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Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrum of positive carbon-uranium
cluster ions produced by laser vaporization of a graphite-UO, composite disk.
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s 2sou (@) UCU@],(7)-Cg,-[Ni"-OEP] structure
e “\Cj 2s20h showing the relationship between the
2520k || S S fullerene cage and the [Ni'-OEP] ligands.

£ 2oh (b) Fragment view showing the interaction
of the major U1-C0-U2 cluster with the
closest aromatic ring fragments of the cage

with centers Ctl and Ct2.
The orange line connects Ct1-U1-U2—-Ct2
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< Actinide endohedral metallofullerenes (EMFs) are novel fullerenes that encapsulate actinide
atoms and clusters.

< This study demonstrates that it is feasible to observe novel endohedral structures with new
actinide clusters and bonding maotifs.

< This uranium carbides act as refractory ceramic materials and fuel for nuclear reactors.
Such fuel is intended for nuclear-powered rockets due to its better power density, and
uranium carbides are desirable candidates for new generations of nuclear reactors at very
high temperatures.

< Synthesis of two novel uranium carbide cluster EMFs, U,C,@1,(7)-Cg, and U,C,@D4,,(5)-Cg,
both of which were characterized by mass spectrometry, single-crystal X-ray crystallography,
nuclear magnetic resonance spectroscopy (NMR), X-ray absorption spectroscopy (XAS),
UV-vis—NIR, Raman spectroscopy, as well as density functional theory (DFT) calculations.

D)

*

)

» U,C,@1,(7)-Cg, and U,C,@D4, (5)-C,4 are the first examples of structurally characterized
uranium(lV) carbides (U,C, motif), forming a butterfly shape in which the two bridged C atoms are
linked by a C=C triple bond. In particular, U,C,@I|,(7)-Cg, represents the first example of
hexavalent M,C, cluster that can be embedded in an 1,(7)-Cg, fullerene cage.
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Synthesis and isolation

Graphite rods, packed with U;O4 and graphite powder (U/C = 1:30) was vaporized in the
arcing chamber under 200 Torr He atmosphere.

The resulting soot was then collected and extracted with CS,, for 12 h.
Multistage HPLC procedures were employed to isolate and purify U,C,@C,,, (2n = 78, 80).

The positive-ion mode MALDI-TOF mass spectra of purified U,C,@Cg, and U,C,@C-4 show
peaks at m/z 1460.04 and 1436.02

Carbon nanotube Rotary Feedthrough unit

He gas atmosphere
200 Torr
Arc discharge

Cathode 2
-— >

—7—

] >

) L4
Graphite

Arc Discharge Device




! i — Trspieibg ad == T hearetizal
|. | 1460.041
g | N 1436.021 1

W m e e e e e T e W mw
FEDE 1408 BENT T4 1405 T4ED 14
—Hapzuimenial

4450 TS FEE 187 1483 Ak 1 485
= DR pE Tt it

00 G00 1000 1400 1800 60O B00 1000 1200 1400 1600
Im

TR LT R D L] SR 1480 SEIE 1408 LEOF T4 147 T4ED 14 k

mfz i [
40 60 80 100 10 30 50 70 90 110
Retention time / min Retention time / min

HPLC chromatogram of purified U,C,@Cg, (a) and U,C,@C-4 (b) with toluene as the eluent.
The insets show the positive-ion mode MALDI-TOF mass spectra and expansions of the
corresponding experimental isotopic distributions of U,C,@Cg, and U,C,@C-4 in comparison

with the theoretical ones.
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(a) UV-vis-NIR spectra of U,C,@/,(7)-Cg, (black) and U,C,@D,,(5)-C,¢ (blue) in CS,. The insets
show the photographs of 0.3 mg of U,C,@D,,(5)-C,; (left) and 0.3 mg of U,C,@/,(7)-
Cqolright) dissolved in 3 mL of CS, solution, respectively.

(b) 13C NMR (600 MHz) spectra of U,C,@/,(7)-Cg, (CS,, 298 and 308 K).
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U L,;-edge XAS spectra of U,C,@1,(7)-Cg, and U,C,@D4,(5)-C-4, as compared to
those of U@C,,(9)-Cg, (U3"), uranium-oxalate (U**), and uranyl-nitrate (U%*).
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Experimental and computational Raman spectra of (a) U,C,@1,(7)-Cg,
(b)U,C,@D3,(5)-Cre.
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Vibrational modes assigned to the major peaks of the Raman spectrum of U,C,@/,(7)-Cg,.
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Figure 2. (a) ORTEP drawing of U,C,@/,(7)-Cg,-[Ni"(OEP)] (OEP =2, 3, 7, 8, 12, 13, 17, 18-
octaethylporphyrin dianion) and U,C,@D,,,(5)-C,4-[Ni"(OEP)] with 20% thermal ellipsoids.
(b) View showing the relationship of the major U,C, cluster with the closest cage portions.
(c) Configuration of the endohedral U1-C,-U2 fragment.



T Geometric Parameters of U,C, Unit ,C, Uni

Uzcz@lh(7)'cso Uzcz@Dsh(s)'cn
C-C/A 1.233 1.127
M-M/A 3.855 4.164
M-C/A 2.421/2.386/ 2.130/2.23/
2.366/2.407 2.354/2.21
dihedral angle/deg 112.7 149.1
ring centroid 7.86 8.01

distance/A




Comparison between the depth of D, (5)-C,5 and 1,(7)-Cg, cages.
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% Actinide cluster fullerenes, U,C,@/,(7)-Cq, and U,C,@D,, (5)-C,q, have been successfully
synthesized and characterized.

¢ Crystallographic analyses unambiguously show that a novel uranium carbide cluster, U2C2,
was encapsulated inside both Ih(7)-C80 and D3h(5)-C78 cages. The U2C2 cluster in U2C2@C80
adopts a butterfly-shaped geometry with a U-C2-U dihedral angle of 112.7° and a U-U
distance of 3.855 A, the U-U distance in U2C2@C78 is 4.164 A and the U-C2-U dihedral

angle increases to 149.1°.

*¢* The combined experimental and quantum-chemical results suggest that the formal U oxidatior
state is +4 in the U,C, cluster.



