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Supramolecular chemistry of carbon-based materials provides a variety of chemical structures with
potential applications in materials science and biomedicine. Here, we explore the supramolecular com-
plexation of fullerenes Cgq and C,q, highlighting the ability of molecular nanographene tweezers to
capture these structures. The binding constant for the CNG-1DC5o complex was significantly higher than
for CNG-1DCgp, showing a clear selectivity for the more n-extended C,o. DFT calculations confirmed
these experimental results by showing that the interaction energy of C;q with CNG-1 is more than 5 kcal
mol™? higher than that of Ceo. Theoretical calculations predict that the dispersion interaction provides
about 58-59% of the total interaction energy, followed by electrostatic attraction with 26% and orbital
interactions, which contribute 15-16%. The racemic nanographene tweezers effectively recognize fuller-
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Introduction

The supramolecular chemistry of carbon-based materials has
been a recurring topic in organic chemistry with the uncounta-
ble possibilities and combinations stemming from the size
and shape of graphene,” carbon nanotubes (CNTs),>* and
fullerenes.” As expected for these carbon nanostructures, non-
covalent interactions such as C-H:--x and, mostly, #n---7 inter-
actions are those mainly controlling the formation of the
resulting supramolecular ensembles.®® Interestingly, the non-
covalent functionalization of these carbon allotropes has pro-
vided a great variety of chemical architectures, many of them
showing unexpected properties with potential biomedical®
and materials science applications.

In particular, the supramolecular complexation of fuller-
enes has received a lot of attention due to their singular
spherical shape as well as their electron-acceptor nature,
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ene molecules and hold promise for future applications in chiral molecule recognition.

affording a variety of supramolecular complexes exhibiting
new structural and optoelectronic properties.>** Thus, a
plethora of molecules of diverse structural complexity have
been synthesized acting as hosts to capture guest fullerenes,
especially Cso and Cyo. In this regard, chemical structures
based on macrocycles such as calixarenes,"*** cucurbituryls,"®
cyclodextrins,"®"” molecular nanobelts,"®'® cycloparapheny-
lenes (CPPs),”°>* molecular cages,**** as well as molecular
tweezers endowed with curved n-extended moieties with posi-
tive Gaussian curvature such as corannulenes,?® or with elec-
tronically complementary electron-donor molecules such as
porphyrins or m-extended tetrathiafulvalenes (ex-TTFs)*®?’
have extensively been reported.

More recently, molecular nanographenes have attracted the
attention of the scientific community due to their remarkable
chiroptical and optoelectronic properties, their quick access
and tunability through benchtop synthesis and their amazing
structural diversity.>**® These nanometric fragments of gra-
phene typically present a higher number of n-n interactions
with fullerenes than other Polycyclic Aromatic Hydrocarbons
(PAHSs). Accordingly, molecular nanographenes have been used
as hosts in host-guest chemistry with Cq, and C,, species,
being embedded into the aforementioned macrocycles as CPPs
and nanobelts,'®*"*? and also as simple molecules with either
positive or negative Gaussian curvatures.*® Interestingly, these
supramolecular complexes not only have enhanced binding
constants with fullerenes than their previous counterparts, but
they can also showcase photoinduced electron transfer pro-
cesses between the fullerene and the nanographene units.**

This journal is © the Partner Organisations 2025
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In this work, we report on the molecular complexation of
Ceo and C,, with a molecular nanographene tweezer (CNG-1)
as a suitable host previously obtained by a six-step synthetic
process. Furthermore, theoretical calculations using the DFT
BLYP exchange-correlation functional, along with the empiri-
cal D3(BJ) dispersion correction and def2-SVP basis set, nicely
underpin the experimental values, matching the difference in
interaction energy with binding constant values.

Results and discussion

Racemic and chiral triindane nanographene CNG-1 was syn-
thesized according to a procedure previously reported by our
group.’” Interestingly, this bilayer molecule exhibits a suitable
concave geometry for further supramolecular complexation
experiments. In particular, we envisaged to seize the inner
cavity of this molecular tweezer with different fullerenes,
namely Cgo and C5o, endowed with complementary convex sur-
faces (Fig. 1).

The X-ray crystal structure of CNG-1 revealed that both
nanographene layers of the tweezer connected to the central
triindane unit form an all-carbon host with an interlayer dis-
tance of around 9 A, being a suitable host to accommodate
either Cgo or C, fullerenes and, thus, affording their respect-
ive supramolecular complexes (Fig. 1). For this purpose, 'H
NMR titration experiments were performed to carry out the
supramolecular complexation by following the evolution of the
proton signals mostly affected in the complexation process
between racemic CNG-1 with fullerenes Cg, and C,,.

These titration experiments were performed in deuterated
chlorobenzene (PhCI-d®) to ensure that both fullerene species
were properly dissolved. Additionally, a complete NMR study
was performed to assign all proton signals of CNG-1 and gain
a deeper insight into the complexation processes, which can
be found in Fig. S1-S6, ESIL.T The first titration involved CNG-1
as host and fullerene Cg, as guest. "H NMR spectra of this
titration showcased chemical shifts of single time-averaged
signals of CNG-1 with additions up to 19 equivalents of guest
Ceo, evidencing a fast exchange rate in solution between
complex and free host and guest species as well as the supra-
molecular complexation process (Fig. S71). Notable differences
in chemical shifts were observed for six proton signals: two
tert-butyl protons (H,: 8o = 1.26 ppm; Hy: 5, = 1.58 ppm), the
less shielded methylene proton of the AB system (Hc: 6o =

CNG-1 host

Fig. 1 All-carbon nanostructures involved in the supramolecular com-
plexation of CNG-1 with fullerenes Cgo and C.
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2.76 ppm), the doubly benzylic protons of the stereogenic
centers (Hg: 8o = 3.79 ppm), and two notably deshielded
protons from the edge of the nanographene layers (He: 6o =
8.82 ppm; Hg &, = 9.30 ppm). The highest chemical shift
difference was found for signal H. (AS = 0.087 ppm) which,
according to the X-ray data, belongs to the proton pointing
towards the inner cavity of the nanographene tweezer, nicely
confirming the complexation process (Fig. 2).

After plotting the titration data using BindFit fitting
tool,>**” the non-linear fit afforded a moderate binding con-
stant of K, = 61 = 1 M~ for the CNG-1DCgo supramolecular
complex, matching a 1:1 stoichiometry model (Nelder Mead
method, Fig. S8;t for molar fraction evolution of both host
and complex see Fig. S9t), thus confirming the affinity of
CNG-1 for fullerene Cg.

The second titration involving fullerene C,, as guest
revealed a similar behavior for CNG-1 host proton signals,
where the same six signals from the first titration with Cg, also
shifted largely (Fig. S10%), with the greatest difference in
chemical shift for the methylene signal H, as well (5, =
2.76 ppm, AS = 0.049 ppm). Moreover, complete saturation of
complex in solution was reached (8 equivalents of C;,) as the
H, signal remained invariable, thus completing a successful
titration (Fig. 3).

The non-linear adjust of these data resulted in a binding
constant of K, = 400 + 17 M~ " for the CNG-12C, supramolecu-
lar complex, also matching with a 1:1 stoichiometry model
(Nelder Mead method, Fig. S11;f for molar fraction evolution
of both host and complex see Fig. S12%). This result demon-
strates the higher affinity of CNG-1 C,, over Cgo with a binding
constant value around one order of magnitude higher. Such
enhancement can be accounted for by the larger m-extended
surface of the C,, guest compared to the former Cg, and,
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Fig. 2 Model for the supramolecular complexation of the CNG-1DCgg
complex with a 1:1 stoichiometry (left), and H. signal chemical shift
variation upon addition of Cgo equivalents throughout the titration in
PhCL-d® (right).
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Fig. 3 Model for the supramolecular complexation of the CNG-1DC5q
complex with a 1:1 stoichiometry (left), and H. signal chemical shift
variation upon addition of C;o equivalents throughout the titration in
PhCL-d? (right).

hence, increasing the n-n interactions between host CNG-1
and guest C,, molecules.

To gain insight into the nature of these supramolecular
complexation processes, a series of quantum chemical calcu-
lations were performed. Systems of interest were optimized uti-
lizing the DFT BLYP**?° exchange—correlation functional
along with the empirical D3(BJ) dispersion correction*>*! and
def2-SVP basis set.”*® The calculations were performed

CNG-12C,,

Fig. 4 Optimized DFT structures for
CNG'].:)CGQ and CNG'13C70.

supramolecular

complexes
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Organic Chemistry Frontiers

within the ORCA 5.0.3 program®* (see ESI for more details on
the computational method usedt).

To assess the stability of the complexes, we calculated the
interaction energy (AEj,;) between the CNG-1 tweezers and the
Ce0/C5o units, as well as the deformation energy (AEqf) associ-
ated with the deformation of the units from their equilibrium
geometries to the geometries they adopt in the complexes.
DFT optimized structures of both complexes are provided in
Fig. 4. For CNG-1DCg and CNG-1DC5, AE;, was found to be
—61.3 and —66.1 kcal mol™, while AE4.s was 3.1 and 2.5 kecal
mol ™, respectively (Table 1).

Most of the deformation energy is attributed to the CNG-1
deformation, with deformation of the fullerenes contributing
only 11 to 12%. It is interesting to note that despite the signifi-
cant difference in the spatial sizes of Cg, and C5, fullerenes,
the deformation energy of the host unit in both complexes is
nearly the same. This can apparently be explained by the
mutual arrangement of the fullerenes and CNG-1 units in the
complexes. In particular, C;, in the CNG-12C,, complex is
positioned in such a way that its main axis runs along the
cavity of the tweezers, and thus, the effective size of both full-
erenes appears to be very similar.

To analyze the nature of the host-guest interactions, we
employed the Morokuma-like interaction energy decompo-
sition analysis (EDA)** implemented in the ADF program.*®
The EDA decomposes the interaction energy into four com-
ponents: electrostatic (AEisar), Pauli repulsion (AEpaui),
orbital interactions (AE,), and dispersion correction
(AEqisp).*” This decomposition enables us to assess the role of
the specific interactions in the systems. Table 1 shows the EDA
analysis results for CNG-1DCg9 and CNG-1DC,, complexes.

As expected for both complexes, the nature of the host-
guest interactions is nearly the same. In particular, dispersion
interaction provides about 58-59% of the total interaction
energy, followed by electrostatic attraction with 26%, and
orbital interactions which contribute 15-16%. The de-
stabilizing term (AEpay;) is slightly larger for CNG-1DCy, than
for CNG-1DCgg, 116.9 and 104.6 kcal mol™, respectively.
However, this difference is compensated to a significant extent
by a larger dispersion correction term for CNG-1DCyq
(Table 1). Overall, based on the complexation energy values,
the CNG-1DC,, complex is more stable than CNG-1DCgo by
5.5 keal mol ™", supporting the higher binding constant for the
complex with C,, fullerene observed in the titration
experiment.

Table 1 EDA results (in kcal mol™) and experimentally determined binding constant values (K,) for CNG-1D5Cgo and CNG-10C;o complexes?

Energy terms AEqer
Complex AEPauli AEelstat AEoi AEdisp AEint Host Cxx AEcomplex K,, M_l
CNG-1DCgq 104.56 —43.24 (26%) —25.80 (16%) —96.78 (58%) —61.25 2.74 0.37 -58.14 61+1
CNG-12C5 116.86 —47.36 (26%) —28.01 (15%) —107.57 (59%) —66.08 2.18 0.27 —63.63 400 £ 17

“Relative values (in parentheses) are given as a percentage and express the contribution to the sum of all attractive energy terms: AEejgear + AEo; +

AEgisp. Complexation energy: AEcomplex = AEine + AEdef-
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The analysis of the host-guest interaction topology for the
complexes of interest, performed using the non-covalent inter-
action (NCI) index analysis,’® revealed two distinct types of
areas between the fullerenes and the CNG-1 host unit. One
type of these areas is located between the fullerene and the
nanographene units of the tweezer.

Considering the m-conjugated nature of the fullerene and
nanographene units, the interactions can be assigned as x---n
interactions. The other type of area can be classified as C-
H---m interactions due to its location between the fullerene and
the hydrogen atoms of the central triindane fragment or the
hydrogen atoms of the tert-butyl groups. The NCI isosurfaces
for both complexes are presented in Fig. S13, ESL{

Although these binding constants are lower with respect to
other previously reported in literature for molecular nanogra-
phenes,*’ it is important to remark that CNG-1 as a molecular
receptor for fullerenes (especially C,o) is endowed with an
inherent chiral triindane which, eventually, could open a door
for the selective supramolecular recognition of sp® carbon-
based chiral molecules.

Conclusions

The supramolecular complexation of guest fullerenes Cqo and
C,o with racemic molecular nanographene CNG-1 as a host is
presented in this work. Relatively moderate binding constant
values were afforded for CNG-1DCg and larger for CNG-12C5,
complexes, both accommodating the respective guest fullerene
inside its cavity with a 1:1 stoichiometry. Moreover, the
binding constant for CNG-1OC, was one order of magnitude
higher than that of CNG-1DCsg, thus revealing a clear selecti-
vity towards the more m-extended fullerene. DFT calculations
supported these experimental values, matching the difference
in interaction energy with binding constant values. In this
manner, we have demonstrated that racemic molecular nano-
graphene CNG-1, can be used for the supramolecular reco-
gnition of carbon-based n-extended molecules such as fuller-
enes. Besides, its inherent chirality could potentially play a
major role in the near future for the recognition of chiral mole-
cules, including fullerenes.

Experimental section
Materials and methods

CNG-1 was prepared according to the procedure reported in
the literature.®> "H NMR spectra of the titration were recorded
at 300 (Bruker AVIIT) MHz at 298 K using deuterated chloroben-
zene (PhCI-d®) as solvent. All titrations were performed in an
NMR sample tube charged with 0.5 mL of a starting CNG-1
host solution (5 x 10~* M). Sequential aliquots of a guest stock
solution were added to the initial solution of CNG-1 with a
micropipette and mixing properly, recording their '"H NMR
spectra afterwards. These guest fullerene stock solutions were
prepared dissolving the respective fullerene with a CNG-1 solu-

This journal is © the Partner Organisations 2025
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tion of the same molarity as the initial to prevent dilution
factors and keep a constant host concentration throughout the
titration. Therefore, Cgo + CNG-1 (9.5 X 10> M and 5 x 10™* M,
respectively) and C,o + CNG-1 (4 x 10> M and 5 x 107* M,
respectively) stock solutions were afforded. The resulting titra-
tion data was fitted using BindFit fitting tool to determine the
association constants.””

Data availability

The data supporting this article have been included as part of
the ESLt
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