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Endofullerenes: 	
Nano-scale test tubes for single 

molecules and atoms

1

Malcolm Levitt 	
University of Southampton, UK
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Endofullerenes by organic 
synthesis

2
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“Molecular surgery”

3

Yas Murata
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He@C60,	
Ne@C60…

H2@C60

HD@C60
D2@C60

HF@C60

CH4@C60

H2O@C60
D2O@C60
H217O@C60

Richard

Whitby

Nature Chem. (2016)
Angew. Chem. (2019)

CH2O@C60

Angew. Chem. (2021)

Nature Commun. (2024)
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Endofullerenes
•Symmetrical carbon cages encapsulating 
single molecules or atoms	

•Stable black solids, purple solutions	
•Highly pure and homogeneous	
•May be studied from ~mK to ~500 K	
•Available in macro quantities ~100mg	
•May be functionalised, reacted, etc.

5HF@C60 in SWCNT

Andrei

Khlobystov
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phenomena
rotational quantization	
translational confinement	
 “particle-in-a-box” quantization	

translation-rotation coupling	
spin isomerism	
metastable spin-isomer states	
spin-isomer conversion

6
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He@C60
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8Bacanu et al. JACS (2020)

4He@C60

3He@C60

Solution 13C NMR: He@C60

George

Bacanu
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0JHeC

9

0JHeC	
~ 74.4 mHz

First observation of a J-coupling to 3He
“Non-bonded” J-coupling
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He@C60: Spatial Quantisation

10

E

nℓ = 00

nℓ = 11

nℓ = 20
nℓ = 22

~ 10 meV

THz, INS
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THz

11

4He@C60

3He@C60

Bacanu et al. JCP (2021)

4He@C60

3He@C60

Rõõm et al. Tallinn
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Inelastic neutron scattering

12

3He@C60

4He@C60

2.7 K

2.7 K

Bacanu et al. JCP (2021)Rols et al. ILL-Grenoble
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Experimentally determined 
V(r) for He@C60

13Bacanu et al. JCP (2021)

3He and 4He 
curves 

(superimposed)
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Comparison with QChem

14
Bacanu et al. JCP (2021)

3He and 4He 
curves 

(superimposed)
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H2@C60

15
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Spin isomers

16
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Spin-statistics theorem

17
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Spin isomers of H2

H nuclei are fermions ( )	

quantum state must be antisymmetric 
(“ungerade”, u) with respect to 
exchange:	

	

The allowed spatial-spin combinations 
are gu and ug

I = 1
2

(12)Ψ1,2(12)† = − Ψ1,2(12)

18

👍
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J=3

J=1

19

E

J=0

J=2

EJ = BJ(J + 1)

u

g

g

u
spatial states
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H2 nuclear spin states

g symmetry:	

	

u symmetry:	

|αα >
2−1/2( |αβ > + |βα > )
|ββ >

2−1/2( |αβ > − |βα > )

20

I = 1

I = 0

nuclear spin triplet

nuclear spin singlet
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H2 rotational states

21

J=3

J=1

E

J=0

J=2

I = 0

parahydrogen

I = 1

orthohydrogen

15.1 meV	
174 K	

121.6 cm-1	

3.6 THz

H2 spin isomers



NY
U
-A
bu

Dh
ab

i-J
an

20
26

22

J=3

J=1

E

J=0

J=2

I = 0

parahydrogen

I = 1

orthohydrogen

high temperature

T > 100 K,	
equilibrium

no ∼ 3np
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23

J=3

J=1

E

J=0

J=2

I = 0

parahydrogen

I = 1

orthohydrogen

low temperature

T > 100 K,	
equilibrium

no ∼ 3np

T < 20 K,	
equilibrium

no ∼ 0

high temperature
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24

J=3

J=1

E

J=0

J=2

I = 0

parahydrogen

I = 1

orthohydrogen

T > 100 K,	
equilibrium

no ∼ 3np

T < 20 K,	
quasi-equilibrium

no ∼ 3np

metastable o-H2

low temperaturehigh temperature
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Rotational-translational states

25
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para ortho

Inelastic neutron scattering 
(INS)

26

-14.6 meV +14.6 meV

neutron 
energy loss

neutron 
energy gain
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H2@C70

27
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NE gain

28

Second NEG peak
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29

E

para J = 0

ortho J = 1

vz = 0

vz = 1

H2@C60



NY
U
-A
bu

Dh
ab

i-J
an

20
26

H2@C70

30

H2@C60

E

para J = 0

ortho J = 1

vz = 0

vz = 1
E

para J = 0

ortho J = 1

vz = 0

vz = 1
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2H2@C70

31
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NE gain

32

2025

J=1 sublevel structure: 	
anisotropy?	
tunneling?

H2@C70

no second peak 

redshift of rotational peak
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33

H2@C70

E

para J = 0

ortho J = 1

vz = 0

vz = 1
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2H2@C70

34

H2@C70

E

para J = 0

ortho J = 1

vz = 0

vz = 1

E

para J = 0

ortho J = 1

vz = 0

vz = 1
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2H2@C70

Changes with respect to H2@C70:	
rotational splitting much smaller	

increased effective moment of inertia?	

absence of translational NEG peak	
translational splitting > rotational energy	
each H2 has less room	

structure in ortho (and para?) ground state	
rotational anisotropy?	
tunneling splitting?

35
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Rb3C60	

Tc ≃ 30.3 K
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critical temperature & field

37

temperature

magnetic field

superconductor

Type II

superconductor

metal

Bc

Meissner 
effect

critical 
field

critical 
temperature
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type I and type II 
superconductors

38

temperature

magnetic field

Type I	
superconductor

Type II	
super-

conductor

metal

Meissner 
effect

field penetration in 
vortices
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vortices

39
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unit cell volume; Cs content

Rbx Cs3-x C60

40

te
m
pe

ra
tu
re
 / 
K

Rb
3C

60
Tc ~ 30 K
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Rb3(3He@C60)

41

field-
cooled

zero-field-
cooled

the presence of He does not change the 
superconductivity
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Solid-state 3He NMR

3He is an excellent NMR nucleus	
spin-1/2	
high-  (3/4 that of 1H)	

very narrow NMR line	
zero background	
negligible anisotropic interactions

γ

42
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solid-state 3He NMR of Rb3(3He@C60)

43

metal

super-	
conductor

Knight shift

line shape due to 
vortex structure in 

the Type-II 
superconductor
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3He  versus T1 δ

44

290 K

normal metal

15 K

superconductor

correlation of  with T1 δ

Inverse Laplace 
transform in the 
“  dimension”T1



NY
U
-A
bu

Dh
ab

i-J
an

20
26

3He  versus T1 δ

45

30 K

normal metal, just above Tc

60 K

normal metal, 30 K above Tc

correlations of  with  ?T1 δ
superconducting 
fluctuations above 

?Tc
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Summary
Endofullerenes provide confined molecules and 
atoms in a homogeneous chemical 
environment, in macroscopic quantities	
Confinement leads to translational quantisation	
THz and INS allows determination of 
intermolecular potentials	
non-bonded NMR J-couplings are observed 	
The endo species is a sensitive NMR probe of 
electronic and molecular structure, even into 
the superconducting state

46
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