Highly oxidized U(VI) within the smallest fullerene: Gas-phase
synthesis and computational study of boron-doped U@C,;B

Received 00th January 20xx,

Accepted 00th January 20xx Antonio Rodriguez-Fortea*a

DOI: 10.1039/x0xx00000x

Antonio Moreno-Vicente,® Marc Alias,® Paul W. Dunk,” Coen de Graaf,**¢ Josep M. Poblet® and

The smallest borafullerene U@C>7B has been synthesized using a laser vaporization cluster source and detected as the most

abundant species in the U@ C2n-1B family. Density functional theory (DFT) calculations show that the U atom is placed just at

the center of the cage interacting in the same way with all its atoms as if the cage were a 28-hapto ligand. Besides, the spin

density is not at the metal, but distributed over the cage indicating that U is formally U(VI), even though it is not bonded to

very electronegative atoms like O, F, N or Cl. All in all, we have synthesized a rather exotic radical that is another exemple

of the distinctive host-guest chemistry that appears in endohedral metallofullerenes.

1. Introduction

Replacing a carbon atom in the fullerene cage by a heteroatom
modifies the electronic structure of the fullerenes and hence
their properties. The first heterofullerenes, detected only six
years after the discovery of Cso,! were obtained as boron-doped
carbon cages Cso.xBx by laser vaporization of graphite and boron
nitride.2 Indeed, boron and nitrogen are the preferred elements
to dope fullerenes since they resemble carbon in size and
electronegativity and are therefore most likely to form covalent
bonds within the cage structure. Nitrogen-containing fullerenes
have received more investigation than boron-doped cages
because rational synthetic routes for the former were devised.3-
7 Production of macroscopic quantities of boron-doped Cgo.xBx
by arc burning was achieved in the late 90’s.8 2 In 2013, Kroto
and co-workers reported the formation of borafullerenes by
direct exposure of pristine Ceo (and Cy) to boron vapor by
means of pulsed laser vaporization cluster source.l® The CsqB
radical, with the unpaired electron delocalized over the carbon
cage, was predicted to have a high electron affinity so as to get
reduced and become a closed-shell anion. A year before, the
same group had synthesized and detected the smallest
fullerene known so far, the C,s cage, which needs to be
stabilized by the encapsulation of electropositive metals that
donate four electrons to the cage, M@C,s (with M =Ti, Zr, Hf
and also U).11 In fact, they also detected other “magic” peaks for
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the U@CGC,, series at C3s and Cis and concluded that the
formation of endohedral mono-metallofullerenes M@C;, is
directed by charge transfer, i.e. the smaller the carbon cage the
larger the formal transfer to get the M@C;, stabilized.12

Other gas-phase detections of uranofullerenes’3 14 and
computational studies on the U-cage interaction in small
cages!> 16 or U-U bond in U,@Cs have been reported.l?
However, it was not until 2017 that the first actinidofullerene
was synthesized by an arc-discharge method and fully
characterized.’® In Th@Gs,(8)-Cs2, there is a formal transfer of
four electrons from Th to the cage, in contrast to the three
electrons transferred in lanthanide counterparts as La@C,,(9)-
Csz2. The same year, three mono-uranofullerenes, U@Dsh-Cya,
U@GC,y(5)-Cs2 and U@C,(9)-Cs2 were also obtained and
characterized, which provided the first observation of cage
isomer dependent charge transfer states for U.1° Since then,
many other mono- and di-actinidofullerenes have been
obtained, as for example U@C;(17418)-C76, U@C1(28324)-Cgp
and Th@C1(28324)-Cgo in cages that do not obey the isolated
pentagon rule (IPR),2° U,@/n(7)-Cso,2* or more recently U@C;(6)-
Cs2, U@Cy(8)-Cas, U@Cs(15)-Cay, U@C1(12)-Css, Th@Dsn(6)-Cso
and Tho@/n(7)-Cso, among others.2224 The carbon cages can be
used as effective nanocontainers to study the elusive actinide-
actinide bond,?> 26 as for example in Th,@I(7)-Cs,2* or to
encapsulate reactive or rare actinide clusters as in U;N@/n(7)-
Cso, UC@/1(7)-Cso, U2Co@In(7)-Cgo, U2C2@D3n(5)-Czs and
UCN@C,(6)-Cs2.2730 The encapsulated actinides show a wide
range of oxidation states, especially uranium, which is present
as (i) U(V) in U,C@In(7)-Cao; (i) U(IV) in U,Co@In(7)-Cso OF
U@C1(28324)-Cso and most of the mono-uranofullerenes; and
(iii) V() in Uy@/n(7)-Cso, U@C2v(9)-Cs2 or UCN@C,(6)-Csa, for
which the authors claimed an ambiguous oxidation state, U(lIl)
vs U(l).22 The shortest U--C distances in all these
uranofullerenes range between 2.40 and 2.55 A, slightly shorter



than in uranocene U(n8-CgHsg)2, U(N>-CsHs)s or in arene-bridged
diuranium complexes.31 32

Herein, using a laser vaporization cluster source, we aim to
prepare and characterize boron-doped U@C;n.1B endohedrals
that can be scaled up for macroscopic production as well as
have new properties and are attractive for applications. First,
we describe the gas-phase synthesis and detection of boron-
doped uranium endohedral fullerenes, along with the
computational details of the calculations, and then we discuss
the results. Two remarkable features are found in the smallest
U@C,;B: (i) highly-oxidized U(VI) formal state; and (ii) large
hapticity of the nanocontainer ligand.

2. Experimental
2.1. Gas-phase synthesis of U@C;,.1B

The starting materials, graphite (99.9999%), boron powder
(96%) and UO,, are thoroughly mixed and then molded into a
composite rod by compression. The optimal carbon target
composition for boron-doped uranofullerene formation is
found to be 0.8% U (atomic percent) and 10% B (atomic
percent). U@C;,1B are formed in situ by use of a pulsed
supersonic cluster source by a single laser pulse of a Nd:YAG
laser (532 nm, 5 mj/pulse) under a flow of helium.12.33 The gas-
phase reaction products were analysed by a custom-built 9.4 T
FT-ICR mass spectrometer directly coupled to the cluster source
and are conducted with positive ions.3* lons produced by 10
individual vaporization events were accumulated and
transferred by octopoles to an open cylindrical trap ICR cell. The
ions are then accelerated to a detectable radius by a broadband
frequency sweep excitation, and detected as the differential
current induced between two opposed electrodes of the ICR
cell. The positively charged molecular ions are expected to be
representative of the neutral abundance distribution generated
by laser vaporization. Although, we note that the corresponding
neutrals may exhibit different stabilities.

2.2. Computational details

The geometry optimizations were performed at density functional
theory (DFT) level with the ADF 2018 program using different
functionals (see ESI).3% 3% The exchange-correlation hybrid functional
PBEO and the Slater TZP basis sets were used (PBEQ/TZP) for the
analysis.37-3% Frozen cores consisting of (i) the 1s shell for C and B; (ii)
the 1s to 5d shells for U were used. Relativistic corrections were
included by means of the ZORA formalism. In addition, the Grimme
Dispersion D3 method was considered.40

CASSCF/CASPT2 calculations were carried out using OpenMolcas
20.10.%* The basis sets used were taken from the ano-rcc internal
basis set library using the following contractions: (9s8p7d5f2g1h) for
U and (4s3p1d) for C and B. No symmetry restrictions were imposed
and Cholesky decomposition was employed to speed up the handling
of two-electron integrals. Scalar relativistic effects were included
through the Douglas-Kroll-Hess Hamiltonian. The molecular orbitals
were optimized for the lowest 10 roots of each multiplicity in a state-
average (SA-CASSCF) calculation. The active space contains 7
electrons distributed in all the possible ways over 13 molecular
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orbitals, including all the f-type U orbitals and six orbitals of the cage
(Fig. S1). Some of the active orbitals are clearly localized on U or the
cage, but others are delocalized over the cage and U, which hampers
the electron count on U, and makes it difficult to assign an oxidation
state to the metal ion. To accurately determine the oxidation of each
electronic state, we have localized the orbitals performing an
orthonormal transformation of the MO in the active space.?? The
new set of orbitals (Fig. S2) are localized on U or the cage with small
orthogonalization tails onto the metal. Re-expressing the
multiconfigurational wave function in this set of localized orbitals
allows a direct determination of the number of electrons associated
to U. The number of electrons in each localized orbital, the total
number of electrons over U atom and the CASSCF energy can be
found in Table S1. Despite the accurate analysis that can be
performed using a CASSCF wave function, the energies are
commonly far from being correct because of the lack of dynamic
electron correlation. These effects were added applying the second
order perturbative correction to all electrons except the deep core
ones to the CASSCF reference wave function, in the so-called single-
state (SS-CASPT2) calculation. The standard 0.25 Ep IPEA shift was
used and the imaginary level shift was fixed at 0.05 Ej to avoid the
presence of weak intruder states. The influence of the imaginary
level shift in the relative energies has also been tested (Fig. S3).

3. Results and discussion

Figure 1 shows that U@C,;B forms as the smallest and most
abundant species in the U@C;,.1B borafullerene family under
our conditions, which is in agreement with the known smallest
cage all-carbon analogue.1! Other much less abundant peaks
are also observed for U@C35B, U@C,3B and U@C49B. To better
understand this result, we have analysed the geometry and the
electronic structure of U@C,;B. Due to the high symmetry of
the cage (Ty), this fullerene shows only two positions for the
substitution of a carbon atom by boron. It can be placed in the
centre of three pentagon rings (also called 555 position) or in
the centre of two pentagons and one hexagon (556). The energy
difference found for these two isomers is 11.7 kcal-mol-1, with
the 556 isomer lower in energy.
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Fig 1. Formation distribution (positive ions) for U@C2:1B products

formed by laser vaporization of U-containing graphite starting material.

Inset: The region 2n-1 =29 to 59 is expanded for clarity.
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Fig 2. Histogram of the U-cage distances in the optimized structure of
U@C,7B. Besides, the optimized structure for the isomer 556 is shown.

To confirm the endohedral position of U within the C;;B cage,
we have computed some isomers with U coordinated to B
and/or C atoms outside the cage (Table S5). Those exohedral U-
C,7B systems considered are more than 150 kcal mol! higher in
energy than U@C;,;B. Interestingly, in U@C,;B the U atom is
placed at the centre of the fullerene void interacting with all the
28 atoms of the cage in a very similar manner due to the small
inner void and the large size of uranium, as compared for
example with Ti@Cs, where Ti is off-centered.!! All the C-U
distances range between 2.41 and 2.53 A, with the B-U distance
being 2.51 A (Figure 2).

Neutral U@C;;B shows an unpaired electron, which is not
located on the B atom, but mainly delocalized on the fullerene
cage with a residual contribution on the internal U atom (see
spin density in Fig. S4). The oxidation potential is low in line with
the high energy of the singly-occupied molecular orbital (SOMO,
Figure 3). Besides, it is remarkable that uranium atom formally
transfers all its six valence electrons to the fullerene cage, as can
be seen from an analysis of the electronic structure where all 5f
orbitals of uranium are empty (Figure 3). The doublet with the
U(V) f! configuration is at 3.8 kcal mol-L. It is then one very rare
example in which the formal oxidation state +6 of uranium is
stabilized without the presence of highly electronegative atoms
as oxygen, nitrogen, chlorine or fluorine.

We have confirmed this result by using multi-configurational
wave-function based methods, CASSCF/CASPT2 (see
Computational methods for details). The lowest-energy
doublet, with formally 5f0 U(VI), is 7.3 kcal mol-* lower in energy
than the lowest doublet with 5f1 U(V) electronic configuration
(Table S1). The charge distribution on the cage atoms, according
to the Bader’s Quantum Theory of Atoms in Molecules
(QTAIM),*3 is found to be highly unequal, particularly around
the heteroatom, as a consequence of their different
electronegativities. The B atom bears a significant positive
charge (+1.79) while the three C atoms directly bonded to it
accumulate each an important negative charge (-0.65, -0.63 and
-0.62) as compared to the low charge in the remaining 24 C
atoms of the cage (around -0.05), see Figure 4. Localization
index (LI), a QTAIM-based index that defines the population of
an atomic basin minus the shared electrons, has been used
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recently to measure the oxidation state of electropositive
atoms.4% 45 The difference between the LI and atomic number
provides a measure of the charge of an atom after the ionic
approximation for heteroatomic bonds, which corresponds to
the IUPAC definition of oxidation state. Measure of Lly in
U@C,sB also confirms the U(VI) oxidation state. Furthermore,
QTAIM was used to characterize the U-cage interactions. The
bond critical point (bcp) postulated by Bader between two
atoms is a necessary and sufficient condition for the atoms to
be bonded. We have found 28 U-cage bcp, one for each of the
27 U-C interactions as well as for U-B (Figure 4b). At these bcp,
the corresponding values of electron density pycp and Laplacian
of the electron density 7?py, are displayed in Table S3.

Fig 3. Frontier molecular orbitals of U@C,7B at PBEO/TZP level. SOMO
and LUMO are essentially cage orbitals and all U-5f orbitals are empty.

(a) 0650 (b)
Fig 4. Bader charges (a) and AIM critical points (CP) and bond paths (b)
for U@C;7B. Atom CP in white, bond CP in red, ring CP in green and cage
CPin light blue.

As found for M-cage interactions in larger cages,*® densities pycp
are around 0.5 eA3 and values of the Laplacian V2py, are
positive about 4-5 eAS. Ring critical points (rcp) in the middle of
the triangle formed by two contiguous U-C bcp and a C-C bcp
are also found (Fig. S7). Delocalization indices, 3(U-cage), which
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provide a quantitative measure of the degree of electron
sharing between the U atom and the cage and have been
proposed as a measure of bond order,4” are found to be around
0.3 for U-Cinteractions (Table S6) and somewhat smaller, albeit
non negligible, for the U-B interaction (0.097, Table S6). From
this topological analysis of the electron density and the
histogram of the U-C distances, we can see the C;;B cage that
encapsulates U as if it were a ligand with a unusual very large
hapticity (n?8).

Besides, we have analysed the electronic structure of U@C,;B*
cation, since this is the species detected in the mass
spectrometer when working in the positive mode. This cation,
still with U(VI) oxidation state, is a rather stable closed-shell
species with a considerably high HOMO-LUMO gap (4.92 eV at
PBEO level). CASPT2 calculations confirm that the lowest-energy
singlet, by more than 80 kcal mol-, is essentially described
(67%) by a configuration with formally U(VI) (see Table S2 and
Fig. S5).

Electronic structure and U-C bond lengths suggest a strong
interaction between the actinide and the carbon cage, with the
metal acting very likely as a template in the formation of the
endohedral fullerene, as itis presumed for other endofullerenes
or clusterfullerenes as ScsN@Cgo.3334 48 Indeed, the importance
of the metal-ligand interaction is clearly shown in the larger
monometallic EMFs, where the U ion never remains in the
centre of the cavity, but moves to the wall of the carbon cage.®
20,23 This behaviour is general and does not depend on the metal
type. The nature of the interaction is not very different from
that observed in classical organometallic ligands.31 32, 49-51
Finally, we have analysed the hypothetical system Pa@C,sB,
isoelectronic to U@C,;B* with a closed-shell structure.
Protoactinium, with a very similar size as U, has the same spatial
constraints and it is placed at the centre of the cage interacting
with boron and all the carbon atoms in a quite similar way. The
distance between the protactinium and the boron atom is 2.59
A while the carbon—protactinium distances range between 2.45
and 2.58 A (Fig. S6). From an analysis of the electronic structure,
we find that there is a huge gap between the HOMO and LUMO
energy levels (3.93 eV, see Fig. S7). As for U@C,;B, the metal
transfers all its valence electrons, now five of them, to the
fullerene cage, as shown by the seven empty 5f orbitals of
protactinium with the HOMO belonging to the carbon cage. So,
in this case the system can be seen, within the ionic model, as
Pas*@C,7B5. Analysis of the critical points show that there is
one bcp for each Pa-C interaction, but no bcp is found now for
Pa-B (Table S4). Delocalization indices, 8(Pa-C), are around 0.25
and 3(Pa-B)=0.073.

4. Conclusions

The smallest fullerene observed so far, M@Cys (M = Ti, Zr and
U), is boron-doped in the form U@C,;B using laser vaporization
techniques and detected by high resolution FT-ICR mass
spectrometry as the most abundant borafullerene in the U@C;n-
1B family. The large size of the actinide combined with the small
inner void inside C7B enforces the U atom to be placed in the
middle of the cage in such a way that the interaction with all 28
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atoms is optimized and the encapsulation can be seen as a 28-
hapto interaction with the cage. Significant asymmetry in
charges is observed around the heteroatom, which is positively
charged, with the three C atoms directly bonded to it that keep
most of the negative charge. From a detailed analysis of the
electronic structure uranium can be formally described as highly
oxidized U(VI), Us*@C,;B%, even though no bond to very
electronegative atoms like O, F, N or Cl exists. This inorganic
radical that is formed in the gas phase, remains very abundant
when detected as U@Cy7B* in the positive mode of the mass
spectrometer, once one electron is lost and a large-gap closed
shell structure is obtained. Stabilization by forming charge-
transfer complexes with electron acceptors would be expected
for this U@C,7B bizarre radical, which is another example of the
special host-guest interaction in endohedral metallofullerenes.
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