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Highly selective encapsulation and purification of U-based C78-
EMFs within a supramolecular nanocapsule
Carles Fuertes-Espinosa,a Jesse Murillo,b Marco E. Soto,b Roser Morales-Martínez,c Antonio 
Rodríguez-Fortea,c Josep M. Poblet,c Luis Echegoyen,*,b and Xavi Ribas*,a

The ability of the tetragonal prismatic nanocapsule 1·(BArF)8 to selectively encapsulate U-based C78 EMFs from soot mixture 
is reported, showing enhanced affinity for C78-based over C80-based EMFs. Molecular recognition driven by the electrostatic 
interactions between host and guest is at the basis of the high selectivity observed for flattened C78-based EMFs compared 
to spherical C80-based EMFs. In addition, DFT analysis points towards an enhanced breathing adaptability of nanocapsule 
1·(BArF)8 to C78-based EMFs to further explain the selectivity observed when the host is used in the solid phase.

Introduction
Since the discovery of fullerenes in 1985, great interest has been 
devoted to exploit the cavity of the carbon cages for hosting guest 
atoms or molecules. Specifically, Endohedral Metallofullerenes 
(EMFs) typically feature monoatomic or diatomic metal cations of the 
type X@C2n, X2@C2n (X=metal, and 60 ≤ 2n ≤ 88), and also metal 
clusters such as trimetallic nitrides (M3N), dimetallic carbides (M2C 
and M2C2) and metallic oxides and sulphides (M4O2, M2O, M2S) have 
been described, among others.1, 2 The interest for these species are 
multiple: a) intrinsic nature of the interaction of the naked cation(s) 
with the carbon cage,3, 4 b) the unprecedented electronic and 
magnetic properties of the EMF due to stabilization of otherwise 
non-existing clusters,5 c) the cluster-dependent exohedral reactivity 
of the EMF.6-11 However, the accumulation of practical amounts of 
EMF to study their spectroscopy and their reactivity is hampered by 
three limiting factors: 1) the synthesis of soot with significant 
amounts of the desired EMF, 2) the lack of selectivity during their 
production, and 3) tedious and time-consuming HPLC 
chromatographic techniques to enrich or purify the selected EMF. 
Even more challenging is the chromatographic separation of EMFs 
with the same carbon cage and differing only in the nature of the 
cluster.12 Alternative non-chromatographic approaches include the 
“stir and filter” method (SAFA) that consists in the immobilization of 
empty cyclopentadienyl- and amino-functionalized silica to enrich 
the soot with EMFs.13, 14 Also, the addition of Lewis acids such as 
FeCl3, AlCl3 or TiCl4 allowed to separate EMFs upon precipitation, 
while empty fullerenes remained in solution.15 However, these 

methods are commonly used as a pre-enrichment of EMFs of a given 
soot and HPLC chromatography is ultimately necessary. On the other 
hand, Echegoyen reported the electrochemical purification of Sc3N-
based EMF.16 
In the past years, scarce examples of the encapsulation of EMFs in 
supramolecular hosts have been reported, i.e. Sc3N@C80 or 
Gd@C82.17-19 Very recently, our group has developed the purification 
of EMFs by selective encapsulation in supramolecular nanocapsules. 
Following this strategy, we have recently reported the purification 
and isolation of Sc3N@C80 (Ih–D5h mixture),20 U2@Ih-C80 and 
Sc2CU@Ih-C80 from different soots.21 In this work, we expand the 
ability of the tetragonal prismatic nanocapsule 1·(BArF)8 to 
selectively encapsulate  novel U-based C78 EMFs, showing enhanced 
affinity for C78-based compared to C80-based EMFs (Figure 1). The 
high selectivity observed is discussed based on the molecular 
recognition driven by the electrostatic interactions between host and 
guest. In addition, the breathing ability of our receptor in the solid 
phase to better adapt to C78-based EMF is supported by DFT analysis.

Results and discussion
Previous investigations revealed that supramolecular nanocapsule 
1·(BArF)8 is able to selectively recognize di-Uranium-based C80 EMFs, 
in the presence of many other empty fullerenes and EMFs.21 The 
production of a new family of Uranium-based C78 EMFs allowed us to 
study the electronic and the shape complementarity of 1·(BArF)8 

towards these new compounds, in comparison to the previously 
described selectivity for Uranium-based C80 EMFs. The low 
production yield and the complexity of the soots containing di-
Uranium-based C78 EMFs makes their chromatographic separation 
extremely challenging. Aiming at the straightforward isolation of 
these new EMFs, crystals of 1·(BArF)8 were soaked in a toluene 
solution of the crude soot containing di-Uranium-based C78 EMFs 
along with many empty fullerenes and mono-Uranium EMF with 
different size carbon cages. Monitoring the host-guest complexation 
by LDI-TOF analysis of the species remaining in solution, we clearly 
observed the selective and quantitative uptake of di-Uranium-based 
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C78 EMF species (U2@C78 and U2C@C78) after 3 hours, observing a 
drastic decrease of the peaks belonging to these compounds (Fig 2), 
attributed to the inclusion of the EMF within the cavity of solid 
1·(BArF)8. Taking advantage of the encapsulation of the di-
Uranium@C78 EMFs in crystalline material of the supramolecular 
nanocapsule, we isolated the solid (di-Uranium@ C78 
EMFs)1·(BArF)8 complexes simply by filtration. Subsequently, the 
selectively trapped guests were easily released  by washing the 
crystals with carbon disulfide, in analogy to our previously reported 

solvent-washing protocol (Fig 2, bottom).22 LDI-TOF analysis of the 
released guests confirms an exceptional selectivity towards U2@C78 
and U2C@C78 compared to the rest of the compounds present in the 
starting soot, including U2@C80, which is known to show very high 
affinity for 1·(BArF)8. Remarkably, the target compounds were not 
kinetically trapped in the cage cavity and could be easily recovered 
by exploiting the orthogonal solubility between the host and the 
guest. 

Figure 1. a) Non-chromatographic purification of U-based@C80 EMF by selective encapsulation in supramolecular nanocage 1a·(BArF)8. b) 
Highly selective encapsulation and purification of U-based@C78 EMFs (this work).

To better understand in the effect of the size and the shape of the 
guests on the specific binding observed, we then explored the 
molecular recognition of U2@C78 in the presence of a variety of U-
based EMFs (U@C74, U@C82 and U2@C80). Addition of crystalline 
1·(BArF)8 to a toluene solution of the soot resulted in a clean and 
selective binding of U2@C78 over the rest of the EMFs (Fig. 3). The 
trapped guest was successfully recovered and the LDI-TOF analysis of 
the released EMF evidenced the unique encapsulation of U2@C78. 
The presence of the same metal cluster in U2@C78 and U2@C80, which 
transfer an equal number of electrons to the carbon cages, suggested 
that the selective molecular recognition events are governed by the 
size/shape relationship between the host and the guests. The crystal 

structures of previously reported D3h–C78 and Ih-C80 EMFs showed 
very similar sizes of the carbon cages,1 independently of the internal 
cluster hosted. Thus, the selectivity observed suggested enhanced -
interactions with the flattened regions of the ellipsoidal-shaped D3h–
C78 in comparison to the spherical Ih-C80 carbon cage.  

Another soot containing U-based EMFs different than U2@C78 (with 
similar proportion of U2C@C78, Sc2CU@C80, U@C82 and Sc3N@C80) 
was the studied to evaluate the importance of the carbon cage (size 
and shape) or the internal cluster (electrostatics) in the observed 
selectivity (Fig. 4). The selective encapsulation of U2C@C78 was 
observed upon the addition of crystalline 1·(BArF)8 to the 
corresponding soot solution in toluene; LDI-TOF analysis revealed a 
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progressive decrease of the peak of U2C@C78 until its complete 
disappearance after 4.5 h (Fig. 4). LDI-TOF analysis of the released 
guest showed a single peak at m/z=1424.0707, confirming the 
purification of U2C@C78. Remarkably, the ability of nanocapsule 
1·(BArF)8 to preferentially encapsulate C78 over C80 EMFs, was further 

evidenced by the encapsulation of Sc3N@C78 over U2@C80 (see Fig. 
S2). Therefore, the shape of the carbon cage rules over the nature of 
the internal cluster, with a higher affinity for C78-based EMFs, 
irrespective of the nature of the internal cluster.

Figure 2. LDI-TOF monitoring the remaining supernatant over time during the selective encapsulation of U2@C78 and U2C@C78 within 
crystals of 1·(BArF)8 (top). Spectrum of released guests trapped during the molecular recognition (bottom).

Figure 3. LDI-TOF monitoring the remaining supernatant over time 
during the selective molecular recognition of U2@C78 in a complex 
soot containing differently sized U-based EMFs (top). Spectrum of 
pure U2@C78 released from 1·(BArF)8 (bottom).

Figure 4. LDI-TOF monitoring the remaining supernatant over time 
during the selective molecular recognition of U2C@C78 in a soot 
containing C80- and C82-based EMF. Spectrum of pure U2C@C78 

released from 1·(BArF)8 (bottom).
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The presence of EMFs only differing on the nature of the internal 
clusters is very common in actinide-based EMFs soots, making their 
chromatographic separation very challenging. We previously 
described the important role of the electron density distribution of 
EMFs only differing in the internal cluster (U2@Ih-C80 versus 
Sc2CU@Ih-C80 or Sc3N@Ih-C80) to allow their stepwise separation 
within nanocapsule 1·(BArF)8.21 We hypothesize that the differences 
on the cluster arrangement of U2@C78 and U2C@C78 could promote 
different electronic distributions that could  impact  the electrostatic 
interaction with 1·(BArF)8. Therefore, we added precise amounts of 
crystalline material of 1·(BArF)8 to a sample mainly containing 
U2@C78 and U2C@C78 (see Fig. 5). LDI-TOF monitoring showed the 
exclusive inclusion of U2@C78. LDI-TOF analysis of the released guest 
further confirmed the specific molecular recognition of U2@C78 while 
U2C@C78 remained in the starting sample solution, thus pointing 
towards the possible separation and purification of C78-based EMF 
differing only in the internal cluster. 

Finally, we attempted the stepwise encapsulation of U2@C78 and 
U2C@C78 using a complex soot, which included also U2@C80, mono-
U-based EMF, Sc3N-based EMF and empty fullerene cages. 
Monitoring the composition of the soot by LDI-TOF (Fig. 6), the peak 
attributed to U2@C78 completely disappeared (after 2 hours) upon 
the addition of precise amounts of 1·(BArF)8. The nanocapsule was 
filtered and the guest was liberated, obtaining pure U2@C78 as 
ascertained by LDI-TOF. Subsequently, additional amounts of fresh 
crystalline 1·(BArF)8 were added, observing a progressive selective 
decrease of the U2C@C78 peak. Liberation of the guest allowed the 
identification of pure U2C@C78. 

It is worth to note that the very low concentration of the di-Uranium-
based C78 EMFs present in the soots used makes it very complicated 
to spectrometrically characterize the host-guest complexes formed 
during the molecular recognition experiments. Despite these 
difficulties, the U2C@C781·(BArF)8 complex was identified by ESI-MS 
(see Fig. S1).

The encapsulation of Sc3N@C78 in 1·(BArF)8 in front of Sc3N@C80 is 
thermodynamically and also kinetically preferred, as demonstrated 
by competition experiments shown in Figures S3 and S4.

Figure 5. LDI-TOF monitoring the remaining supernatant over time 
during the selective molecular recognition of U2@C78 in front 
U2C@C78 (top); spectrum of pure U2@C78 released from 1·(BArF)8 
(bottom).

Figure 6. a) LDI-TOF monitoring the remaining supernatant over time during the selective molecular recognition of U2@C78; b) spectrum of 
pure U2@C78 and c) pure U2@C78  released from 1·(BArF)8.
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To gain a deeper understanding of the reasons behind the selectivity 
of 1·(BArF)8 for di-Uranium@C78 EMFs, DFT calculations were 
performed to compute the binding energies (BEs) between the two 
porphyrins of the nanocapsule and the EMFs U2@Ih-C80 and U2@D3h-
C78 in a similar manner as previously reported by us.21 A systematic 
study has shown that the interaction energy between the porphyrins 
and the fullerenes changes significantly with the cage orientation 
with respect to the porphyrins. The position of the uranium ions 
inside these cages, however, does not affect so much the interaction 
energies. In particular, for the highly symmetric Ih-C80 the two U 
atoms have free rotation at room temperature. For D3h-C78 the U 
atoms prefer to occupy the positions along the C3 axis (Fig. 7 top). 

The computed BEs between the EMF and the porphyrins for the 
structures represented in Fig. 7 are compiled in Table 1. These values 
from our simplified model would indicate that from a 
thermodynamic point of view the capture of the U2@Ih-C80 EMF 
would be slightly favored, even though the relative binding energies 
and the porphyrin-porphyrin separations for the lowest energy 
orientations of the Ih-C80 and D3h-C78 cages inside the nanocapsule 
are not that different. However, a more detailed inspection of the 
computed structures shows that the optimal dispositions of the 
EMFs display slightly shorter porphyrin – porphyrin separation for 
U2@C78. The difference is only about 0.2 Å, but it could be significant 
if we take into account that the empty nanocapsule 1·(BArF)8 used in 
the current experiments has a Zn···Zn separation of about 12 Å in the 
previously reported crystal structure,21 considerably shorter  than 
the equilibrium values computed in our models (Table 1).

To better evaluate the effect of the breathing of the cage, we have 
explored how the energy changes when the porphyrin-porphyrin 
distance shrinks from 14 Å to 13 Å. For the energy scan in Figure 8, 
the structures of the porphyrins and EMFs remain frozen and only 
the porphyrin-porphyrin distance changes. The values in Figure 8 and 
Table 2 confirm three main points: 1) the optimal Zn-Zn distances are 
somewhat longer for Ih-C80 EMFs, 2) the binding energy between 
porphyrin and EMF is slightly larger for Ih-C80 and 3) as the porphyrin-
porphyrin compression progresses the binding energy increases with 
a lower slope for D3h-C78. Because of the cylindrical shape of D3h-C78 
cage, the energy destabilization of the system is smaller for this 
fullerene. Differences of BEs between structures 2 and 4 is larger 
than 8 kcal·mol-1 at a Zn-Zn distance of 13 Å, the D3h-C78 EMF 
displaying the largest encapsulation energy. Interestingly, if we allow 
the fullerene to relax its structure, we observe that C80 reorients with 
respect to the porphyrins at 13 Å, and its BE increases from -33.6 to 
-38.8 kcal·mol-1, whereas the reorganization for the D3h-C78 cage is 
somewhat smaller with an energy change of 3.55 kcal·mol-1, from -
41.1 to -44.6 kcal·mol-1. Thus, the binding energy difference between 
the two EMFs is still larger than 6 kcal·mol-1. These results suggest 

that the shape of D3h-C78 is more suitable than that of Ih-C80 for a 
relatively small nanocapsule like 1·(BArF)8, or similarly, that the 
energy penalty for the breathing of the nanocapsule to catch the EMF 
is smaller for the flattened D3h-C78 than for the spherical Ih-C80. This 
breathing ability is somewhat reminiscent of the one exhibited by 
some MOFs.23

1 3

U2@C78⊂porph2

2

5 6

U2@C80⊂porph2

4

Figure 7. The lowest energy orientation of U2@D3h-C78 (top) and 
U2@Ih-C80 (bottom) in a simplified two tetraphenyl-porphyrin model.

Table 1. Binding energies between the endohedral fullerene and two 
porphyrins. 

U2@D3h-C78 U2@Ih-C80

1 2 3 4 5 6
BE a) -58.5 -56.9 -48.4 -59.1 -58.9 -52.4
d(Zn···Zn)b) 13.68 13.65 14.48 13.80 13.95 14.26

a) Binding energies computed at the BLYP/TZP(D3) level are given in kcal·mol-1; b) Zn···Zn 
separations are in Å.

A similar behavior was observed for U2C@D3h-C78. When an extra C 
is added in the center of the U2@C78 fullerene, affording a linear U2C 
cluster as the most stable conformer, the porphyrin-porphyrin 
separation and the calculated binding energies are exactly the same 
as those found for U2@D3h-C78 (Figure S5). Although very recently 
DFT calculations for several U2C@C2n endofullerenes 
including U2C@D3h-C78 suggested that the U=C=U cluster takes a 
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bent form inside the D3h-C78 cage,24 we have verified that the linear 
arrangement is significantly lower in energy (Figure S6). The presence 
of the central carbon atom and the change in the formal oxidation 
state of uranium ions from +3 to +5 hardly modifies the electron 
density on the fullerene surface, as suggested by the molecular 
electrostatic potential distribution maps represented in Figure 9. 
Thus, our very simplified model cannot discriminate the different 
behavior observed for U2C@D3h-C78 and U2@D3h-C78 endohedral 
metallofullerenes, since the uranium carbide is only captured once 
U2@D3h-C78 has been completely removed from the soot (Fig. 5 and 
6). This means that more sophisticated models and, probably, 
molecular dynamics simulations will be needed to better understand 
into the phenomena of encapsulation of fullerenes by nanocapsules 
like 1·(BArF)8 or similar ones. 

Figure 8. Energy scan along the Zn···Zn separation maintaining 
porphyrins and fullerenes fixed. The EMF numeration is identical to 
that in Figure 7. 

Table 2. Binding energies[a] between the endohedral fullerene and 
two porphyrin model at different Porph···Porph distance. 
 

U2@D3h-C78 U2@Ih-C80

d(Zn···Zn)b) 1 2 4 5
13.0 -41.1 -41.9 -33.7 -21.5
13.2 -50.6 -50.4 -46.3 -38.1
13.4 -56.0 -55.2 -54.1 -49.1
13.6 -58.2 -57.0 -58.0 -55.5
13.8 -58.1 -56.7 -59.1 -58.4
14.0 -56.6 -55.1 -58.3 -58.8

a) Binding energies computed at the BLYP/TZP(D3) level are given in kcal·mol-1; b) Zn···Zn 
separations are in Å.

Figure 9. Comparison of computed structures and molecular 
electrostatic potential maps for U2@D3h-C78  porph2 (left, structure 
1 in Figure 7) and U2C@D3h-C78  porph2 in their optimal 
orientations. 

Conclusions
In summary, we report here the ability of supramolecular 
nanocapsule 1·(BArF)8 to selectively encapsulate U-based EMFs 
from highly complex soots containing empty fullerenes and 
EMFs, ranging from C60 to C96. Moreover, the supramolecular 
host is capable discriminating C78-based EMFs from C80-based 
EMFs, thus showing an exquisite ability to discriminate among 
very similar EMFs. This selectivity stems from the shape 
differences between a spherical Ih-C80 and a flattened D3h-C78 
carbon cage, which induce an enhanced interaction between 
the carbon cage and the porphyrin units of the host. 
Computational analysis also suggests that the breathing ability 
of the host in the solid state is somewhat limited and that 
results in a lower breathing energy penalty towards a highly 
favourable encapsulation of the flattened D3h-C78-based EMF. 
Moreover, nanocapsule 1·(BArF)8 can also sequentially and 
selectively encapsulate the same D3h-C78 carbon cage differing 
only in the nature of the endohedral cluster, i.e U2 vs U2C. This 
indicates that besides the shape of the carbon cage, the cluster 
electronics are at interplay in finally determining the affinity for 
the host. The non-chromatographic supramolecular purification 
of U-based EMFs reported here has proven to be a viable 
alternative to HPLC methods, and pure U2@D3h-C78 and 
U2C@D3h-C78 EMFs may be accumulated and potentially find 
utility in several research fields. Moreover, nanocapsule 
1·(BArF)8 and other supramolecular analogues might be 
designed as platforms to selectively purify targeted EMFs of 
interest in complex soots. 
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