C70 in the
C60-Saturn (a) and C70-Saturn (b) from the side view (at 0.015 a.u.); the
spatial contours of the HOMO (c) and the LUMO (d) for the C60-Saturn
(isovalue = 0.015).

Fig. 3 TA spectra in the NIR region of the solid C60-Saturn (a and b) and
C70-Saturn (c and d) in a KBr disk (1% concentration).
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Its TA spectra in the NIR region display a strong absorption at
980 nm with a narrow peak at 845 nm in 11.1 ps (Fig. 3c), which
originated from the triplet 3C70* 20a and the singlet 1C70*,19

respectively. They decayed simultaneously in several nano-
seconds (Fig. 3d), consistent with the reported decay time of
3C70*, implying a fast dynamic balance between the 1C70* and
3C70*. The triplet 3C70* and the singlet 1C70* can be produced by
direct photoexcitation; however, the luminescence quenching of
[Cu10(Mim)10] in the C70-Saturn reveals the possible energy transfer
from the excited [Cu10(Mim)10] to produce the excited C70.

Accordingly, the quenching mechanisms for the excited
macrocycle [Cu10(Mim)10] are significantly different in both com-
plexes. Similar to the most reported nano-Saturn, the C60-Saturn
displays a significant charge transfer from the macrocycle to the
C60 to form a charge-separated state upon photoexcitation.1b,c,2

However, energy transfer than charge transfer happens in the
C70-Saturn. This reveals a controlling effect of the C60/C70-fullenene
on the charge/energy transfer in the nano-Saturn systems. However,
the exact reasons for the significantly different photophysics are
unclear at this stage.

In conclusion, two coordination disk-type nano-Saturn
complexes, [Cu10(Mim)10]*C60 and [Cu10(Mim)10]*C70, were
assembled under one-pot solvothermal conditions. The macro-
cyclic [Cu10(Mim)10] provides an accurate shape and size for the
formation of a disk-type Saturn. Multiple C–H� � �p interactions
between the macrocyclic disk and the C60/C70 surfaces make
dominant contributions for the stabilization of the disk-type
nano-Saturn. The calculated interaction energies are significantly
larger than other disk-type organic nano-Saturns, even near to those
belt-type analogues. Charge/energy transfer processes found in the
C60/C70-Saturn are responsible for quenching the intrinsic lumines-
cence of the coordination macrocycle. This work not only provides
an efficient one-pot method to prepare a disk-type coordination
nano-Saturn offering a versatile nano-Saturn system but also helps
for a better understanding of the host–guest supramolecular inter-
actions between the fullerene and the macrocycle.
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