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The tetravalently stabilized fullerene cage of C28 is historically the most elusive small fullerene cage observed by employing the 
laser vaporization synthesis methodology. Its first observation reported by Smalley, et al. in 1992 suggests that C28 is potentially 
the smallest and most stable fullerene ever observed. By using the Krätschmer-Huffman arc discharge synthesis method, we 
have recently succeeded in synthesizing a series of uranium-endohedral fullerenes which differ from those reported by Smalley 
and co-workers. Intrigued by this interesting mismatch, we tuned our experimental conditions to favor the formation and detection 
of these missing species. Experiments done using solvents of varying polarity allowed the observation of several empty and 
uranofullerenes. Extractions with pyridine and o-DCB allowed for observation of small U@C2n (2n = 28,60, 66, 68, 70) by high 
resolution Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS). This is the first time that U@C28 is 
observed in soot produced by the Krätschmer-Huffman arc-discharge methodology. Carbon cage selection and spin density 
distribution on the endohedral metallofullerenes (EMFs) U@C60, U@C70 and U@C72 were studied by means of Density functional 
theory (DFT) calculations. A plausible pathway for the formation of U@D3h-C74 from U@D5h-C70 through two C2 insertions and 
one Stone-Wales rearrangements is proposed.     

Keywords: Uranofullerenes • small cage fullerenes • Laser ablation • Krätschmer-Huffman arc-discharge • Solubility 

Introduction  
The early seminal work by Smalley et al. on the observation of 
uranium endofullerenes spurred investigations about these 
nanoscale uranium containing carbon structures to better 
understand their electronic and chemical properties [1]. Despite 
much investigation, the isolation of uranium Endohedral 
Metallofullerenes (EMFs) remained an elusive goal for 
scientists for several years. Very recently, we reported a 
couple of experimental investigations that led to the isolation 
and structural characterization by X-Ray crystallography of the 
first examples of mono-uranium EMFs, the IPR cages 
U4+@D3h-C744-, U4+@C2(5)-C824- and U3+@C2v(9)-C823- [2], as 
well as the non-IPR cages  U@C1(17418)-C76 and 
U@C1(28324)-C80 [3]. The mass spectrum in figure 1a shows 
the fullerene products reported by Smalley and co-workers 27 
years ago while our results are shown in figure 1b. Note that 
in figure 1a small sized mono-uranofullerenes U@C28-72 are 
predominant, while spectrum 1b only exhibits mono-
uranofullerenes bigger than U@C72. The specificity of our 
experimental set up, which incorporates reactive gases such 
as H2 and NH3, leads to the additional formation of dimetallic 
and cluster endohedral compounds. 
 
The discrepancies observed in figure 1, clearly indicate that 
there are multiple factors guiding the formation of small mono-
metallic endohedrals. For instance, there is a correlation 
between the synthesis methodology used and the growth 
mechanism of the fullerene cages formed [4]. In a recent study 
reported by Dunk et al., laser ablation, the same synthetic 
method used by Smalley and co-workers, was used in the 
synthesis of M@C28 (M = Ti, Zr and U) species [5]. Their work 
provided further insight into the formation mechanism of 

uranofullerenes, demonstrating the role of the smallest stable 
species U@C28 as the precursor for larger uranofullerenes 
formed by the bottom-up formation mechanism proposed by 
Curl [6] and further developed by Dunk et al [5,7]. Several other 
investigations have been conducted using the Krätschmer-
Huffman arc-discharge synthetic method instead [8]. The first 
case of uranium EMFs synthesized under anaerobic 
conditions emerged from the early arc-discharge experiments 
by Diener and colleagues [9]. In agreement with Smalley’s 
observations, they were able to detect U@C60 by mass 
spectrometry, but U@C28 was not detected even when the 
soot was analyzed prior to sublimation. It was proposed that 
the discrepancies observed between both outcomes is a 
consequence of differences in the condensation of carbon-
uranium vapor as a function of the synthetic method employed 
[9].  
 
Challenges in the solubilization of small mono-metallic 
endohedral fullerenes have restricted their observation. These 
species are believed to be highly reactive open shell systems 
that become insoluble in the common organic and aromatic 
solvents typically used for fullerene extraction [10]. It has been 
demonstrated that many products remain in the soot after 
extraction of the soluble ones [11]. This behavior was clearly 
illustrated in the synthesis of La@C60, La@C74, and La@C82, 
which were clearly detected in the sublimed soot by mass 
spectrometry, however, when an extraction with toluene was 
carried out only La@C82 was successfully observed [12]. 
Researchers have done extensive work to find the appropriate 
solvents and methodologies to extract small cage mono-
metallofullerenes M@C60-70 from raw carbon soot [13-16]. 
Examples found in the literature include an exhaustive study 
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involving 48 different solvents, in which M@C60 (M = Y, Ba, La, 
Ce, Pr, Nd, Gd) were successfully extracted with aniline and 
pyridine [17]. In a separate study, the purification of Er@C60 and 
Eu@C60 was successfully achieved upon sublimation followed 
by sonication in aniline and multistep HPLC [18,19]. Akasaka et 
al. managed to successfully obtain pure Dy@C60 from an 
aniline extract [20].   

Notwithstanding the examples mentioned above, the 
formation and stability of small-cage mono-metallofullerenes 
remains poorly understood. Further efforts to probe the origin 
of their instability have led us to believe these are very reactive 
species possessing small HOMO-LUMO gap values [11]. EMFs 
of this nature prefer to oligomerize and thus lead to insoluble 
species. Several studies have reported that these low HOMO-
LUMO gap compounds can be stabilized by electrochemical 
reduction or radical reagents [11,13,21-23]. 

Here we address the discrepancies observed between our and 
Smalley’s results by creating a new experimental set-up 
suitable for the production and extraction of small cage 
Uranofullerenes. We show that it is possible to produce the 
stable small species U@C2n (2n = 28, 60, 66, 68, 70) using the 
arc-discharge technique and to extract them using polar 
solvents. Computational studies were performed to rationalize 
these results based on the most stable isomeric cage 
structures for U@C2n (2n = 60, 70, 72) and spin density 
distribution calculations.  

 Results and discussion 
Preparation of EMFs 

Synthesis of the raw uranium-carbon soot containing several 
mono-, di- and cluster-uranium endohedral fullerenes shown 
in figure 1b was carried out using a custom built DC arc 
discharge generator. Carbon rods (length = 6”, diameter = 3 8# ”) 
were initially doped with a U3O8 (99.999%)/ graphite (99.999%) 
packing mixture (U:C = 1:24 molar ratio). Carbon rods were 
vaporized under a 200 Torr He, 10 Torr H2 and 10 Torr NH3 

atmosphere. Positive-ion Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry measurement (LDI-TOF-MS) was 
conducted on a Bruker Microflex LRF mass spectrometer. 
Raw soot was extracted under reflux conditions with common 
solvents used for fullerene extractions like CS2 and toluene 
(C7H8). As shown in figure 1b, U@C72 is the smallest and 
U@C82 is the most abundant among the mono-uranium 
endohedrals obtained using this set of conditions. 
Incorporation of reactive gases induces the formation of di-
uranium EMFs U2C78, U2C79, U2@Ih(7)-C80[24] and UCU@Ih(7)-
C80[25].  
 
Having made these observations, we turned our attention 
towards the synthesis and extraction of smaller 
uranofullerenes. To afford the latter, the synthetic 
experimental procedure and the extraction approach were 
modified. Bigger carbon rods (length = 7”, diameter = 1 2# ”) were 
used to enable higher current values (140-180 A) and thus 
higher temperatures in the plasma [26]. To favor the formation 
of monometallic species over cluster EMFs and hydrocarbons, 
additional reactive gases such us NH3 and H2 were not used. 
Raw soot extracted using o-DCB was analyzed using high 
resolution Fourier transform ion cyclotron resonance (FT-ICR) 
mass spectrometry in a custom-built FT-ICR mass 

a. Smalley et al.  

b. This work  

Figure 1.  Fullerene synthesis products observed by (a) Smalley et al. using FT-ICR mass spectrometry and (b) us using LDI-TOF positive-ion 
mass spectrometry. 
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spectrometer based on a 9.4T superconducting magnet 
performed with positive ions. For this, a raw soot/o-DCB 
suspension was applied directly to the surface of a quartz 
target rod for laser desorption. Molecular ions were generated 
without a matrix using a Nd:YAG (532 nm, 1-2 mj/pulse) laser. 
Results are presented in figure 2.  
 
Significantly, small U@C2n (2n = 28, 60, 66, 68, 70) species 
were successfully synthesized and extracted from the raw soot. 
Experimental isotopic distributions of all observed EMFs and 
empty fullerenes display excellent agreement with the 
calculated ones. It can be inferred from figure 2 that the 
relative abundance of empty carbon cages is higher than for 
any mono-uranium EMF. Low abundance of U@C66 and 
U@C68 is observed. Interestingly, a significant enhancement 
is observed in the relative abundance of U@C28, U@C60 and 
U@C70, and the smallest molecule is the most abundant 
among the new species. Further, the results are consistent 
with observations made by Dunk et al. in a previous study [5]. 
Encapsulated tetravalent cations, such as Ti or U are capable 
of transfering enough electrons to the cage with only 28 carbon 
atoms thus stabalizing its Td symmetric isomeric cage 
structure, a configuration that violates the (Isolated Pentagon 
Rule (IPR) by having 3 fused pentagons [1,5].  
 
It is interesting to note that whereas in the laser ablation 
experiments of Smalley et al. small cages (C28-72) are formed 
in high relative abundance, in the arc discharge generation 
procedure, since the concentration of carbon in the plasma is 

much higher, the formation of larger cages is favored instead 
(see figure 3). In addition, we note that our result shows a gap 
between U@C28 and U@C60, in which Smalley and co-
workers observed 3 EMFs U@C2n (2n = 36, 44, 58). 
Uranofullerenes U@C36 and U@C44 have been previously 
described as “magic numbered” cages possessing enhanced 
stability compared to other neighboring cages formed by the 
addition of C2 or C3 units via a bottom-up growing mechanism 
[7,27].  
 
Solubility study 

 It is known that both empty fullerene cages and EMFs show 
relatively high solubility in a wide variety of organic and 
aromatic solvents such CS2 and C7H8. In general, EMFs are 
not as soluble as empty cages. It has been demonstrated that 
the nature of the solvent affects the extraction efficiency of the 
more polar metallofullerenes compared to empty fullerenes [28]. 
To survey the viability of extraction, six solvents commonly 
used for fullerenes were tested. As such, aniline, pyridine, o-
DCB, p-xylene, C7H8 and CS2 were used for this study (in 
order of decreasing polarity). LDI-TOF positive-ion mass 
spectra of the unfiltered uranium-carbon crude suspensions 
after 15 hours of extraction using the different extraction 
solvents reveal the presence of relatively intense peaks 
corresponding to the small uranofullerenes U@C2n (2n = 60, 
66, 68, 70) in pyridine and o-DCB extracts. The smallest 
mono-uranium species U@C28 is almost undetectable by LDI-
TOF MS but the ultrahigh resolution offered by FT-ICR MS 

Figure 3.  Comparison of the carbon cages containing a single uranium atom observed by Smalley and co-workers vs. this work 

Figure 2. High resolution  Fourier transform ion cyclotron resonance (FT-ICR) mass spectrum of the crude soot/o-DCB suspension positive ions. 
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enabled its unambiguous identification in the pyridine and o-
DCB extracts with a mass accuracy of parts per billion (ppb). 
Going down the polarity scale, the mass spectrum of the p-
xylene extract displays a significant drop in the relative 
intensity of the peaks corresponding to U@C60 and U@C70, 
while U@C2n (2n = 66, 68) are not observed. U@C60 and 

U@C70 signals are considerably lower in intensity for the 
extract in toluene, becoming completely undetectable upon 
extraction with CS2. We also find the more polar solvent aniline 
completely ineffective at extracting fullerenes from our soot. 
These results provide experimental insight into how the 
encapsulated metal ion enhances the polarity of specific 
fullerene cages, and consequently their solubility in more polar 
solvents; as previously reported [16,17, 19,20].  
 
Upon filtration of the uranium-carbon crude suspension, a 
drastic change was observed by mass spectrometry. The 
relative intensities of the peaks corresponding to U@C2n (2n = 
28, 60, 66, 68, 70), which were mainly observed for the o-DCB 
and pyridine extracts, were found to drop dramatically, 
particularly in the case of U@C28 which was not longer 

observed upon filtration.  Figure 4 shows a representative 
example, the spectra corresponding to the sample in o-DCB 
prior and after filtration. While U@C60 is hardly observed upon 
filtration, U@C70 happens to have a drastic drop in intensity. 
Interestingly, the availability of the more stable and abundant 
U@C72 species is also affected by its different solubility in o-
DCB. The U@C72 peak shows a smaller but still significant 
decrease in intensity upon filtration. Small metallofullerenes 
M@C2n (2n ≤ 70), like the examples studied in this work, have 
been largely overlooked because they are usually 
undetectable when the arc-discharge generation is the chosen 
method for synthesis [13,21]. The difficulty to extract M@C60 and 
M@C70 metallofullerenes has been explained in terms of their 
instability in air and common solvents [13,3]. In spite of our 
efforts to successfully produce, detect and extract these 
unstable small U@C2n (2n<70) species, further separation 
using high performance liquid chromatography (HPLC) was 
not pursued due to the low concentration of the targeted 
compounds in the sample upon filtration, their low solubility in 
common HPLC solvents like toluene and the complications of 
performing HPLC using o-DCB as the mobile phase. Further 
experimental and theoretical studies are necessary to 
efficiently target their separation and to face the limitations 
listed. 
 
DFT calculations  

Figure 4.  LDI-TOF positive-ion mass spectra corresponding to the arc-
discharge synthesis of uranium-containing carbon rods, (a) Filtered solution 
of crude soot in o-DCB and (b) unfiltered suspension in o-DCB. 

Table 1. Relative energies computed for selected isomers of U@C2n, 2n= 
60, 70 , 72 and 74. 
 

Species Isomer Sym. APP DE a) 

U@C60 
1812 Ih 0 0.0 
1809 C2v 2 13.4 

U@C70 
8149 D5h 0 0.0 
8094 Cs 1 9.5 

U@C72 
11190 D6h 0 28.4 
10612 C2 1 0.0 
11188 C2v 1 6.4 

U@C74 
14246 D3h 0 0.0 b) 
13393 Cs 1 14.8 b) 
14049 C1 1 20.1 b) 

a) All the energies correspond to triplet states except for U@C72 

(11188), in which the quintet state is 0.4 kcal mol-1 lower in energy than 
the triplet. b) Energy values taken from reference 3. 

 

Figure 5.  Spin density distributions, molecular electrostatic potential maps and dipole moments (in Debye), for several uranium endohedral fullerenes. Label 
of the cages are given in green (IPR) and blue (non-IPR).   
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DFT calculations were carried out for U@C60, U@C70 and 
U@C72 in order to evaluate what kind of structures are 
selected by the U atom in these relatively small carbon cages. 
For U@C60, the IPR isomer has the lowest energy, while the 
unique APP2 isomer has a relative energy of +13.4 kcal mol-1. 
Despite this difference, the predicted molar fractions show that 
below 1000 K, the IPR isomer is clearly the predominant 
species, but above this temperature, the 1809 isomer 
increases in abundance and the molar fractions cross at about 
1800 K (Figure 6). A similar behavior is observed for U@C70, 
for which the crossing point occurs before 1500 K. In the case 
of U@C72, the situation is different, since the IPR isomer of D6h 
symmetry is much less stable and there are two non-IPR 
isomers of C2 and C2v symmetry, which are significantly lower 
in energy (see Table 1). For a deeper discussion on the origin 
of the relative stabilization of non-IPR cages at high 
temperatures see reference 3.  
 

We have also explored the spin density distributions for these 
compounds which are compiled in Figure 5 together with 
Molecular Electrostatic Potential (MEP) maps and computed 
dipole moments. Figure 5 shows how, for some isomers, the 
spin density is more localized over the carbon cage than for 
others. Those species with the spin density on the fullerene 
cage are more reactive and prone to oligomerize. Thus they 
can be much more difficult to extract from the soot. In addition, 
it has already been mentioned the effect of the solvent polarity 
in the process of fullerene extraction. As shown in the 
molecular electrostatic potential representations given in 
Figure 5, the polarity of the fullerene is quite important when 
an actinide ion is encapsulated inside the fullerene cage, and 
this polarity is higher for the non-IPR isomers. Computed 
dipole moments demonstrate that, in general, non-IPR 
actinide EMFs display larger values.  
 

From the present analysis, we can conclude that in both 
synthetic techniques, laser ablation and arc discharge 
vaporization, the peaks observed in the mass spectra for 
U@C72 must correspond to a non-IPR EMF, while for U@C60 
and U@C70, IPR and non-IPR could be formed. The final 
isolation from the soot depends also on the possible 
oligomerization of the fullerene, as well as on the solvent used. 
It is noteworthy to remark that in the U@C2n series, the U@C74 
is the smallest most abundant species detected up to now. 
Indeed, U@D3h-C74 is the first IPR cage that is clearly more   
abundant over a wide temperature range. A possible pathway 
for the formation of the IPR U@D3h-C74 from U@D5h-C70 is 
represented in Figure 7, which emphasizes that both IPR 
isomers are linked by only two C2 insertions and one Stone-
Wales (SW) transformation.   
 
Detailed analysis for C2 insertions in endohedral fullerenes 
have been reported for several systems [31,32]. The direct link 
between IPR cages with 70 and 74 carbon atoms suggest that 
in the case that U@D5h-C70 was formed, it could easily grow to 
give the most stable IPR isomer with 74 carbon atoms. This 
means that the IPR U@C70 isomer will be quite difficult to 
capture since it will form in low abundance and will tend to 

grow.  
 
Computational details 
Geometry optimisations were carried out using density 
functional theory (DFT) with the ADF 2017 package [33]. The 
PBE functional and Slater triple-zeta polarization basis sets 
were used, including Grimme dispersion corrections [34]. 
Frozen cores consisting of the 1s shell for C and the 1s to 5d 
shells for U were described by means of single Slater functions. 
Scalar relativistic corrections were included by means of the 
ZORA formalism. A data set collection of computational results 
is available in the ioChem-BD repository [35] and can be 
accessed via https://doi.org/10.19061/iochem-bd-2-35. 
 
Conclusions 
Despite a long journey from the first studies on fullerenes, 
there are still many unknowns about the formation 
mechanisms of these species. Here, we have discussed some 
of the different results obtained depending on whether the 
experiments are conducted out using either laser ablation or 
arc-discharge techniques. We experimentally demonstrate the 
formation of small uranofullerenes, including the unique 
U@C28 using the arc-discharge method. Extraction of fresh 
raw soot in six solvents of different polarity revealed a trend for 
the solvent-extractability of the species here synthesized, 
small cages stabilized by charge transfer from the internal 
uranium ion to the cage are more polarized than larger 
metallofullerenes. Significant changes were observed by 
means of mass spectrometry measurements upon filtration of 

Figure 7. Growth pathway between the two IPR EMFs U@D5h-C70 to 
U@D3h-C74. Circles denote IPR and rectangles denote non-IPR cages. 

Figure 6. Computed molar fraction as a function of the temperature (K) 
using the free-encapsulating model (FEM) [29,30] for the lowest-energy 
isomers for four EMFs U@ C2n with 2n= 60, 70, 72 and 74. Dashed and 
continuous lines are used for IPR and non-IPR isomers, respectively. 

10.1002/hlca.201900046

A
cc

ep
te

d 
M

an
us

cr
ip

t

Helvetica Chimica Acta

This article is protected by copyright. All rights reserved.



HELVETICA 

6 

the crude, possibly as a result of oligomerization. Non-IPR 
isomers were found to display higher polarity values over IPR 
isomers based on dipole moment calculations. Theoretical 
calculations identify IPR isomers U@Ih(1812)-C60 and 
U@D5h(8149)-C70  as the lowest in energy EMFs for U@C60 
and U@C70, respectively. Nevertheless, at temperature 
formation of fullerenes the non–IPR isomers U@C2v(1809)-C60 
and U@Cs(8094)-C70 will be very probably more abundant. 
The most stable conformation for U@C72 was predicted to be 
a non-IPR isomer.    
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