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Graphene nanobuds were prepared via the non-covalent 
anchoring of C60-based molecules endowed with one or three 
pyrene units. TGA, FTIR, UV-Vis and TEM investigations confirmed 
the nanohybrids formation. For the two molecular derivatives, 
striking differences were determined in their interaction with 
graphene or carbon surfaces by Raman, cyclic voltammetry and 
molecular mechanics calculations, revealing the important role of 
pyrene adsorption in the electronic properties of the nanohybrids. 

Extensive research efforts have been dedicated to carbon-
based materials in the last decades.1 Especially, the 
combination of outstanding electronic, optical and mechanical 
properties of graphene has attracted considerable interest.2 
Advances in its production by liquid phase dispersion and 
exfoliation of graphite have allowed its scalability and 
straightforward transfer to different substrates for many 
applications.3 

 Graphene increasing availability is readily inspiring its 
chemical combination with different molecules and polymers 
in the search for novel nanomaterials with improved 
properties.4 One of the most interesting arrangements is that 
formed with fullerenes; in particular, the so-called graphene 
nanobuds arising from the covalent attachment of fullerene 
C60 to graphene.5 These species have shown an enhanced non-
linear optical response compared with the individual 
components,6 exhibit electron transfer from graphene to C60 
upon photoexcitation,7 and work as electrocatalysts toward 
the oxygen reduction reaction (ORR) showing an improved 
ORR activity with respect to pristine graphite.8 

 However, the creation of covalent bonds in the graphene 
structure disrupts the π-structure of the basal plane of 
graphene and causes the modification of its electronic 
properties.9 In contrast, non-covalent functionalization takes 
advantage of the molecular adsorption onto the graphene 
surface, and allows the preservation of the π-skeleton and the 
properties related to it.10 

 Here we report a new type of graphene nanobuds, in which 
covalently linked C60-pyrene conjugates (Fig. 1) are immobilized 
onto the surface of graphene via non-covalent forces. The use of 
pyrene derivatives is critical to ensure graphene dispersion and 
functionalization through directed π‒π interactions.11 
Furthermore, the effect of the multivalent binding of tripodal 
receptors endowed with three pyrene units vs. the monopodal 
linkers has also been studied with the aim of modulating 
graphene electronic properties and establishing 
structure‒property relationships in the obtained nanohybrids. 

 

Fig. 1  C60 derivatives endowed with mono- (1) and tripodal (2) pyrene units. 

 The pyrene‒fullerene dyads 1 and 2 (Fig. 1) were obtained 
with moderate yields (35‒38%) by a 1,3-dipolar cycloaddition 
reaction between the corresponding pyrene-based aldehydes 
(see ESI† for details) with N-octylglycine and C60, following the 
procedure reported by Prato et al.12 Characterization was 
carried out by standard spectroscopic techniques. The 
pyrrolidine proton doublets and singlet are observed in 1H-
NMR between 5.10 and 4.10 ppm for 1, and between 4.95 and 
3.85 ppm for 2. In 13C-NMR, the signals for the sp3 carbons of 
the pyrrolidine ring and for the [6,6] junction of the C60 
framework are observed in the region between 84.4 and 65.9 
ppm. The structure of 1 and 2 was unequivocally confirmed by 
exact MALDI-TOF-MS spectrometry. 
 In the case of 2, a self-assembly behaviour was suggested 
by concentration-dependent and variable-temperature 1H-
NMR experiments. As the concentration increases (Fig. S1, 
ESI†) or the temperature decreases (Fig. S2), most of the 1H-
NMR signals broaden and shift upfield, which is in line with the 
formation of aggregates through π‒π interactions.13 ROESY 
and DOSY investigations further corroborated this hypothesis. 
Besides a number of intramolecular through-space coupling 
signals between the protons spatially close within the 
molecule, ROESY signals corresponding to intermolecular 
contacts between the protons of the pyrrolidine and the 
methylene units of the alkyl chains, as well as those of the 
aromatic protons of the benzene and pyrene units, were 
observed (Fig. S3). In DOSY experiments performed at two 
different concentrations (2.5 and 20 mM), the diffusion 
coefficient decreased from 4.09 × 106 to 3.03 × 106 cm2/s, 
suggesting the presence of larger size species. The 
organization and morphology of derivatives 1 and 2 on 
surfaces was studied by AFM and confocal microscopy. 
Whereas for 1 the individual molecules coexist with small 
aggregates (Fig. S4 and S5), AFM images confirm the ability of 
2 to self-assembly forming spherical aggregates of around 100 
nm (Fig. 2 left). Confocal microscopy additionally shows that 
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 In order to further demonstrate the different binding 
behaviour to a carbon surface of the monopodal and tripodal 
systems, cyclic voltammograms were recorded onto the surface of 
a glassy carbon electrode, where compounds 1 and 2 were 
adsorbed upon consecutive cycles (Fig. S13). In the case of 1, all 
the redox processes are clearly observed as the number of scans 
increases and the adsorption of the molecule takes place. In 
contrast, for 2, the reductions associated with the C60 unit 
disappear upon 10 consecutive scans. In this case, the adsorption 
of the pyrene units in a close proximity favours pyrene 
polymerization on the electrode, and the electrochemical 
response of the fullerene adduct is no longer observed. 
 To shed light into the non-covalent interactions that 
govern the self-assembly of 1 and 2 with graphene, molecular 
mechanics/molecular dynamics (MM/MD) calculations were 
performed using the general MM3 force field (see the ESI† for 
computational details). MD simulations were carried out for 
the nanohybrids of the two receptors with a graphene monolayer 
large enough to bear the bigger tripodal derivative, and were first 
performed in gas phase (298 K). 
 MM/MD calculations predict that 1 favourably interacts with 
graphene through both the pyrene foot and the C60 moiety (Fig. 
S15). Interestingly, two well-differentiated regimes are found for 1 
depending on the distance between the pyrene and C60 units: 
regime A involving folded structures with short pyrene–C60 
distances of around 9 Å (Fig. S15, 5–7 ns), and regime B 
characterized by extended conformations in which the two 
moieties are separated by more than 14 Å (Fig. S15, > 7 ns). Both 
conformations are predicted with similar interaction energies. Fig. 
6a displays a representative example of the folded conformers 
(regime A) obtained during the dynamics. 
 In the case of 2, theoretical calculations predict a large 
recognition of the pyrene-based derivative to graphene by 
means of the three pyrene feet. The initial structure, described 
by an extended conformation with the three feet well 
separated from each other (∼25 Å) and the fullerene moiety 
lifted away from the graphene sheet (tilting angle of C60 with 
respect to the triple C≡C bond θ = 160–180°; Fig. S16c), rapidly 
evolves to more folded arrangements with pyrene–pyrene 
distances shorter than 20 Å and θ = 100–120° (Fig. S16a-b). 
First, the fullerene moiety bends to interact with one pyrene 
foot (Fig. S16d). Then, the fullerene head is able to reach the 
graphene sheet and separates two neighbouring pyrene units 
at a fixed distance of ∼17 Å (Fig. 6b and Fig. S16e). This 
conformation is the most visited spatial arrangement of the 
tripodal nanobud along the simulation in gas phase. 
Representative snapshots of the molecular dynamics were 
extracted for both supramolecular complexes and their 
geometries were optimized using the MM3 force field keeping 
the atoms of the graphene sheet frozen. The minimum-energy 
geometry obtained for the monopodal derivative 1 (Fig. 6a) 
indicates stabilizing π−π interactions between pyrene and 
graphene in the 3.2–3.6 Å range, together with short CH···π 
(2.8–3.2 Å) and C=O···π (3.4–3.6 Å) contacts between the ester 
“leg” and graphene (Fig. S17a). Additionally, a short π−π 
interaction between the fullerene ball and graphene is 
predicted around 3.0 Å, along with a large number of CH···π 

contacts in the 2.8–3.1 Å range. Moving to 2, calculations 
predict short π-π interactions in the 3.3–3.7 Å range between 
the three pyrene units and graphene (Fig. 6b and S17b), as in 
the case of the monopodal derivative 1. During the dynamics, 
the fullerene head interacts with graphene through both the C60 
ball with short contacts in the range of 2.9–3.1 Å and the long 
aliphatic chain with CH···π interactions at 2.8–3.1 Å. The phenoxy 
legs also interact with the graphene sheet through CH···π (2.8–3.0 
Å) and O···π (3.0 Å) contacts. Calculations therefore predict that 
both 1 and 2 are able to interact with graphene by the pyrene feet 
and the C60 unit. This agrees with the reduction peaks of C60 
observed for 1 and 2 in the cyclic voltammograms recorded onto 
glassy carbon electrodes (see above). 

 
Fig. 6 Side and top views of the minimum-energy geometry calculated at the MM3 level 
for a representative structure of the supramolecular assembly of graphene with 1 (a) 
and 2 (b) in gas phase, and with 2 in the presence of the solvent (c). 

 Interaction energies (Eint) were calculated at the MM3 level 
for the representative minimum-energy geometries described 
above for the monopodal and tripodal nanohybrids (Fig. 6a-b). 
Deformation energies were not considered.17 Eint of –72.3 and –
129.1 kcal/mol were calculated for 1·graphene and 2·graphene, 
respectively. As a reference, the interaction energy of a pyrene 
molecule with graphene is computed to be –23.4 kcal/mol. 
Thus, the Eint values calculated for both 1 and 2 are found much 
larger than expected from a simple pyrene–graphene 
recognition (for 2, –23.4 × 3 = –70.2 kcal/mol). This is due to the 
presence of other supramolecular interactions originated from 
the C60 counterpart and the chains linking C60 with pyrene. 
 MM/MD calculations were also performed including 
explicitly solvent effects using the NPT ensemble (see the ESI† 
for a full description). Simulations for monopod 1 led to similar 
results as obtained in gas phase (Fig. S18). Otherwise, 
calculations for tripod 2 in solution demonstrated that the 
folded conformation in which the C60 ball interacts with 
graphene (Fig. 6b) evolves to more erected dispositions where 
this interaction is no longer present (Fig. 6c). The upright 
conformer is calculated with an Eint of –107.4 kcal/mol, 
suggesting that the C60–graphene interaction is around –20 
kcal/mol. This interaction is however not strong enough to 
preserve the fullerene–graphene assembly in the presence of 
the solvent, as MM/MD simulations confirm (Fig. S22). The 
decoration with pyrene units in 1 and 2 is therefore key for 
building stable non-covalent graphene nanobuds. 
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 In summary, by using a facile solution methodology, we 
successfully formed non-covalent graphene nanobuds by the 
combination of exfoliated graphene and mono- or tripodal pyrene 
units linked covalently to C60. The formation of the nanohybrids 
was confirmed by TGA, FTIR, Raman, UV-Vis and TEM 
characterization. The supramolecular forces that contributed to 
stabilize the nanostructures were investigated by MM/MD 
calculations and the most plausible interacting conformations 
helped in rationalizing the experimental findings, which point to a 
multivalent effect of the pyrene units in the tripodal systems. 
Further investigations are being carried out with extended series 
of pyrene-based receptors of graphene, incorporating 
electroactive units different from C60, in order to fine-tune and 
control its electronic properties by chemical modification. 
Financial support from the European Research Council (ERC-
320441-Chirallcarbon), MINECO of Spain (CTQ2014-52045-R, 
CTQ2015-71154-P, CTQ2015-71936-REDT, Unidad de Excelencia 
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(S2013/MIT-2841), Generalitat Valenciana (PROMETEO/2016/ 
135) and European FEDER funds (CTQ2015-71154-P) is 
acknowledged. 
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