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We report a solid-state NMR study of the anisotropic
nuclear spin interactions in H2 O@C60 at room
temperature. We ﬁnd evidence of signiﬁcant dipole–
dipole interactions between the water protons, and
also a proton chemical shift anisotropy (CSA)
interaction. The principal axes of these interaction
tensors are found to be perpendicular. The magnitude
of the CSA is too large to be explained by a model in
which the water molecules are partially aligned with
respect to an external axis. The evidence indicates that
the observed CSA is caused by a distortion of the
geometry or electronic structure of the fullerene cages,
in response to the presence of the endohedral water.

1. Introduction
Closed fullerene cages encapsulating small molecules are
stable substances that can be synthesized via molecular
surgery [1–3]. These extraordinary compounds, available
in macroscopic quantities, offer the almost unique
possibility to study molecules in a well-insulated,
well-deﬁned and highly symmetric environment. The
guest molecules encapsulated in these endohedral
fullerenes behave as quantum rotors, whose rotational
and translational levels are mixed together by the
conﬁnement provided by the cage, strongly inﬂuencing
their spectroscopic properties. Studies of this kind
have already been performed on samples of H2 @C60 ,
HD@C60 and H2 O@C60 , which have been investigated
by far-infrared spectroscopy, inelastic neutron scattering
and nuclear magnetic resonance (NMR) [4–13].
2013 The Author(s) Published by the Royal Society. All rights reserved.
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(a) Sample
The sample of H2 O@C60 (ﬁgure 1a) was synthesized according to the method of Kurotobi &
Murata [3]. The solution NMR spectrum of the last intermediate prior to cage closure indicated
that about 60% of the C60 cages are occupied by water molecules.
The sample was puriﬁed in two stages. In the ﬁrst stage (p1), the sample was puriﬁed by
column chromatography, eluted with CS2 /pentane = 2/1 and dissolved in CS2 . A precipitate was
formed by adding pentane. The precipitate was centrifuged and heated at 180◦ C under vacuum
for 3 days. The solid-state 1 H MAS NMR spectrum of the dry powder clearly shows not only the
endohedral water peak but also a strong peak from a protonated impurity (ﬁgure 1b).
An additional puriﬁcation step (p2) was performed as follows: (i) the sample was washed with
diethyl ether to remove ether-soluble impurities; (ii) the sample was heated to a temperature of
250◦ C and a pressure of approximately 2 × 10−5 mbar for 4 h to remove occluded solvent; (iii) the
sample was sublimed onto the walls of a clean 6 mm outer-diameter silica tube. The sublimation
was carried out by heating the sample from room temperature to 550◦ C at 1◦ C min−1 and then
maintaining this temperature for 12 h.
The solid-state 1 H MAS NMR spectrum of the sample after procedures p1 and p2 is shown in
ﬁgure 1c. The intensity of the protonated impurity peak is greatly reduced compared with that
in ﬁgure 1b, indicating the almost complete removal of protonated impurities. The weak broad
feature is attributed to protonated parts of the MAS rotor assembly and the NMR probe.
In addition to the large improvement in purity, the half-width at half-height of the endohedral
proton peak is reduced from approximately 0.15 ppm in ﬁgure 1b to approximately 0.04 ppm
in ﬁgure 1c. This indicates that sublimation leads to a more homogeneous and better ordered
solid-state structure.

......................................................

2. Material and methods
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The endohedral water fullerene H2 O@C60 is a particularly interesting system since water
exhibits ortho–para spin isomerism and also a strong electric dipole moment. The C60 cage
provides an environment of icosahedral symmetry, which is expected to lead to a triply
degenerate ortho-H2 O ground state. Nevertheless, physical studies by a range of techniques,
including infrared spectroscopy, inelastic neutron scattering and cryogenic NMR have shown that
the degeneracy of the ortho-H2 O ground state is lifted in H2 O@C60 [4]. This implies a reduction
in symmetry, which could be due to partial orientation of the water electric dipoles by a local
electric ﬁeld, or to distortion of the geometry or electronic distribution in the fullerene cage, or to
a combination of these effects.
The broken symmetry of the water environment in H2 O@C60 leads to a residual dipolar
coupling between the water protons, which gives rise to dipole-induced spinning sidebands in
cryogenic magic-angle-spinning (MAS) NMR spectra [4]. The sideband pattern of the MAS NMR
spectrum at 20 K is consistent with randomly oriented proton pairs coupled by a dipole–dipole
magnetic interaction of −5.5 kHz [4]. The residual dipole–dipole coupling interaction may be
interpreted in terms of a splitting in the ortho-H2 O ground state by an energy of about 0.5 meV,
which matches observations by inelastic neutron scattering [4].
The question arises as to whether this symmetry-breaking effect is speciﬁc to the cryogenic
regime, or whether it arises also at high temperature. In this paper, we describe MAS NMR spectra
taken at room temperature, which show clear evidence of nuclear anisotropic spin interactions
in H2 O@C60 . In order to investigate the source of these spinning sidebands, we estimated the
residual dipolar coupling between the water protons using a double-quantum-ﬁltered dipolar
recoupling (DQfDR) technique [14]. We show that the residual dipole–dipole coupling coexists
with a chemical shift anisotropy (CSA) interaction. The magnitude of the observed CSA is
inconsistent with partial orientation of the water molecules, and is attributed to distortion or
polarization of the enclosing cage.
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Figure 1. (a) The molecular structure of endohedral water fullerene, H2 O@C60 ; (b) 1 H MAS NMR spectrum of H2 O@C60 after
purification method p1; and (c) 1 H MAS NMR spectrum of H2 O@C60 after purification methods p1 and p2. The spinning frequency
was 8.00 kHz in both cases and the spectra have the same vertical scale. The peak of endohedral water is at −4.7 ppm. (Online
version in colour.)

All results presented below were obtained on a 2.4 mg sample of H2 O@C60 that had undergone
both procedures p1 and p2, packed in a 4 mm outer-diameter zirconia rotor.

(b) Equipment
The solid-state NMR experiments reported in this paper were performed on a Varian Inﬁnity+
spectrometer equipped with a 9.4 T magnet, corresponding to a 1 H resonance frequency of
400 MHz. All experiments were performed with the sample at room temperature.

(c) Spectroscopic techniques
(i) Static proton NMR
Proton NMR spectra were obtained without sample rotation by acquiring the NMR signal
induced by a 90◦ pulse. The proton pulse duration was 3.5 μs.

(ii) Magic-angle-spinning NMR

√
Proton MAS NMR spectra were obtained by rotating the sample at the ‘magic angle’ arctan 2 
54.7◦ with respect to the static magnetic ﬁeld and applying a 90◦ pulse. The rotation frequencies
used in these experiments were between 1.00 and 5.00 kHz. All chemical shift scales are referenced
to the 1.8 ppm proton peak of solid adamantane.

(iii) Double-quantum-filtered dipolar recoupling
A variety of methods are available for studying 1 H–1 H dipolar couplings in solids [15–17].
In the present work, symmetry-based dipolar recoupling was used to estimate the residual
proton–proton coupling. The pulse sequence is sketched in ﬁgure 2. The sequence is performed
under MAS conditions and is rotor synchronized. The dipolar recoupling is induced by using a
supercycled symmetry-based sequence of the form SR202 9 [18]. Repeated SR202 9 supercycles are
applied for an excitation time interval, τexc , during which double-quantum coherence builds up.
A 90◦ phase-shifted sequence of SR202 9 supercycles is applied for the reconversion time interval,
τrec , followed by a 90◦ pulse, which induces an NMR signal. Signals passing through doublequantum coherence are isolated by a double-quantum ﬁlter, implemented by a 16-step phase
cycle.

......................................................
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Figure 2. Double-quantum-filtered dipolar recoupling sequence used to measure residual dipolar couplings in H2 O@C60 .
The supercycle SR202 9 consists of four symmetry-based recoupling cycles of the form R202 ±9 , with overall phase shifts
of {0, 0, π , π }. Each R202 ±9 cycle consists of 10 pairs of two-element composite pulses, with phase shifts of ±9π /20.
The radiofrequency field strength is adjusted to match the duration of each R202 ±9 cycle with two periods of the MAS
rotor. The complete pulse sequence involves a double-quantum excitation sequence of duration τexc , which converts
equilibrium magnetization to double-quantum coherence. This is followed by a double-quantum reconversion sequence,
which converts double-quantum coherence back to longitudinal magnetization, which is transformed into observable
transverse magnetization by a π /2 pulse. Phase cycling is used to suppress NMR signals that did not pass through doublequantum coherence.

The SR202 9 supercycle consists of the following scheme [18]:
 


R202 −9 R202 9 ,
SR202 9 = R202 9 R202 −9
0

4

π

which combines sign alternation of the winding number with a sequence of overall phase
shifts. As described in Webber et al. [15], this supercycle compensates second-order terms in the
recoupled Hamiltonian, which is important for the measurement of small dipolar couplings, at
the expense of removing the γ -encoding feature of the pure R202 9 pulse sequence. Although
this reduces the maximum double-quantum efﬁciency, this loss is more than compensated by the
increased robustness [18].
All double-quantum recoupling experiments were performed at a spinning frequency of
8.00 kHz. The double-quantum excitation interval τexc was incremented from 0 to 7.25 ms in steps
of 0.25 ms. The double-quantum reconversion interval τrec was decremented by the same amount,
so that the total recoupling interval τexc + τrec was kept constant at 7.25 ms (symmetric protocol
[19]). The integrated signal plotted versus τexc gives rise to the double-quantum build-up curve
that is analysed to yield the value of the dipolar coupling constant.

(d) Numerical simulations
All numerical simulations were run using the SIMPSON simulation package [20].
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Figure 3. (a) Static 1 H spectrum of H2 O@C60 obtained from 4196 accumulated transients. (b) 1 H MAS spectra of the same sample
at the indicated spinning frequencies. The MAS spectra are derived from 256 accumulated transients.

(i) Proton magic-angle-spinning spectra
Proton MAS spectra were simulated for the experimental spinning frequency of 1.00 kHz. The
powder average was simulated by using the SIMPSON crystal ﬁle rep100 together with 10 evenly
distributed γ angles. The simulations were performed for randomly oriented proton pairs with
dipolar coupling and CSA interactions. Both the dipolar coupling and CSA interactions were
described by uniaxial tensors, with the relative orientation of the unique principal axes described
by the angle β. The angle β was varied in a series of simulations (see below).

(ii) Double-quantum-filtered dipolar recoupling simulations
The DQfDR experiment was simulated for randomly oriented pairs of dipolar-coupled protons
with no CSA. The powder average was simulated by using the SIMPSON crystal ﬁle bcr20
together with 20 evenly distributed γ angles. A grid of simulations was compiled by varying the
dipolar coupling constant in the range −600 Hz < b/(2π ) < −400 Hz in steps of 20 Hz. The dipolar
coupling was estimated by comparing the grid of simulations to the experimental data. It was
veriﬁed by simulation that inclusion of a 2.9 ppm CSA interaction has no effect on the estimated
dipolar coupling constant.

3. Results
(a) Static 1 H NMR
The static solid-state 1 H NMR spectrum of H2 O@C60 displays a broad peak with a linewidth
of several kHz (ﬁgure 3a). The lineshape is due to long-range dipole–dipole interactions and
contains no useful local information.

......................................................
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(b) Magic-angle-spinning 1 H NMR

The effect of dipole–dipole coupling interactions may be distinguished from CSA interactions
by using selective dipolar recoupling methods, for example, those based on the rotational
symmetry of the spin interactions [19,21]. Symmetry-based double-quantum recoupling was
used previously on a highly asymmetric open-cage form of the endofullerene H2 @C60 in
order to investigate the anisotropy of the H2 rotation [14]. Since the anisotropic interactions
in H2 O@C60 are much smaller than those encountered in [14], a modiﬁed double-quantum
procedure was used for the current work, based on the robust error-compensated supercycle
SR202 9 , as described in §2.
The double-quantum recoupling procedure results in a plot of peak intensity versus the
double-quantum excitation time τexc . The results for H2 O@C60 are shown in ﬁgure 4, where
the ﬁlled circles represent the experimental amplitudes of the water proton peak. The doublequantum-ﬁltered spectral amplitude is at a maximum when the excitation and reconversion
intervals are equal (τexc = τrec = 7.25 ms). The dependence of the spectral amplitude on the
excitation and reconversion times away from this maximum may be analysed to estimate the
dipole–dipole coupling constant.
The value of the dipolar coupling constant is retrieved by comparing the experimental buildup curve with numerical simulations. The signal areas of the simulated spectra as a function of
τexc are reported in ﬁgure 4 as solid curves. The best match between simulation and experiments
occurs for a dipolar coupling constant |b/(2π )| = 500 Hz. The conﬁdence limits on this dipolar
coupling constant are approximately ±10 Hz.

(d) Estimation of chemical shift anisotropy
A numerical simulation of the NMR spectrum generated by randomly oriented proton pairs
at a spinning frequency of 1.00 kHz, and with a dipolar coupling b/(2π ) = −500 Hz, is shown
in ﬁgure 5a (second from the bottom). The simulated spinning sidebands have a signiﬁcantly
smaller intensity than in the experimental spectrum (ﬁgure 5a, grey spectrum at the bottom).
The poor match between simulation and experiment indicates that the dipole–dipole coupling,
as estimated by the double-quantum recoupling experiment, cannot be solely responsible for the
MAS spinning sideband intensities. A CSA interaction must contribute as well.
The magnitude and orientation of the CSA were estimated by comparing 1 H MAS spectra
with simulations, at a spinning frequency of 1.00 kHz (ﬁgure 5). For simplicity, the simulations
assumed randomly oriented pairs of protons with uniaxial dipolar and chemical shift tensors. The

......................................................

(c) Double-quantum dipolar recoupling
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MAS NMR averages out anisotropic interactions such as dipole–dipole couplings and chemical
shift anisotropies, providing well-resolved NMR peaks for solid samples, at the isotropic chemical
shift frequencies. The sample rotation generates periodic spinning sidebands displaced from
the isotropic chemical shifts by multiples of the spinning frequency. The amplitudes of the
spinning sidebands may be analysed to obtain information on the anisotropic local nuclear spin
interactions.
A set of 1 H MAS spectra of H2 O@C60 , obtained at three different spinning frequencies, is
shown in ﬁgure 3b. The proton MAS spectra display a strong narrow peak at the chemical shift of
−4.7 ppm, which is very close to the reported chemical shift for H2 O@C60 in solution (−4.81 ppm
[3]). Spinning sidebands are visible at low (less than 5 kHz) spinning frequencies, indicating that
residual anisotropic interactions are present, but with a smaller magnitude than those observed
at cryogenic temperatures [4].
Two kinds of spin interactions can contribute to the spinning sideband pattern observed at
low spinning frequency: through-space dipolar coupling and CSA. The contributions of these
two different interactions may not be disentangled without additional spectroscopic data.
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Figure 4. Double-quantum-filtered signal areas as a function of the recoupling interval τexc obtained in a symmetric doublequantum recoupling procedure, using the pulse sequence SR202 9 at a spinning frequency of 1.00 kHz (figure 2). Circles represent
the experimental values. Solid curves from grey to black represent numerical simulations for dipolar coupling constants
|b/(2π )| = 460, 480, 500, 520 and 540 Hz. The data were normalized to 1 at the maximum recoupling efficiency.
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Figure 5. Simulated 1 H MAS spectra (black lines) of randomly oriented proton pairs at a spinning frequency of 1.00 kHz, with
a dipolar coupling constant b/(2π )= −500 Hz and an additional CSA interaction. The CSA tensor is assumed to be uniaxial,
with magnitude δ a = δzz − δiso , and with the unique axis at an angle β with respect to the 1 H–1 H dipole–dipole coupling
tensor. (a) Simulations for β = 90◦ at the indicated values of δ a ; and (b) simulations for δ a = 3.1 ppm at the indicated values
of β. The experimental spectra for H2 O@C60 are shown at the bottom of each panel.
value of the dipolar coupling constant was set to −500 Hz, as determined by the double-quantum
recoupling experiment. The motionally averaged chemical shift tensors of the two protons were
assumed to be identical and uniaxial. The unique principal axis of the CSA tensor was assumed
to subtend an angle β with the unique principal axis of the dipole–dipole coupling tensor. The
CSA δ a (deﬁned as δ a = δzz − δiso , where δzz is the principal axis of the chemical shift tensor that
is most distant from the isotropic value δiso ) and the angle β were varied independently in a set
of simulations and compared with the experimental spectrum.
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Figure 6. Contour map of the χ 2 statistic equation (3.1) plotted versus the CSA δ a and the angle β between the principal
axes of the chemical shift and dipole–dipole interactions. Low values of χ 2 are indicated by dark shading. The darkest area
represents the 68% confidence region. This plot shows that the 1 H CSA tensor is most likely to be perpendicular to the 1 H–1 H
dipolar coupling tensor.

The best match between experiment and simulations was obtained for |δ a | = 3.1 ppm and
β = 90◦ . The simulated spectrum is insensitive to the signs of both the CSA δ a and the dipole–
dipole coupling in the best-ﬁtted region, so these signs cannot be determined unambiguously.


The conﬁdence limits on δ a , β were estimated by a χ 2 analysis [22] using
χ 2 (δ a , β) =

2


(IiS (δ a , β) − IiE )2 ,

(3.1)

i=−2

where IiE indicates the area of the ith-order sideband in the experimental spectrum and IiS (δ a , β) is
the area of the ith-order sideband in the spectrum simulated for given values of the parameters
δ a and β. A plot of χ 2 against {δ a , β} is shown in ﬁgure 6.
Rough 68% conﬁdence limits on the parameters were estimated from the bounds of the
region. The estimated CSA parameters, and their conﬁdence limits, are |δ a | = 3.1 ± 0.3 ppm and
β = 90◦ ± 40◦ . This indicates that the unique principal axis of the CSA tensor is approximately
perpendicular to the dipole–dipole coupling tensor.

(e) Discussion
The double-quantum 1 H dipolar recoupling experiment ﬁnds clear evidence of a 1 H–1 H dipolar
coupling interaction in H2 O@C60 at room temperature, with magnitude |b/(2π )| = 500 ± 10 Hz.
Analysis of the MAS 1 H spectrum indicates the simultaneous presence of a 1 H CSA interaction,
of magnitude 3.1 ppm, and with a unique principal axis that is perpendicular to that of the dipole–
dipole coupling tensor.
What is the physical interpretation of these results?
Three competing physical models are sketched in ﬁgure 7. Model (a) represents a situation
in which the enclosing cage retains its icosahedral symmetry. A local electric ﬁeld, with origin
outside the cage, partially orients the endohedral water molecules. This partial orientation leads
to a residual dipole–dipole coupling, and also a residual CSA interaction, since the 1 H CSA
associated with the water molecule itself is not averaged to zero. In model (b), the distribution

......................................................
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Figure 7. Models of water–cage interactions. (a) The water electric dipoles are partially oriented by an external electric field,
but without distortion of the cage. (b) The electric dipole moment of water induces a change in the electronic distribution of
the cage, but without influencing its geometry. (c) The water molecule distorts the shape of the cage. (Online version in colour.)

of delocalized cage electrons is perturbed by the presence of the water electric dipole, but
the geometry of the cage remains unchanged. The anisotropic cage environment generates an
anisotropic magnetic ﬁeld, and hence a CSA interaction, for the endohedral water protons. In
model (c), the perturbation of the cage by the endohedral water is not electronic in nature, but
structural. A residual CSA for the endohedral water is caused by the electrons of the anisotropic
cage. Combinations of these mechanisms are also feasible.
The geometry of a water molecule constrains the proton–proton vector to be perpendicular to
the electric dipole moment. If the CSA is averaged by molecular motion around the electric dipole
moment, then all mechanisms (a), (b) and (c) are consistent with the experimental observation
β  90◦ .
Mechanism (a) leads to a predictable ratio of the motionally averaged dipole–dipole coupling
and the CSA, since both are caused by partial orientation of the water electric dipole with respect
to an external axis. The motionally averaged proton dipole–dipole coupling of a water molecule
with its electric dipole moment partially aligned with the external electric ﬁeld is


HH
b = bHH P2 cos βPD
S2 ,
(3.2)
while the motionally averaged proton CSA is


a
CSA
δ a = δintra
S2 ,
P2 cos βPD

(3.3)

where bHH = −(μ0 /4π )γH2 r−3
HH is the dipolar constant of two protons separated by a distance
a
is the CSA for an immobilized water molecule, caused by intramolecular local ﬁelds,
rHH , δintra
HH is the angle between the 1 H–1 H vector and the electric dipole moment, and β CSA is the angle
βPD
PD
between the major principal axis of the 1 H chemical shift tensor and the electric dipole moment.
Here S2 is the second-rank order parameter, given by
S2 = P2 (cos βDE ) ,
where βDE is the angle between the electric dipole moment of an individual water molecule and
a ﬁxed external axis. The second-rank Legendre polynomial is denoted as P2 (x) = 12 (3x2 − 1).
The equilibrium geometry of H2 O is given by ROH = 0.958 Å and  HOH = 104.5◦ [22] so that
r = 1.515 Å and bHH /(2π ) = −34.5 kHz. The geometry of water is such that the proton–proton
HH = π/2). From the measured value
vector is perpendicular to the electric dipole moment (βPD
|b| = 500 Hz, we obtain an estimated second-rank order parameter of S2 = 0.029.

......................................................
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This work investigated the magnitude and relative orientation of anisotropic spin interactions
in H2 O@C60 at room temperature by means of solid-state NMR spectroscopy and numerical
simulations. We obtained evidence for a signiﬁcant residual 1 H CSA as well as a residual proton–
proton dipolar coupling. The presence of these spin interactions at room temperature could
be due either to a partial alignment of the water molecules or to a distortion of the cage’s
geometry or electronic structure. Our data exclude the hypothesis of partial water alignment
within unperturbed fullerene cages, supporting models in which the water molecule leads to
a geometrical distortion of the surrounding cage, or a polarization of cage electrons.
In principle, quantum calculations could determine the electronic conﬁguration and geometry
of the H2 O@C60 complex. Furthermore, distortion of the cage breaks the icosahedral symmetry
and removes the equivalence of the 13 C sites. High-resolution 13 C NMR spectra may resolve 13 C
chemical shifts due to non-equivalent carbons in cages of reduced symmetry. Studies of this kind
are in progress.
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