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We have observed 1H NMR spectra of hydrogen molecules trapped inside modified fullerene cages
under cryogenic conditions. Experiments on static samples were performed at sample temperatures
down to 4.3 K, while magic-angle-spinning �MAS� experiments were performed at temperatures
down to 20 K at spinning frequencies of 15 kHz. Both types of NMR spectra show a large increase
in the intramolecular 1H– 1H dipolar coupling at temperatures below 50 K, revealing thermal
selection of a small number of spatial rotational states. The static and MAS spectra were compared
to estimate the degree of sample heating in high-speed cryogenic MAS-NMR experiments. The
cryogenic MAS-NMR data show that the site resolution of magic-angle-spinning NMR may be
combined with the high signal strength of cryogenic operation and that cryogenic phenomena may
be studied with chemical site selectivity. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2174012�

I. INTRODUCTION

Many examples of insertion of individual atoms inside
fullerene derivatives using forced conditions are available.1–5

Several research groups have synthesized remarkable chemi-
cal complexes, in which the molecular cage of a fullerene
�C60� derivative encloses a molecule of hydrogen �H2�.6–9

Particularly high yields have been achieved for the endohe-
dral complex of hydrogen H2 and aza-thia-open-cage-
fullerene �ATOCF�,7,10 whose structure is shown in Fig. 1. In
this article, we report 1H NMR data of H2@ATOCF, taken
at cryogenic temperatures �down to 4.3 K�. These data illus-
trate the rotational quantization of the endohedral H2 mol-
ecules at low temperatures, and suggest applications of these
endohedral complexes as cryogenic NMR thermometers, and
as cryogenic relaxation enhancement agents.

In an earlier publication,11 we reported double-quantum
magic-angle-spinning �MAS� NMR experiments on
H2@ATOCF at temperatures down to around 100 K. The 1H
NMR peaks of the endohedral H2 molecules could readily be
resolved by using MAS, and the double-quantum data
showed that the rotational motion of the H2 molecules was
fast and almost isotropic, with an order parameter around
2%, increasing slightly as the temperature was reduced. We
also showed that at slow MAS frequencies, the H2 protons
are in thermal contact with the 1H nuclei on the exterior of
the fullerene cage, so that all protons in the sample relax
with a common time constant. We found that magic-angle
spinning faster than around 15 kHz breaks this thermal con-

tact, so that the endohedral and exohedral protons behave as
independent spin order reservoirs, with very different relax-
ation rate constants.

We now explore the behavior of the endohedral H2 pro-
tons at cryogenic temperatures ��50 K�. This is of great
interest for several reasons. First, the rotational energy level
splitting of gas-phase H2 is of the order of 50 K in tempera-
ture units. The behavior of the H2 molecules is expected to
change dramatically below this temperature, since only a
small number of rotational quantum states should be popu-
lated. Second, one expects the endohedral hydrogen mol-
ecules to enjoy extreme rotational freedom, even in the cryo-
genic regime, where most molecular motions start to freeze
out. Since spin-lattice relaxation is driven by molecular mo-
tion, rapid spin relaxation is expected for the H2 protons
even under cryogenic conditions.

MAS-NMR allows one to achieve chemical site resolu-
tion in the solid state, providing that the spinning frequency
is high enough.12,13 Since H2@ATOCF contains both en-
dohedral and exohedral protons, it is very desirable to con-
duct cryogenic NMR experiments under MAS conditions.
However, early demonstrations of cryogenic MAS-NMR
could only achieve slow spinning frequencies of around
1 kHz14,15—usually not enough to resolve distinct 1H reso-
nances. Fortunately, technical developments have now made
it possible to perform cryogenic MAS-NMR experiments at
spinning frequencies up to around 20 kHz.16 It is therefore
possible to explore cryogenic phenomena such as rotational
state selection, while retaining chemical site selectivity. This
is illustrated in Fig. 1, which shows a series of 1H NMR
spectra, taken at temperatures in the range of 16.2–279 K, ata�Electronic mail: mhl@soton.ac.uk
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a MAS frequency of 10.00±0.05 kHz. All spectra display a
broad spectral feature from the immobile exohedral protons
on the aromatic rings attached to the fullerene cage, and a set
of narrow sidebands from the highly mobile endohedral H2

protons �as discussed below, the exohedral signals were par-
tially suppressed by using a spin echo method�. In the case of
the 279 K spectrum, the spinning sidebands from the en-
dohedral protons are small. These sidebands are due to the
dipole-dipole coupling between the H2 protons, which is av-
eraged to a small residual value by the rapid, nearly isotro-
pic, molecular motion. The small residual dipolar coupling is
periodically modulated by the magic-angle sample rotation,
giving rise to spinning sidebands. As the sample is cooled,
the number of sidebands increases rapidly, indicating that the
H2 rotation becomes increasingly anisotropic at low tempera-
tures. We argue below that the spectra at the lowest tempera-
tures are best described by taking into account the quantized
spatial rotational states of the H2 molecules, rather than by
using the semiclassical concept of motional averaging. Fig-
ure 1 therefore illustrates the use of cryogenic MAS-NMR
for investigating cryogenic quantum phenomena with chemi-
cal site selectivity.

II. EXPERIMENT

A. Sample preparation

The sample is an endohedral 1:1 complex of molecular
hydrogen and ATOCF, referred to as H2@ATOCF, shown in

the inset of Fig. 1. It was prepared in high purity using a
published procedure7,10 and is stable under ordinary condi-
tions.

B. NMR measurements

The NMR measurements were performed both in a rela-
tively high magnetic field �8.46 T, corresponding to a proton
Larmor frequency of 360 MHz� and in a low magnetic field
�0.735 T, corresponding to a proton Larmor frequency of
31.5 MHz�.

1. High-field NMR measurements

The 8.46 T NMR equipment �Tallinn, Estonia� has both
static and MAS-NMR capabilities at cryogenic sample
temperatures16 and allows Fourier transformation of the free-
induction decays in order to obtain spectral information.

The cryogenic MAS experiments were performed using
a homebuilt probe mounted in a 70 mm outer-diameter He-
flow cryostat �Janis Research Co.�. The NMR probe was in-
serted into the 89 mm bore 8.46 T superconducting NMR
magnet from the top. A 6.5 mg sample of H2@ATOCF was
loaded into a homebuilt ZrO2 rotor with an outer diameter of
1.8 mm. The radio frequency fields used provided a 1H nu-
tation frequency of around 150 kHz. The sample was rotated
at frequencies up to 20 kHz using He drive and bearing gas.
Temperature control down to 15 K was achieved by varying
the boiloff rate of a liquid He reservoir in the base of the
NMR probe. The sample temperature was monitored by a
sensor �calibrated LakeShore Cernox� mounted into a copper
plate exposed to the exit gas stream, around 20 mm from the
sample. To obtain temperatures below 30 K, the He drive gas
was cooled by a liquid-N2 heat exchanger, before it entered
the probe. The MAS experiments typically required
�2 dm3 h−1 liquid He and �2 m3 h−1 He gas. All He were
recovered and recycled. Technical details of the cryogenic
MAS probe will be reported elsewhere.

The high-field static NMR experiments were performed
on a second homebuilt cryogenic NMR probe, using a sole-
noid rf coil perpendicular to the static field. The sample tem-
perature could be controlled with an accuracy of ±0.1 K
down to 4.3 K.

2. Low-field „NMR… measurements

The 0.735 T NMR equipment �Nottingham, UK� is de-
signed for spin-lattice relaxation time constant �T1� measure-
ments as a function of temperature and magnetic field.17 The
NMR probe uses a helium-flow cryostat providing sample
temperature control with a stability of ±0.05 K, as detected
by a calibrated LakeShore Cernox sensor. The low-field
1H T1 measurements were performed on 25 mg of
H2@ATOCF, placed in a 5 mm glass NMR tube. The T1

measurement was made by measuring the recovery curve of
the integrated signal intensity after radio frequency satura-
tion. The saturation-recovery curve was sampled with equal
increments in the logarithm of time between approximately
0.01 times T1 and 30 times T1. Some of the recovery curves
displayed a slight nonexponentiality, which was ignored in
the analysis.

FIG. 1. MAS 1H spectra of H2@ATOCF �inset� as a function of tempera-
ture. All experiments were recorded at a spinning frequency �r /2�
=10.0 kHz and a field of 8.46 T, using a spin echo sequence of duration �
=100 �s to suppress the exohedral 1H signal.
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C. Numerical simulations

All numerical simulations of NMR line shapes were per-
formed using the GAMMA computational platform,29 version
4.0.5B. Analysis of experimental NMR data was performed
using the MATNMR software package.33

III. RESULTS

A. Static NMR spectra

In the absence of MAS, the 1H spectra of H2@ATOCF
are dominated by a broad, featureless signal from the exohe-
dral protons of the aromatic groups attached to the orifice,
which outnumber the endohedral protons by a ratio of 8:1. In
order to observe the endohedral proton signal, we used a
“solid echo” pulse sequence �� /2�x−� /2− �� /2�y

−� /2− �detect�. The NMR signals of the endohedral H2 pro-
tons comprise accurate spin echoes under the solid echo
pulse sequence, since the H2 nuclei form approximately iso-
lated spin-1/2 pairs. The exohedral protons, on the other

hand, participate in a complex multiple-spin coupling net-
work, for which the solid echo sequence is largely ineffec-
tive.

Figure 2 shows a series of solid echo NMR spectra of a
static sample of H2@ATOCF, obtained at a magnetic field of
8.46 T and a variety of temperatures, using a solid echo with
�=400 �s. As the sample is cooled below 20 K, the powder
line shapes broaden significantly. At 4.31 K, the proton spec-
trum takes the form of a classic Pake pattern �except for a
small central feature, attributed to a residual exohedral sig-
nal�. There are pronounced deviations from the classic Pake
line shape at 7.05 K and above.

The integrated intensity of the experimental NMR sig-
nals is plotted against the temperature in Fig. 3. The ob-
served linear dependence indicates normal Curie paramag-
netism of the nuclear spin system. There is no evidence
of anomalies due to ortho-para interconversion on the time
scale of the experiment, which lasted around 12 h �see
below�.

FIG. 2. Solid lines: static 1H spectra of H2@ATOCF as a function of temperature, recorded with a �� /2�x−� /2− �� /2�y −� /2 solid echo sequence of duration
�=400 �s at a field of 8.46 T. Dotted lines: best fit simulations using a temperature-dependent biaxial dipole-dipole coupling �see Fig. 8�.
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B. Cryogenic MAS NMR spectra

The set of cryogenic MAS spectra shown in Fig. 1 was
obtained at �r /2�=10.0 kHz using a spin echo pulse se-
quence of the form �� /2�x−� /2−�y −� /2− �detect� with a
spin echo duration of �=200 �s. The spin echo sequence
produced partial suppression of the broad exohedral proton
signal. However, the sideband amplitudes were found to
fluctuate strongly in this experiment, presumably because the
synchronization between the echo pulse and the sample ro-
tation is perturbed by instabilities in the spinning frequency
at cryogenic temperatures.

In order to obtain more reproducible data, we also per-
formed MAS-NMR experiments at a spinning frequency
��r /2� � =15.0±0.2 kHz using a single � /2 pulse for the ex-
citation of transverse magnetization. NMR spectra are shown
in the left column of Fig. 4 for a variety of temperatures.

Each of these spectra was produced by collecting several
single transients, and Fourier transforming them individually.
A linear superposition of the single-transient spectra was
computed, using the spinning sideband pattern to estimate
the spinning frequency for each transient. Each spectrum was
scaled slightly along the horizontal axis to correct for the
small variations in the spinning frequency. Figure 4 �left col-
umn� shows the narrow spinning sidebands from the endohe-
dral H2 molecules superposed on the strong broad signal
from the exohedral protons.

C. Spin-lattice relaxation

The 1H spin-lattice relaxation time T1 was measured as a
function of temperature at magnetic fields of 0.735 and
8.46 T, using a standard inversion-recovery pulse sequence
on a static sample. The T1 of the endohedral 1H peak was
also measured in the presence of 18 kHz MAS at a field of
8.46 T. The results are shown in Fig. 5. All curves have the
same general shape, with an obvious T1 minimum at a tem-
perature of around 60 K. The relaxation of static samples is
faster at a field of 0.735 T compared to 8.46 T. Magic-angle
spinning speeds up the spin-lattice relaxation of the endohe-
dral protons by around an order of magnitude. This effect
may be attributed to a breaking of the thermal contact be-
tween the fast-relaxing endohedral protons and the slowly
relaxing exohedral protons at high MAS frequencies, as dis-
cussed before.11 The minimum observed T1 is around 12 ms
at 65 K, in the presence of MAS.

The 1H T1 of static H2@ATOCF samples is plotted
against inverse temperature T−1 in Fig. 6, in order to empha-
size the cryogenic behavior. At both fields there is a roughly
linear dependence of T1 on T−1 in the cryogenic regime be-
low 50 K.

FIG. 3. Signal intensity vs temperature T, as determined from static spectra
at a field of 0.735 T. The behavior is consistent with the Curie law, indicat-
ing no evidence of ortho-para interconversion.

FIG. 4. �a� Magic-angle-spinning 1H
spectra of H2@ATOCF as function of
temperature, using single-pulse excita-
tion at a field of 8.46 T. The broad
feature and the narrow spinning side-
bands are from the exohedral and en-
dohedral protons, respectively. �b� Es-
timates of the endohedral spinning
sideband amplitudes. �c� Best fits of
the spinning sideband amplitudes to
simulations using a temperature-
dependent biaxial dipole-dipole cou-
pling �see Fig. 8� and a chemical shift
anisotropy interaction. The chemical
shift anisotropy interaction was fixed
at �CSA=8.3 ppm and �CSA=0, with
the same principal axis system as the
DD interaction.
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IV. DISCUSSION

A. Energy level structure

A hydrogen molecule trapped inside a fullerene cage is a
very interesting system from a quantum-mechanical point of
view. The H2 molecule has internal rotational and vibrational
degrees of freedom. In addition, the H2 molecule behaves as
a particle trapped in a three-dimensional box, and displays
translational quantization. Furthermore, the nuclear spin
states are entangled with the rotational states, due to the re-
quirements of the Pauli principle.

Confined hydrogen molecules have been studied in a va-
riety of contexts by NMR,18–21 including H2 molecules
trapped in the interstices of a fullerene lattice.22 The system

studied here is unique because of its chemical and physical
stabilities, allowing study under a wide variety of conditions
including magic-angle spinning.

A hydrogen molecule trapped inside the fullerene cavity
has six spatial degrees of freedom—three translational, two
rotational, and one vibrational—as well as the nuclear spin
degrees of freedom. In the following discussion, the endohe-
dral H2 molecules are assumed to be in the ground vibra-
tional state ��=0� over the experimental temperature range,
since the vibrational splitting is 	�vib /kB�5950 K,23 close
to that expected for free hydrogen gas. The spatial state of a
confined H2 molecule may therefore be indexed by five
quantum numbers, and is denoted �JmJn�m��, where 	J ,mJ


FIG. 5. 1H spin-lattice relaxation time
constants T1 for H2@ATOCF as a
function of temperature T. Black
squares: T1 of a static sample, in a
magnetic field of 8.46 T Grey dia-
monds: T1 of a static sample, in a mag-
netic field of 0.735 T. Circles: T1 of a
magic-angle-spinning sample �spin-
ning frequency=18 kHz�, in a mag-
netic field of 8.46 T.

FIG. 6. 1H spin-lattice relaxation time
constants T1 for H2@ATOCF as a
function of inverse temperature T−1.
Black squares: T1 of a static sample, in
a magnetic field of 8.46 T. Grey dia-
monds: T1 of a static sample, in a mag-
netic field of 0.735 T. Solid line: best
fit of the 0.735 T data to Eq. �27�, us-
ing 
ELL/kB=18.8±0.7 K. Dashed
line: best fit of the 8.46 T data to Eq.
�27�, using 
ELL/kB=18.6±2.1 K.
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are the rotational quantum numbers and 	n , � ,m�
 are the
translational quantum numbers. The postulated energy level
structure of the endohedral H2 molecules is sketched in
Fig. 7.

1. Rotational quantization

The rotational levels of the confined H2 molecules are
expected to resemble those in hydrogen gas, which are given
by

EJ = BJJ�J + 1� , �1�

where BJ is the rotational constant, given by BJ /kB=86 K in
the free gas. The lowest three rotational levels are sketched
in Fig. 7�a�. At the temperatures used in the experiments, the
J=3 level is assumed to be unpopulated.

Since the H2 nuclei are identical fermions, the Pauli
principle requires that the nuclear spin states of the even-J
molecules �parahydrogen� are antisymmetric with respect to
particle exchange, while the nuclear spin states of the odd-J
molecules �orthohydrogen� are symmetric with respect to
particle exchange. The parahydrogen states are therefore
nuclear spin singlets �total nuclear spin I=0�, while the
orthohydrogen states are nuclear spin triplets �total nuclear
spin I=1�.24 The I=0 parahydrogen states give no NMR sig-
nal. The NMR signal intensity of a thermal equilibrium
sample should therefore decrease rapidly below around
50 K, as the hydrogen molecules fall down into the NMR-
silent J=0 state. However, the experimental results in Fig. 3
show a linear dependence of NMR signal intensity on in-
verse temperature, in accordance with normal Curie para-
magnetism. We may conclude that the samples of
H2@ATOCF are not in thermal equilibrium at low tempera-
ture. The NMR signals originate from metastable J=1
�orthohydrogen� states, which are prevented from falling

down to the J=0 �parahydrogen� ground state by the vanish-
ingly small transition probability for this spin-forbidden pro-
cess. We therefore assume that the observed NMR signals
originate purely from trapped J=1 orthohydrogen ground
states. The other rotational states are neglected in the follow-
ing discussion.

The J=1 state has a rotational degeneracy gJ=2J+1=3
in a spherical environment �see Fig. 7�a��. Distortions from
spherical symmetry mean that this rotational symmetry is
broken for a H2 molecule confined in a modified fullerene
cage. However, the rotational sublevel splitting is expected
to be smaller than the translational splitting, and will be dis-
cussed later.

2. Translational quantization

The confinement of the orthohydrogen molecules in the
small fullerene cages leads to quantization of the transla-
tional degrees of freedom. We treat the translational quanti-
zation very approximately by considering the H2 molecule as
a single particle moving freely inside a rigid spherical cavity,
i.e., a particle inside an ideal three-dimensional �3D� spheri-
cal box. Solution of the Schrödinger equation for this highly
simplified case25 leads to the following translational energy
levels:

En,�
tran =

�n,�
2 	2

2�r2 , �2�

where r is the radius of the spherical cavity, � is the mass of
the particle, n� 	1,2 , . . . , 
 is the principal quantum number,
�� 	0,1 , . . . ,n−1
 specifies the total orbital angular momen-
tum quantum number, and �n,� is the nth root of the spherical
Bessel function j��x�.26 Translational states with ��0 pos-
sess orbital angular momentum, i.e., the particle executes a
circulatory motion inside the cage. The translational degen-

FIG. 7. Hypothetical rototranslational energy level diagram for molecular hydrogen inside ATOCF cavity. �a� Rotational energy levels and rotational
degeneracies of a free H2 rotor. �b� Splitting of the J=1 rotational state due to translational quantization in a spherical box. Only the two lowest levels are
shown. The states are labeled �Jmjn�m�, where mj is the rotational sublevel quantum number and 	n , � ,m
 are translational quantum numbers. The total
degeneracies �both translational and rotational� are displayed. �c� Splitting of the translational excited state due to cavity elongation. The translational excited
state levels are labelled �1mj11�C�, where �C� 	xC ,yC ,zC
 to indicate quenching of orbital angular momentum and translational polarization along the cavity
axis system. �d� Splitting of each translational state due to a nonisotropic rotational potential. The energy levels are labelled �J� jn��C� with �J� 	X ,Y ,Z
 to
indicate quenching of rotational angular momentum and rotational polarization along the principal axis system of the rotational potential.
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eracy of a level with an orbital quantum number � is
g�=2� +1.

This equation predicts a translational ground state
	n , � 
= 	1,0
 and a first translational excited state with
	n , � 
= 	1,1
, with an energy splitting given by


tran =
	2

2�r2 ��11
2 − �10

2 � = 10.32
	2

2�r2 . �3�

If the cage is spherical, the translational ground state is three-
fold degenerate �gJ=3 and g�=1�, while the first translational
excited state is nine-fold degenerate �gJ=3 and g�=3�, as
shown in Fig. 7�b�. The spatial states are labeled �JmJn�m��,
where mJ� 	−J ,−J+1, . . . , +J
 and m�� 	−� ,−� +1, . . . ,
+ � 
.

The dimensions of the cavity may be estimated from the
crystal structure of ATOCF.10 The carbon skeleton is roughly
ellipsoidal, with principal axes 	xC ,yC ,zC
, oriented such that
the zC axis points from the cavity center towards the orifice.
The ellipsoid diameters are given by dx

C�700 pm, dy
C

�735 pm, and dz
C�770 pm in the orifice direction. The

translational splitting 
tran may be estimated from Eq. �3� by
setting � equal to the mass of a hydrogen molecule, and by
using an effective spherical box radius given by

r �
1

2
drms − rH − rC, �4�

where drms is the root-mean-square diameter of the carbon
skeleton,

drms = �1

3
��dx

C�2 + �dy
C�2 + �dz

C�2��1/2

� 735 pm. �5�

Here rH=120 pm and rC=170 pm are, respectively, the van
der Waals radii of the hydrogen and carbon atoms. This pro-
vides an estimated translational splitting of 
tran /kB

�200 K. Although this estimate is very rough, it permits us
to neglect all but the two lowest translational levels at the
temperatures used for the experiments.

The threefold translational degeneracy of the excited
state 	n , � 
= 	1,1
 is lifted by the broken spherical symmetry
of the ATOCF cage. A more realistic energy level diagram is
sketched in Fig. 7�c�. For simplicity, and because the experi-
mental data are insufficient to characterize a more general
interpretation, we assume that translational excited state
splits into three equally spaced levels. The splitting is de-
noted tran

11 . The symmetry-breaking distortion is also ex-
pected to quench the orbital angular momentum27 of the
states with �=1, leading to three real spatial states which
represent linear translations along the orthogonal principal
axes 	xC,yC,zC
 of the cavity. The three linearly polarized
translational states are denoted �1mJ11xC�, �1mJ11yC�, and
�1mJ11zC� in Fig. 7�c�. The quenching of the orbital angular
momentum is important since it implies that the spatial ori-
entation of the H2 molecule is not modulated by the transla-
tional motion, even in states with �=1.

3. Rotational sublevels

In a perfectly spherical environment, the rotation of the
H2 molecule is not associated with an energy change, and the

J=1 translational ground state 	n , � 
= 	1,0
 is threefold de-
generate �gJ=3�. However, in the real case of H2@ATOCF,
each H2 molecule encounters a nonisotropic environment
due to the distorted fullerene cage, thereby breaking the de-
generacy.

Assume that the rotational potential may be described
approximately by the quadratic form,

V��,�� = eHH · V · eHH, �6�

where the unit vector eHH is defined to be parallel to the
internuclear axis. The principal axes of the symmetric Carte-
sian tensor V are denoted eX, eY, and eZ, with corresponding
principal values VXX, VYY, and VZZ. Although it is not pos-
sible to relate this principal axis system to the molecular
reference frame a priori, one expects the principal axis asso-
ciated with the lowest principal value to be aligned with the
most elongated direction of the distorted icosahedral cage —
presumably in the direction of the orifice.

The related problem of H2 molecules trapped in the in-
terstices of solid C60 has been studied closely by Tomaselli.22

In that case, the S6 local symmetry of the H2 environment
splits the lowest level into one doubly degenerate level and
one nondegenerate state. In the present case of H2@ATOCF,
on the other hand, there is no local symmetry at all, so the
J=1 rotational state is expected to split into three non-
degenerate levels �Fig. 7�d��. The orientation of the H2 mol-
ecule may be defined with respect to the rotational principal
axis system using polar angles 	� ,�
, i.e.,

eHH = eZ cos � + eX sin � cos � + eY sin � sin � . �7�

Since the spatial eigenfunctions must be orthogonal, the spa-
tial wave functions in the 	n , � 
= 	1,0
 translational ground
state correspond to real p-orbital-like eigenfunctions with an-
gular parts proportional to

�1Z100� � Y10��,��,

�1X100� �
1
2 �Y11��,�� + Y1−1��,��� , �8�

�1Y100� �
1
2i �Y11��,�� − Y1−1��,��� ,

where Yim�� ,�� are spherical harmonics. One expects the
lowest energy level to correspond to a spatial wave function
�1Z100� polarized along the most elongated direction of the
distorted icosahedral cage—possibly in the direction of the
orifice. For simplicity, and because the experimental data are
insufficient to characterize a more general interpretation, we
assume that the rotational levels of the translational ground
state are equally spaced �Fig. 7�d��. The ground-state rota-
tional sublevel splitting is denoted rot

10.
A strict analysis of the rotational sublevels would need

to take into account the coupling between the translational
and rotational degrees of freedom �in a classical description,
this coupling corresponds to a change in the orientation of
the H2 molecule on collisions with the cavity wall�. For sim-
plicity, we assume that the translational and rotational de-
grees of freedom may be treated separately.

The excited translational levels are also split. For sim-
plicity, we assume that all sublevels of the 	n , � 
= 	1,1

translational excited state have the same rotational sublevel
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splitting, denoted rot
11. The corresponding spatial states are

labeled �1�J11�C�, etc., in Fig. 7�d�, where �J� 	X ,Y ,Z

indicates the polarization direction of the rotational state
while �C� 	xC ,yC ,zC
 indicates the polarization direction of
the translational state relative to the cavity. The experimental
results are analyzed assuming that rot

11 and rot
10 are different.

The complete lifting of the rotational degeneracy in the
distorted fullerene cage quenches the rotational angular mo-
mentum of the orthohydrogen molecules.27 This has conse-
quences for the NMR lineshapes �see below�.

B. Spin Hamiltonian

As discussed by Tomaselli,22 the nuclear spin Hamil-
tonian of the H2 molecule consists of a through-space dipole-
dipole interaction between the two 1H nuclei, as well as a
chemical shift anisotropy term. There is also a spin-rotation
term, representing the interaction of the nuclear magnetic
moments with the rotational angular momentum of the mol-
ecule. In hydrogen gas, both of these interactions contribute
to the 1H spin-lattice relaxation.28

We neglect the spin-rotation interaction in the following
discussion. This is justified under the assumption that the
broken symmetry of the ATOCF cage quenches the rotational
angular momentum of the H2 molecules in the J=1 state, as
discussed above. Tomaselli did not observe spectral effects
of the spin-rotation interaction, even in the more symmetrical
case of H2 trapped in the interstices between C60

molecules.22

There is evidence that the chemical shift anisotropy has
significant effects on the 1H line shapes, as discussed below.

1. Dipole-dipole coupling

The NMR properties of the endohedral H2 molecules are
dominated by the strong dipole-dipole coupling between the
two protons. This interaction is characterized by a dipole-
dipole coupling tensor which depends on the rotational/
translational state of the molecule. At ordinary temperatures,
the H2 molecules make rapid quantum transitions between
the rotational/translational eigenstates, so the NMR spectrum
is determined by an average of the dipole-dipole coupling
tensor over all of the thermally accessible states, weighted by
their fractional populations, according to the Boltzmann dis-
tribution.

The nuclear dipole-dipole coupling Hamiltonian in the
individual spatial state �1�Jn��C� is given by

HDD
�1�Jn��C� = I1 · D�1�Jn��C� · I2, �9�

where the two nuclear spins are denoted I1 and I2. For sim-
plicity, we assume that the dipole-dipole Hamiltonian is the
same in all spatial states �1�Jn��C�, except for the direction
of the dipole-dipole principal axis system, which is given by
the polarization direction of the rotational state, i.e.,

D�1Xn��C� = bDD
0 2 0 0

0 − 1 0

0 0 − 1
� ,

D�1Yn��C� = bDD
0 − 1 0 0

0 2 0

0 0 − 1
� , �10�

D�1Zn��C� = bDD
0 − 1 0 0

0 − 1 0

0 0 2
� .

This assumes that the relative orientation of the molecules is
independent of the translational motion, which is physically
reasonable under the assumption that the orbital angular mo-
mentum is quenched by the broken cage symmetry.

The dipole-dipole coupling constant in a linearly polar-
ized J=1 rotational state may be estimated through

bDD
0 = −

�0�2	

4�rHH
3

2

5
, �11�

where the factor 2 /5 takes into account the angular spread of
the delocalized nuclear wave functions in the J=1 rotational
state.22 The estimated dipole-dipole coupling is bDD

0 /2�
�−116 kHz for an internuclear distance rHH=74.5 pm.

At a finite temperature, cage vibrations induce thermal
transitions between the translational states. We assume that
these transitions are very frequent compared to the size of the
nuclear spin interactions, so that the NMR spectrum is deter-
mined by the thermally averaged dipole-dipole Hamiltonian,
given by

HDD�T� = I1 · D�T� · I2, �12�

where

D�T� = �
�J,n,�,�C

D�1�Jn��C�p�1�Jn��C��T� . �13�

Here p�1�Jn��C��T� is the fractional thermal occupancy of an
individual spatial state, as determined by the Boltzmann dis-
tribution at the temperature T, i.e.,

p�1�Jn��C��T� = Z−1�T�exp − E�1�Jn��C�/kBT , �14�

where the partition function is

Z�T� = �
�J,n,�,�C

exp − E�1�Jn��C�/kBT . �15�

The thermally averaged dipolar Hamiltonian can therefore be
written as a tensor of the form

D�T� = DX�T� 0 0

0 DY�T� 0

0 0 DZ�T�
� , �16�

where the principal axes correspond to the principal axes of
the rotational potential, and the principal values are given by
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DX�T� = bDD
0 Z−1 �

n,�,�C

�2p�1Xn��C� − p�1Yn��C� − p�1Zn��C�� ,

DY�T� = bDD
0 Z−1 �

n,�,�C

�− p�1Xn��C� + 2p�1Yn��C� − p�1Zn��C�� ,

�17�

DZ�T� = bDD
0 Z−1 �

n,�,�C

�− p�1Xn��C� − p�1Yn��C� + 2p�1Zn��C�� .

The thermally averaged dipole-dipole coupling constant
bDD�T� and dipolar biaxiality �asymmetry� parameter �DD�T�
are given by

bDD�T� = Dz�T�, �DD�T� =
�DY�T� − DX�T��

�DZ�T��
. �18�

At the lowest temperature, only the lowest sublevel is
populated, and the dipole-dipole �DD� coupling tensor is ex-
pected to have zero biaxiality, with a coupling constant
bDD�T→0� /2�=bDD

0 /2��−116 kHz. As the temperature is
increased, the neighboring levels are populated, the DD cou-
pling constant decreases in magnitude, and the biaxiality in-
creases. At high temperatures, the DD coupling constant be-
comes small, since the populations of states which are
polarized in the three orthogonal spatial directions become
nearly equal. The dashed lines in Fig. 8 show a typical tra-
jectory for the dipole-dipole coupling parameters as a func-
tion of temperature.

The treatment given above predicts that the principal
axis system 	X ,Y ,Z
 of the DD coupling tensor remains
fixed in the molecular reference frame, even though the DD
coupling constant and the biaxiality are both strongly tem-
perature dependent. Unfortunately, this result cannot be
tested at the present time, since single crystals of
H2@ATOCF are not available.

2. Chemical shift interactions

The proton nuclei also experience chemical shifts from
the electrons in the surrounding fullerene cage and the hy-
drogen molecule itself. This interaction may be described by
a Hamiltonian term of the form

HCS�T� = B0 · ��T� · �I1 + I2� , �19�

where B0 is the external magnetic field and � is the chemical
shift tensor �defined using the deshielding convention�. In
principle the chemical shift tensor depends on the spatial
rotational state of the H2 molecule, and hence on tempera-
ture. However, if the electronic shielding is dominated by the
effect of the distorted fullerene cage, which seems reason-
able, the chemical shift tensor may be assumed to be tem-
perature independent.

In the following discussion, we assume a temperature-
independent shielding tensor, dominated by the influence of
the cage. This simplified model is sufficient to treat the ex-
perimental results.

3. Secular spin Hamiltonian

In high magnetic field, the Hamiltonians in Eqs. �12� and
�19� are truncated against the dominant Zeeman interaction
with the main magnetic field �secular approximation�. The
high-field spin Hamiltonian is therefore approximated by

H = HDD + HCS, �20�

with

HDD � �
m=−2

+2

A2m
DDDm0

2 ��PL
DD�T20, �21�

and

HCS ���isoB0 + �
m=−2

+2

A2m
CSADm0

2 ��PL
CSA��T10, �22�

where the spherical tensor spin operator components are

T10 = I1z + I2z, T20 =
1
�6

�3I1zI2z − I1 · I2� . �23�

The spherical tensor representation of the spatial part of
the DD coupling, written in its own principal axis frame, is
given by

A20
DD = �6bDD, A2±1

DD = 0, A2±2
DD = − �DDbDD, �24�

where �PL
DD= 	�PL

DD,�PL
DD,�PL

DD
 are the Euler angles relating
the principal axis system of the rotational potential to the
laboratory frame, whose z axis is along the applied magnetic
field. Similarly, the spatial part of the chemical shift aniso-
tropy �CSA� tensor, written in its own principal axis frame, is
given by

A20
CSA = B0�CSA, A2±1

CSA = 0, A2±2
CSA = −

1
�6

B0�CSA�CSA, �25�

where �PL
CSA= 	�PL

CSA,�PL
CSA,�PL

CSA
 are the Euler angles relat-
ing the principal axis system of the chemical shift anisotropy
tensor to the laboratory frame. Here �CSA is the magnitude of
the chemical shift anisotropy �defined as the largest displace-
ment of a chemical shift principal value from the isotropic
shift�, and �CSA is the biaxiality of the chemical shift aniso-
tropy.

The secular Hamiltonian in Eq. �20� may be used for line
shape and spinning-sideband calculations using standard
methods.29

C. Line shapes

1. Static 1H line shapes

At low temperatures, the secular Hamiltonian is domi-
nated by the dipole-dipole term in Eq. �21�. This gives rise to
a broad spectral line shape with a maximum width of 3bDD.
The line shape has the form of a Pake pattern for the uniaxial
case �DD=0 but acquires a different shapes for finite biaxi-
ality.

The static experimental line shape at 4.3 K, shown
in Fig. 2, has the form of a uniaxial Pake pattern with
maximum width �350 kHz. This closely resembles the
spectrum for the dipole-dipole coupling parameters
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�bDD/2� � �116 kHz and �DD predicted by Eq. �18�, assum-
ing that the single rotational-translational state �1Z11zC� is
populated. The 4.3 K spectrum in Fig. 2 therefore represents
the NMR spectra of H2 molecules prepared in a pure spatial
quantum state.

The DD coupling parameters bDD and �DD were esti-
mated as a function of temperature by fitting the spectra in
Fig. 2 to the results of two-spin simulations. To improve the
accuracy of the fit a small Gaussian component was added to
the simulated spectra, offset by �+12 ppm, in order to take
into account the unsuppressed exohedral signal.

Analysis of the MAS data �see below� provided an esti-

mate of the chemical shift anisotropy of the order of �CSA

=8.33 ppm. We verified that a chemical shift anisotropy of
this size has a negligible effect on the static 1H line shapes.
The CSA was omitted from the simulations shown in Fig. 2.

The dashed lines in Fig. 2 show the results of these fits.
In order to estimate the confidence limits of the dipole cou-
pling parameters, static powder line shapes were computed
over a grid of bDD and �DD values. A �2 surface was com-
puted at each temperature by calculating the root-sum-square
deviation between experiment and simulation. For each tem-
perature, the confidence region for the dipolar parameters
was estimated from the extremes of the �2=1.2�g

2 contour,

FIG. 8. �a� Dipole-dipole coupling
constant �bDD/2�� and confidence lim-
its as a function of temperature for
H2@ATOCF, determined from the
static 1H spectra �squares� and the
MAS spectra �circles�. �b� Dipole-
dipole biaxiality �DD and confidence
limits as a function of temperature for
H2@ATOCF, determined from the
static 1H spectra �squares�. The dashed
lines are the best theoretical fits,
using 
tran /kB=113.0±11.0 K, rot

10 /kB

=13.6±0.5 K, and rot
11 /kB=26.0

±3.5 K while imposing tran
11 /kB=0 K.
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where �g
2 is the global minimum in �2 over the 	bDD,�DD


space.30 These confidence intervals are shown for each tem-
perature in Fig. 8. At the lowest temperatures, the dipole-
dipole coupling constant and the dipolar biaxiality are both
well defined, but at the higher temperatures, the biaxiality
�DD is indeterminate.

The energy splittings 
tran, tran
11 , rot

10, and rot
11 were esti-

mated by fitting the theoretical DD coupling parameters
�Eqs. �17� and �18�� to the experimental temperature depen-
dence shown in Fig. 8. Satisfactory fits were obtained using
the following values: 
tran /kB=113±11 K, rot

10 /kB

=13.6±0.5 K, and rot
11 /kB=26±3 K. The fit is very insensi-

tive to the parameter tran
11 for values up to a few hundreds

kelvin, which has therefore been set to zero. The theoretical
temperature dependence of the DD coupling parameters as-
sociated with these energy splittings is shown as dashed lines
in Fig. 8.

These energy level splittings are physically reasonable.
In particular, the 
tran /kB�113 K translational splitting is of
the same order of magnitude as the particle-in-a-box estimate
�see above�. Even the result that rot

11 is larger than rot
10 may be

rationalized by noting that the excited translational state ex-
plores regions closer to the walls of the box, where the rota-
tional potential is expected to be strong.

Slightly different estimates for the spatial energy level
splittings could be obtained by lifting the constraint that the
rotational splittings are equal. We did not explore more so-
phisticated models in detail since they did not lead to signifi-
cantly improved fits.

2. Magic-angle-spinning sideband patterns

The secular Hamiltonian in Eq. �21� may be used to
calculate powder spinning sideband amplitudes, using stan-
dard methods.29 The dipolar coupling parameters 	bDD,�DD

may therefore be estimated by comparing simulated MAS
sideband amplitudes with the experimental sideband intensi-
ties.

In order to extract the sideband amplitudes of the en-
dohedral H2 signals in Fig. 4�a� we subtracted a model of the
broad exohedral signal, assuming that it is approximately
linear in the region of each narrow sideband. Figure 4�b�
shows the experimental sideband amplitudes of the endohe-
dral H2 molecules, extracted by this procedure. The lack of
symmetry in the sideband amplitudes indicates the presence
of a sizeable CSA interaction.

Simulated sideband intensities, adjusting bDD and �DD

for a best fit to the experimental data at each temperature, are
shown in Fig. 4�c�. The same CSA tensor was used at all
temperatures. The CSA parameters used in the simulations
are �CSA=8.33 ppm and �CSA=0. The CSA tensor has the
same orientation as the DD tensor.

The magnitude of the CSA was estimated to be �CSA

=8.3±2.8 ppm, and is temperature independent within ex-
perimental error. The biaxiality was estimated to be �CSA

�0.2. It was not possible to estimate the orientation of the
CSA tensor with respect to the DD coupling tensor. The tem-
perature independence of the CSA is consistent with a
mechanism in which the CSA is dominated by electronic
shielding from the fullerene cage.

The temperature dependence of bDD. as determined from
the MAS spinning sidebands, are shown in Fig. 8�a�. The
confidence limits on the bDD values are also shown. We do
not report the temperature dependence of �DD, as determined
from the MAS spinning sidebands, since the confidence lim-
its on �DD were found to be very wide at most temperatures.

Figure 8�a� shows that there is a good level of agreement
between the DD coupling values determined by static 1H
spectroscopy and by MAS experiments over the entire tem-
perature range. Since the sample temperature is controlled
very well in static NMR experiments, this good correspon-
dence indicates that the true sample temperature in the MAS
experiments must be close to the readout of the exit gas
temperature. We conclude that there is no evidence of any
measurable sample heating as a result of the sample rotation
at cryogenic temperatures, within the accuracy of our mea-
surements.

D. Spin relaxation

The spin-lattice relaxation of endohedral H2 molecules is
expected to be dominated by the thermally driven reorienta-
tion of the DD coupling tensor as transitions are made be-
tween the spatial quantum states in Fig. 7. Since a complete
relaxation theory does not yet exist for this complicated case,
we have attempted to treat the T1 process by the two-site
Look-Lowe model.31 In this case the DD coupling executes
stochastic jumps between two sites with different principal
axis orientations and different energies. This resembles the
situation at the lowest temperatures studied here, where the
H2 molecules explore the two lowest spatial eigenstates
�1Z11zC� and �1Y11zC�, in which the DD coupling tensors are
at 90° to each other. However, since the line shape analysis
gave an estimated rotational splitting rot

10 /kB=13.7±0.5 K,
the Look-Lowe model is only expected to apply at tempera-
tures below around 15 K. At higher temperatures, many
more spatial states become active and the Look-Lowe model
is expected to break down.

The Look-Lowe expression for the relaxation rate con-
stant of the endohedral H2 molecules is

T1,endo
−1 = cLL sech2�
ELL

2kBT
� , �26�

where cLL contains all field and geometry information and

ELL is the energy splitting between the two levels under
consideration.

We must also remember that the samples studied here
contain an excess of endohedral protons, which are presum-
ably immobile in the cryogenic regime, and whose main re-
laxation mechanism is cross relaxation with the endohedral
H2 molecules, which act as a relaxation sink. The observed
relaxation rates are therefore weighted averages of the en-
dohedral proton relaxation rate constants and the very low
rate constants of the immobile exohedral protons. A Look-
Lowe interpretation of the relaxation data should therefore
be based on

T1
−1 � cT1,endo

−1 , �27�

where
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c =
Nendo

Nexo + Nendo
. �28�

Here, Nendo and Nexo are the numbers of endohedral/
exohedral protons in the material and T1,exo

−1 is assumed to be
neglibly small. In a pure sample of H2@ATOCF, the ratio
Nexo:Nendo is 8:1. In practice, the ratio is somewhat higher
than this, since the encapsulation yield is may be somewhat
less than 100% and only about 75% of H2 molecules are
expected to be in the ortho state.

This relaxation sink model is supported by the magic-
angle-spinning relaxation data �Fig. 5�, where the endohedral
relaxation rates were found to be much faster in the presence
of magic-angle spinning, compared to those measured in a
static sample. The fast magic-angle spinning averages out the
endo-exo DD interactions, which drive cross relaxation in a
static sample, and thereby isolates the two reservoirs. This
effect has also been seen clearly at high temperatures.11

Equation �27� may be fitted to the cryogenic region of
the T1 vs T−1 curves, as shown in Fig. 6 �solid and dashed
lines�. The fit parameters are cLL=5.7±0.3 s−1 and

ELL/kB=18.8±0.7 K at a field of 0.735 T, and cLL

=1.3±0.2 s−1 and 
ELL/kB=18.6±2.1 K at a field of 8.46 T.
The Look-Lowe energy gap 
ELL is consistent at the two
magnetic fields, but the Look-Lowe constant cLL differs by a
factor of around 4 at the two magnetic fields. This may be
due in part to sampling of the spectral density at two very
different Larmor frequencies. However, at the moment, we
have not been successful with a more detailed interpretation
of these results in a quantitative analysis using a single cor-
relation time.

The Look-Lowe model clearly fails, as anticipated, at
temperatures higher than the rotational energy gap of around
15 K. At higher temperatures, the Look-Lowe two-site
model greatly underestimates the relaxation rates, indicating
that more than two spatial states become active in the relax-
ation process at higher temperatures. This observation is con-
sistent with the energy level structure in Fig. 7. A more so-
phisticated relaxation treatment is under preparation.

V. CONCLUSIONS

The endohedral complexes of H2 with fullerenes and
their derivatives provide a robust and versatile series of sys-
tems for studying the quantum mechanics of confined mol-
ecules by NMR. In contrast to exohedral H2-fullerene
complexes,22 the endohedral species are stable under ordi-
nary conditions without the need for a hydrogen atmosphere.
This allows magic-angle spinning, which provides high sen-
sitivity and resolution, and permits the study of cryogenic
phenomena by NMR with chemical site selectivity. Other
isotopomers such as D2 and HD may be inserted into the
cages, allowing the study of different rotational quantum
states.22 In some systems, it is even possible to insert several
He atoms into the cages,2 providing the unusual prospect of
studying 3He– 3He dipole-dipole couplings.

The environment of the confined molecules may be
modified by changing the substituents attached to the cage.
Recently, endohedral complexes of H2 within complete C60

cages have been prepared by resealing the orifices after in-

sertion of hydrogen.8 These complexes provide an icosahe-
dral local environment for the endohedral H2 molecules,
which should lead to a degenerate �or a nearly degenerate�
spatial ground state. Unusual cryogenic relaxation and line
shape effects are anticipated. This substance is now under
study in our laboratory.

The relaxation data shown in Fig. 5 and in Ref. 11 show
that the endohedral protons act as relaxation sinks for pro-
tons outside the cage. This suggests the possibility of using
endohedral H2@C60 complexes as diamagnetic relaxation
agents for NMR at low temperatures. NMR signals are stron-
ger at low temperatures since the nuclear spin polarization is
proportional to T−1. The high signal strength of cryogenic
NMR holds great promise for studies of materials and bio-
molecules, where the applications of NMR are currently lim-
ited by the relatively poor sensitivity of the method. How-
ever, the potential sensitivity advantage of the cryogenic
regime can be difficult to exploit since spin-lattice relaxation
becomes very slow for many materials at low temperatures.
This problem could be overcome by complexing cryorelax-
ation agents such as H2@C60 with the material of interest,
providing a relaxation sink for the surrounding molecular
environment. In many cases the relaxation enhancement will
be more specific and nonperturbing than that provided by
paramagnetic relaxation agents. In some cases, no chemical
modifications of the relaxation agents will be necessary. For
example, C60 binds strongly with the hydrophobic pocket of
HIV protease.32
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