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Alignment of 17O-enriched water-endofullerene
H2O@C60 in a liquid crystal matrix

Karel Kouřil,∗a Benno Meier,a Shamim Alom,a Richard J. Whitbya and Mal-
colm H. Levitt∗a

We present a 17O and 1H NMR study of molecular endofullerene H2O@C60 dissolved in the
nematic liquid crystal N-(4-methoxybenzylidene)-4-butylaniline (MBBA). The 17O NMR peak is
split into five components by the 17O residual quadrupolar coupling, each of which is split into a
triplet by the 1H–17O residual dipolar coupling and scalar coupling. The splittings are analysed in
terms of the partial alignment of the encapsulated water molecules. Order parameters describing
the alignment are estimated. It is found that the preferential orientation of the endohedral water
molecule has the molecular plane perpendicular to the liquid crystal director.

1 Introduction
Molecular endofullerenes consist of closed carbon cages, such as
C60, each of which encapsulates a single small molecule, such
as H2, H2O and HF1–3. The resulting complexes are denoted
as H2@C60, H2O@C60 and HF@C60. The endofullerenes may
be prepared by molecular surgery techniques: chemically open-
ing a fullerene cage, inserting a small molecule and closing the
cage. Such techniques allow preparation of chemically pure endo-
fullerenes in macroscopic quantities3,4. The pure endofullerenes
are chemically stable black solids which can be readily investi-
gated by a range of spectroscopic techniques such as nuclear mag-
netic resonance (NMR), inelastic neutron scattering (INS) and in-
frared spectroscopy (IR). Such investigations have shown that the
encapsulated molecules have complete rotational freedom down
to cryogenic temperatures and behave similarly to isolated gas
molecules3,5–9.

There are however differences between the encapsulated
molecules and isolated free molecules – the encapsulated
molecules show more complex behavior. Confinement in the
cage leads to quantization of translational degrees of freedom
and effects of rotation-translation coupling were observed under
cryogenic conditions5,6,8–10. Furthermore some rotational levels
of the guest molecules show reduced degeneracy in solid endo-
fullerene samples. The most notable examples are H2@C60 and
H2O@C60 which both show breaking of the triple degeneracy of
their J = 1 states at cryogenic temperatures7,11–13. The lifting of
degeneracy indicates reduction of symmetry of the environment
in which the molecules are confined. This symmetry lowering has
been interpreted in terms of fullerene cage distortion. Recently
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Felker and co-workers have shown that the interaction of the elec-
tric quadrupole moment of the confined molecule with the elec-
trostatic potential of the adjacent C60 cages is sufficient to explain
the observed splitting of the rotational levels even when the cages
retain their icosahedral symmetry14. A symmetry reduction has
also been observed at room temperatures by the solid-state NMR
of H2O@C60

7,11and HF@C60
3.

Symmetry lowering in endofullerenes in anisotropic solvents
was first observed by electron paramagnetic resonance (EPR) of
the atomic endofullerenes N@C60 and N@C70 dissolved in the
nematic liquid crystal N-(4-methoxybenzylidene)-4-butylaniline
(MBBA)15,16. A NMR study of H2@C60, H2O@C60 and HF@C60

in MBBA has shown clear signs of alignment of the encapsulated
molecules17. In the anisotropic phase of the liquid crystal the
1H lines of H2@C60 and H2O@C60 are split into doublets due to
residual-dipolar-coupling (RDC) of the two 1H nuclei. In the case
of HF@C60 both the 1H and the 19F spectra show an additional
contribution to their doublet splitting from the RDC.

In case of diatomic endohedral molecules, a single RDC pa-
rameter is sufficient to describe the alignment of the molecule.
However in the case of H2O@C60 this is not enough to fully char-
acterize the alignment of the water molecule. Recently available
17O-enriched H2O@C60 can provide more complete information
on the behavior of the encapsulated water molecule. 17O is a
quadrupolar nucleus with spin-5/2. In isotropic solvents the 1H
and 17O spectra show splittings (into sextet and triplet respec-
tively) due to the JOH scalar coupling18. The 1H sextet peaks
have non-equal widths due to the effect of scalar relaxation of
the second kind, induced by coupling to the rapidly relaxing 17O
nucleus. Here we use the additional RDC as well as the residual
quadrupolar coupling (RQC) to fully characterize the alignment
of the endohedral water molecules in a solution of H2O@C60 in
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MBBA.

2 Experimental

H2
17O@C60 was prepared by means of molecular surgery3,4 with

90% 17O labeled water as starting material. Details of the
synthesis are given in reference 18. The H2

17O@C60 powder was
dissolved in MBBA using the same procedure as in reference 17.
A small drop (volume < 1µl ) of tetramethylsilane (TMS) was
added to the solution to act as a chemical shift reference. This
allows the observed shifts to be corrected for magnetic suscepti-
bility changes (see below).

The NMR experiments were performed using a 500 MHz
Bruker Avance III spectrometer with a standard 5 mm high-
resolution probe. The 17O spectra were measured using a pulse-
acquire sequence. To suppress the broad background signal of
the MBBA liquid crystal the 1H spectra in the nematic phase were
acquired using a perfect echo sequence19–21

90x− τ/2−180y− τ/2−90y− τ/2−180x− τ/2− acquire (1)

with echo interval τ = 10 ms. In the isotropic phase a pulse-
acquire sequence was used to measure the 1H spectra.

3 Results

3.1 17O NMR

A room temperature 17O spectrum of H2
17O@C60 dissolved in ne-

matic MBBA is shown in figure 1. The spectrum shows signs of
residual quadrupolar coupling (RQC) and residual dipolar cou-
pling (RDC). The 17O nucleus has spin 5/2 as a result the RQC
leads to splitting into a pentet. The lines are equidistant and the
splitting is approximately 10520 Hz at T = 298 K. Each of the five
lines arising from RQC is further split into 1:2:1 triplet. The split-
ting at 298 K is 208 Hz. The interactions responsible for this ad-
ditional splitting are the scalar coupling JOH = −78 Hz and the
residual 1H–17O dipole – dipole interaction.

The lines in the triplet arising from the central transition of the
17O nucleus are the sharpest in the spectrum with linewidth 19 Hz
at T = 300 K. The lines corresponding to the first and second satel-
lite transitions have linewidths 46 Hz and 96 Hz respectively.

Spectra observed at four different temperatures are shown in
figure 2. When the temperature is increased the splittings (both
pentet and triplet) decrease and the linewidths increase. On the
nematic-to-isotropic phase transition of the liquid crystal solvent
the pentet splitting induced by RQC vanishes. In the isotropic
phase the spectrum consists only of a 1:2:1 triplet with a 78 Hz
splitting due to 1H – 17O scalar coupling. This spectrum is con-
sistent with the previously reported spectrum of H2

17O@C60 in
isotropic solvents18.

In order to extract temperature dependencies of the observed
splittings the spectra recorded in nematic phase were fitted by a
sum of five equidistant triplets composed of Lorentzian lines. All
three lines in a given triplets had equal linewidths and fixed 1:2:1
amplitude ratio. Two parameters were used for the splittings, one
for the pentet (RQC) splitting and one for the triplet splitting. The
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Fig. 1 A 17O spectrum of H2
17O@C60 dissolved in MBBA. The spectrum

was recorded at T = 298 K where the liquid crystal solvent is in the
nematic phase. The 17O line is split by residual quadrupole coupling into
a pentet (approximately 10 kHz splitting). Details of the five lines are
shown in the insets above the respective lines. Each of the five lines
displays an additional smaller splitting into a 1:2:1 triplet (approximately
200 Hz). This smaller splitting is a combination of 1H–17O residual
dipolar coupling and scalar coupling. The central line of the spectrum is
at chemical shift −36 ppm.

following fitting function was used:

I( f ) =
2

∑
i=−2

1

∑
j=−1

1
π(1+ | j|)

A|i|w|i|
( f − f0− i∆P− j∆T)2 +w2

|i|
(2)

The function has nine free parameters: center frequency f0, pen-
tet splitting ∆P, triplet splitting ∆T, three linewidths w0,w1,w2 and
three amplitudes A0,A1,A2.

In the isotropic phase only a single triplet with 1:2:1 amplitude
ratio was used to fit the spectra.

The temperature dependencies of the splittings are shown in
figure 3. Both splittings show a gradual decrease with increas-
ing temperature in the nematic phase and a discontinuity at the
phase transition temperature. In the isotropic phase the pentet
splitting vanishes while the triplet splitting is temperature inde-
pendent and equal to the 1H–17O scalar coupling.

The temperature dependence of the 17O chemical shift is shown
in figure 4. This shift was corrected for magnetic susceptibility
effects by using the 1H TMS signal as a reference (see below).
After the correction the 17O chemical shift variability reduces to
approximately 0.05 ppm throughout the 300−320 K temperature
range.

3.2 1H NMR

The 1H spectra contain signals from the liquid crystal solvent,
H2

16O@C60, H2
17O@C60 and TMS. The liquid crystal background

consists of a broad unresolved signal in the nematic phase and
narrow lines in the isotropic phase. The background and its sup-
pression in the nematic phase were discussed previously17.

The H2
16O@C60 spectra show the same behavior as reported

previously17. In the nematic phase the spectrum consists of
a doublet. On heating the splitting gradually reduces. In the
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Fig. 2 17O spectra of H2
17O@C60 dissolved in MBBA at four different

temperatures (a: T = 298 K, b: T = 303 K, c: T = 307 K, d: T = 315 K ).
Spectra a – c were recorded in the nematic phase. Spectrum d was
recorded in the isotropic phase. In the nematic phase the spectrum
shows signs of residual quadrupolar coupling and weaker residual
dipolar coupling. Details of the nematic-phase spectrum are shown in
figure 1. In the isotropic phase the spectrum consists of a 1:2:1 triplet
showing a 1H–17O scalar coupling of |JOH|= 78 Hz. The intensity of the
spectrum d is scaled down by a factor of 10.

isotropic phase the spectrum consists of a single sharp line. The
temperature dependence of the splitting is shown in figure 5.

In the nematic phase the 1H spectrum of H2
17O@C60 could not

be observed directly because of the strong background signal of
the MBBA solvent. In the isotropic phase the spectrum consists
of a sextet with splitting |JOH| = 78 Hz. The 1H spectrum of
H2O@C60 in the isotropic phase is composed of the sextet from
H2

17O@C60 and an additional sharp line from H2
16O@C60

18.
The TMS 1H spectrum consists of a single line in both the ne-

matic and the isotropic phase of the liquid crystal solvent. No
splitting due to RDC was observed which implies only very weak
alignment of the molecule as expected from its high symmetry.
The temperature-dependence of the TMS line frequency is at-
tributed to a temperature-dependent magnetic susceptibility of
the liquid crystal solvent. Such effects have been observed previ-
ously for 3He dissolved in a liquid crystal22.

The center frequency of the 1H signal of H2
16O@C60 shows

an analogous temperature dependence to that reported previ-
ously17. We used the temperature dependence of the TMS line
frequency to subtract the susceptibility effect from the observed
temperature dependencies of the 1H and 17O center frequencies.
We estimate that residual chemical shift anisotropy (RCSA) con-
tribution to the 1H chemical shift of H2

16O@C60 at 300 K is ap-
proximately −0.1 ppm.

3.3 Correlation of observed splittings

Figure 6 shows the RDC splittings in the 1H and the 17O spec-
tra plotted against 17O RQC splitting for the same set of tem-
peratures. The dependencies are fitted with linear functions and
extrapolated to zero RQC splitting. The fit of the 1H doublet split-
tings gave a slope 0.0589±0.0004 and an intercept 6±3 Hz. The
fit of the 17O triplet splittings gave a slope 0.0128± 0.0005 and
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Fig. 3 Temperature dependencies of splittings observed in 17O spectra.
Green circles and left y-axis correspond to the pentet splitting while
magenta triangles and right y-axis correspond to the triplet splitting. At
lower temperatures, in the nematic phase, both splittings show gradual
decrease on increasing temperature. At the nematic-to-isotropic phase
transition there is a discontinuity in both splittings. Above the transition
temperature, in the isotropic phase, the pentet splitting vanishes and the
triplet splitting is constant and equal to the 1H–17O scalar coupling. The
lines are fits to the Haller equation (see text and equation 3).
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Fig. 4 Temperature dependence of the 17O center line position of
H2O@C60 in MBBA. Both the directly observed shift and the shift
corrected for susceptibility effects (see text) are plotted. The shifts are
plotted relative to the line position observed in isotropic phase at
T = 320 K.

an intercept 75± 4 Hz. The intercept is positive and its magni-
tude is close to the 1H–17O scalar coupling. This indicates that
the 1H–17O RDC has the same sign as the scalar coupling, i.e. it is
negative18.

4 Analysis
In an external magnetic field the director of the MBBA liquid crys-
tal aligns parallel to the field. The order parameter of the liquid
crystal is temperature dependent. The temperature dependencies
of the splittings observed in the nematic phase can be fitted us-
ing the Haller equation23 for the order parameter in the nematic
phase

∆ω(T ) = ∆ω(0)
(

1− T
T ∗

)γ

; T ≤ TNI (3)

where the nematic-to-isotropic phase transition temperature is
denoted TNI. For for T > TNI the splitting ∆ω(T ) either vanishes
(17O pentet and 1H doublet) or becomes constant (17O triplet).
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Fig. 5 Temperature dependence of the doublet splitting due to the
1H–1H residual dipolar coupling in H2

16O@C60. In the nematic phase
the splitting decreases continuously with increasing temperature. At the
nematic-to-isotropic phase transition the splitting vanishes. The line is a
fit to the Haller equation (see text and equation 3).
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Fig. 6 Correlation of RDC related splittings and RQC pentet splitting
observed in 17O and 1H spectra of H2O@C60 in the nematic phase of the
liquid crystal solvent. The splittings show strong linear dependence on
each other. The lines are linear fits to the data, extrapolated to zero
RQC splitting. The intercept of the triplet splitting fit is 75±4 Hz. Linear
fit results are given in the text.

In general, the temperature origin T ∗ is slightly above TNI. The fit
results for the 17O pentet are ∆ω(0) = 2π 31 kHz, TNI = 307.6 K,
T ∗ = 308.6 K, γ = 0.33, for the 17O triplet ∆ω(0) = 2π 400 Hz,
TNI = 307.5 K, T ∗ = 308.6 K, γ = 0.34. For the 1H doublet the fit
gives ∆ω(0) = 2π 1.8 kHz, TNI = 307.9 K, T ∗ = 308.6 K, γ = 0.32.
The transition temperatures TNI are lower than those reported
previously17, this is attributed to the addition of TMS to the sam-
ple. The similar values of T ∗ and γ in all fits, together with the
linear relations between all observed splittings (figure 6) indicate
that the splittings are proportional to a common factor: the order
parameter of the liquid crystal.

The NMR peak splittings in the nematic phase of a liquid crystal
are due to the anisotropic nuclear spin interactions24–28. These
interactions are averaged over rapid molecular motion. In an
isotropic solvent these averages are zero. In the anisotropic phase
the averaging yields small but non-zero values.

There are three types of relevant anisotropic interactions: (1)
The electric quadrupole interaction of the 17O nucleus with the

electric field gradient generated by electrons surrounding the nu-
cleus. The electric field gradient is fixed with respect to the wa-
ter molecule. The motional average of this interaction is called
the residual quadrupolar coupling (RQC)29. The RQC leads to
a splitting of the 17O line into five equidistant lines. (2) Mag-
netic through-space dipole-dipole interactions between the two
1H nuclei in the H2O molecule and between the 17O and the 1H
nuclei. The motional average of these dipole-dipole coupling is
called the residual dipolar coupling (RDC)29–32. The homonu-
clear 1H–1H RDC is responsible for the doublet splitting observed
in the 1H spectra of H2

16O@C60. In H2
17O@C60 the heteronu-

clear 1H–17O RDC combines with the 1H–17O J-coupling and con-
tributes to the triplet splitting in the 17O spectra. (3) The chemical
shift anisotropy (CSA) which has a non-zero average value in an
anisotropic solvent. This residual CSA (RCSA)30,33 contributes to
the chemical shift in the anisotropic phase.
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Fig. 7 Reference frames used for the treatment of anisotropic
interactions in water. The molecular frame axes {xM,yM,zM} are aligned
with the molecular symmetry axes as shown. The principal axes of the
17O quadrupole coupling tensor are denoted {xQ,yQ,zQ}, and are
aligned as shown.

4.1 Averaging of the anisotropic interactions

We define the following reference frames: (1) A laboratory (lab)
frame (L) with z-axis parallel to the applied magnetic field B0. (2)
A molecular frame (M) which is fixed with respect to the encap-
sulated water molecule (see figure 7). The molecular plane is de-
fined as the yz-plane, with the z-axis bisecting the H–O–H angle.
The oxygen atom is at the origin, with the hydrogen atoms having
positive z coordinates. This frame follows the random tumbling
of the water molecule. (3) A set of principal axis frames (PΛ)
whose axes coincide with the principal axes of the spin interac-
tions Λ. These frames have fixed orientations with respect to the
molecular frame.

The relative orientation of two reference frames A and B is de-
scribed by the Euler angles34 ΩAB = {αAB,βAB,γAB}. The frame
A can be brought into coincidence with B by the following se-
quence of rotations: (1) Rotation by γAB around the z-axis of B,
(2) rotation by βAB around the y-axis of B, (3) rotation by αAB

around the z-axis of B.
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Irreducible spherical tensors of rank λ may be transformed
from frame A to B as follows34:

(Fλn)
B =

λ

∑
m=−λ

(Fλm)
A Dλ

mn(ΩAB) (4)

where
Dλ

mn(ΩAB) = e−imαAB dλ
mn(βAB)e−inγAB (5)

is the Wigner rotation matrix34 of rank λ for Euler angles ΩAB

which bring the frame A into coincidence with the frame B. The
term dλ

mn(βAB) is the reduced Wigner rotation matrix of rank λ

and βAB is the angle between z axes of frames A and B.

In the secular approximation the Hamiltonian of an anisotropic
spin interaction Λ can be written as following product of spatial
and spin tensor components26–28:

HΛ = 〈(AΛ
20)

L〉T Λ
20 (6)

where (AΛ
20)

L is the central element of the rank-2 irreducible
spherical tensor describing the spatial part in the laboratory refer-
ence frame. The angle brackets denote averaging over the molec-
ular motion. T Λ

20 is the central element of the rank-2 irreducible
spherical tensor spin operator describing the interaction Λ.

The motionally-averaged central element of the spatial part of
an interaction may be written as:

〈(AΛ
20)

L〉=
+2

∑
n=−2

(AΛ
2n)

M〈D2
n0(Ω

Λ
ML)〉 (7)

Where (AΛ
2n)

M are elements of the spherical tensor of interaction
Λ in the molecular frame.

The five average elements of the Wigner rotation matrix
〈D2

n0(Ω
Λ
ML)〉 are the five spherical order parameters of the H2O

molecule26,27:

S2
n = 〈D2

n0(Ω
Λ
ML)〉∗ (8)

S2
n = (−1)n(S2

−n)
∗ (9)

The order parameters are the spherical components of the align-
ment tensor which describes the statistical properties of the water
molecular orientation. From the symmetry of the water molecule,
the principal axes of the alignment tensor coincide with the axes
of the molecular frame. The alignment tensor is diagonal in the
molecular frame so S2

±1 = 0 and S2
+2 = S2

−2 and only two order
parameters are needed: S2

0 and S2
2.

The spatial parts of the anisotropic interactions are transformed
from their respective principal axis frames into the (common)
molecular frame as follows:

(AΛ
2n)

M =
+2

∑
m=−2

(AΛ
2m)

PD2
mn(Ω

Λ
PM) (10)

4.2 17O quadrupolar coupling

The quadrupolar coupling constant CQ is defined as:

CQ =
e2qQ

h
(11)

where e is the elementary charge, eq is the largest eigenvalue
of the electric field gradient tensor, Q is the nuclear quadrupole
moment and h is the Planck constant.

The spatial part of the quadrupolar coupling expressed in the
principal axis frame is given by25–28:

(AQ
20)

P =

√
6 2πCQ

4I(2I−1)
(12)

(AQ
2±1)

P = 0 (13)

(AQ
2±2)

P =
2πCQηQ

4I(2I−1)
(14)

where I is the nuclear spin (I = 5/2 for 17O) and ηQ is the biaxial-
ity of the electric field gradient tensor. The values of the coupling
constants for the 17O quadrupolar coupling in an isolated water
molecule have been estimated by microwave spectroscopy in the
gas phase35 as CQ = 10.169 MHz and ηQ = 0.750. The principal
axis frame of the quadrupole interaction PQ is oriented as shown
in figure 7: The axis xQ is parallel to the z axis of the molecular
frame M, the axis yQ is antiparallel to the y axis of M, and the axis
zQ axis is parallel to the x axis of M35,36.

The spin part of the quadrupolar interaction is given by:

T Q
20 =

1√
6
(3I2

z − I(I +1)) (15)

The RQC interaction leads to the splitting of 17O resonance into
five equidistant lines. The RQC splitting (the distance between
adjacent lines of the pentet) can be written in terms of the or-
der parameters and the spatial part of the quadrupole coupling
(expressed in M frame) as follows24:

∆ω
RQC
O =

√
6
[
(AQ

20)
MS2

0 +
{
(AQ

22)
M +(AQ

2−2)
M
}

S2
2

]
(16)

The relevant components of the spatial part of the quadrupo-
lar interaction in the M frame are (AQ

20)
M = −2π 77.8 kHz and

(AQ
2±2)

M = 2π 477 kHz.

4.3 Dipolar couplings

The dipole-dipole coupling constant is defined as:

b12 =−
µ0

4π

h̄γ1γ2

r3
12

(17)

where µ0 is permeability of vacuum, h̄ is the reduced Planck con-
stant, γ1,γ2 are the gyromagnetic ratios of the two interacting nu-
clei and r12 is the internuclear distance.

For the two 1H nuclei in the water molecule we get (rHH =

152 pm) bHH = −2π 34.5 kHz and for 1H – 17O we get (rOH =

95.8 pm) bOH = 2π 18.5 kHz.
In the principal axis frame the spatial part has only one non-

zero component26–28:

(A12
20)

P =
√

6 b12 (18)

(A12
2n)

P = 0, n 6= 0 (19)
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The z axis of the principal axis frame lies parallel with the inter-
nuclear vector.

The central element of the spin part of the dipole-dipole inter-
action (expressed in the lab frame) is given by:

T dd
20 =

1√
6
(3IzSz− I ·S) (20)

where Iz and Sz are the z components of the two interacting nu-
clear spins I and S.

The homonuclear 1H–1H RDC in H2
16O@C60 splits the 1H sig-

nal into a doublet. The splitting can be expressed as24:

∆ω
RDC
HH =

3√
6

[
(AHH

20 )MS2
0 +
{
(AHH

22 )M +(AHH
2−2)

M
}

S2
2

]
(21)

The values of the relevant components of the spatial part of
the dipole-dipole interaction in the M frame are (AHH

20 )M =

2π 42.3 kHz and (AHH
2±2)

M = 2π 51.8 kHz.
In the heteronuclear 1H–17O case the effects of RDC were ob-

served in 17O spectra of H2
17O@C60 where they contribute to the

observed triplet splitting:

∆ω
RDC+J
OH = 2πJOH +

2√
6

[
(AOH

20 )MS2
0 +
{
(AOH

22 )M +(AOH
2−2)

M
}

S2
2

]
(22)

The values of the relevant components of the spatial part of
the dipole-dipole interaction in the M frame are (AOH

20 )M =

2π 2.82 kHz and (AOH
2±2)

M = −2π 17.4 kHz. The scalar coupling
is JOH =−78 Hz.

4.4 Chemical shift anisotropy

The spherical components of the spatial part of the chemical shift
anisotropy are given by26–28:

(ACSA
20 )P =

√
2
3

∆σ (23)

(ACSA
2±1 )

P = 0 (24)

(ACSA
2±2 )

P =
1
3

∆ση (25)

where ∆σ is the chemical shielding anisotropy and η is the biaxi-
ality parameter.

The chemical shielding anisotropy in an isolated water
molecule has been estimated as ∆σH = 29 ppm for the hydrogen
nucleus37 and ∆σO = 47 ppm for the 17O nucleus37. The biaxial-
ity parameters are nearly zero for both nuclei. The z axis of the P
frame is along the O–H bond for the 1H CSA. In case of the 17O
CSA the z axis of the P frame coincides with the z axis of the M
frame.

The spin part is:

T CSA
20 =

1√
6

2γIzB0 (26)

where γB0 is the Larmor frequency and Iz is the operator of the z
component of the nuclear spin.

The frequency shift due to the RCSA interaction is given by:

∆σ
RCSA =

2√
6

[
(ACSA

20 )MS2
0 +
{
(ACSA

22 )M +(ACSA
2−2 )

M
}

S2
2

]
(27)

The components of the 1H CSA tensors in the M frame are
(ACSA:H

20 )M = 1.5 ppm and (ACSA:H
2±2 )M = −9.1 ppm. The compo-

nent of the 17O CSA in the M frame are: (ACSA:O
20 )M = 38 ppm and

(ACSA:O
2±2 )M = 0 ppm.

4.5 Order parameter estimates

The alignment of the encapsulated molecule is described by the
two order parameters S2

0 and S2
2. At 300 K the observed splittings

are: |∆ω
RQC
O | = 2π × (9604± 4) Hz, |∆ωRDC

HH | = 2π × (571± 1) Hz
and ∆ω

RDC+J
OH = −2π × (197± 2) Hz. The signs of the RQC and

1H–1H RDC cannot be determined directly.

We used the expressions for the splittings (equations 16, 21,
22) given in the previous section to fit the order parameters to
the experimental data. We assumed that the order parameters
describing the alignment of the 17O water molecule and the 16O
water molecule are the same. A good fit can only be obtained
when the sign of the RQC splitting is assumed to be positive. An
acceptable correspondence is obtained with either sign of the 1H–
1H RDC. The resulting order parameters are S2

0 = (0.8± 0.5)×
10−3 and S2

2 = (4.18± 0.04)× 10−3 for positive 1H–1H RDC. For
the negative 1H–1H RDC we get S2

0 = (−17.6± 0.5)× 10−3 and
S2

2 = (2.68±0.05) 10−3.

The order parameters were estimated using only the splittings
induced by the RQC and the RDC interactions as these can be
determined accurately from the observed spectra. The estimates
of the RCSA have greater uncertainties but still can be used to
decide between the two models. The 17O RCSA at T = 300 K
is nearly zero: |∆σ

exp
O | < 0.05 ppm and the 1H RCSA is approxi-

mately ∆σ
exp
H ≈ −0.1 ppm. When we use the fitted order param-

eters to calculate the expected RCSA we get ∆σ calc
H ≈ −0.06 ppm

for both sets of order parameters, which is in reasonable agree-
ment with the experiment. The 17O RCSA however depends on
the assumed sign of 1H–1H RDC. For the negative RDC we get
∆σ

calc−
O ≈ −0.6 ppm which is an order of magnitude larger than

the experimental observation. For the positive RDC, on the other
hand, we get ∆σ

calc+
H ≈ 0.03 ppm which agrees well with the ex-

periment. We conclude that the following set of order parame-
ters gives best agreement with experimental data at T = 300 K:
S2

0 = (0.8±0.5)×10−3 and S2
2 = (4.18±0.04)×10−3. These order

parameters correspond to positive 17O RQC and positive 1H–1H
RDC.

The two order parameters are components of the alignment
tensor in spherical coordinates in the M frame. The cartesian
components of the alignment tensor in the M frame are defined
as26,27:

Si j =
1
2
[
3〈cosαi cosα j〉−δi j

]
(28)

where αi is the angle between the i axis of the M frame and the
z axis of the L frame. The alignment tensor is diagonal in the M
frame. Its diagonal components may be expressed in terms of the
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order parameters as:

Sxx =
1
2

[ √
6 S2

2−S2
0

]
(29)

Syy =
1
2

[
−
√

6 S2
2−S2

0

]
(30)

Szz = S2
0 (31)

The cartesian components of the alignment tensor are given in
table 1. Their values indicate that the x axis of the M frame is
preferentially parallel with the applied magnetic field (z axis of
the L frame) and that the y axis of the M frame is preferentially
perpendicular to it. The order parameter Szz is approximately
five times smaller than Sxx and Syy: this indicates that there is
little statistical preference for the H–O–H bisector to be either
perpendicular or parallel to the liquid crystal director.

The favoured and disfavoured orientations of the water
molecule relative to the liquid crystal director, as determined by
this analysis, are sketched in figure 8.

Table 1 The cartesian components of the alignment tensor of the
encapsulated water molecule. The components are given in the M
frame where the tensor is diagonal.

Component Value ×103

Sxx 4.7±0.3
Syy −5.5±0.3
Szz 0.8±0.5

O

H

H

O

HH

O

H

H

B

B B

a

b c

Fig. 8 Canonical orientations of the water molecule in H2
17O@C60

dissolved in MBBA, relative to the magnetic field B. Their representation
in the ensemble, as deduced from the NMR data, is as follows. The
orientation in (a), with the plane of the molecule perpendicular to the
field, is slightly favoured in the ensemble (Sxx = 4.7×10−3); The
orientation in (b), with the C2 axis either parallel or antiparallel to the
field, is also slightly favoured, but much less so than the orientation in
(a) (Szz = 0.8×10−3); The orientation in (c), with the H–H vector parallel
to the field, is slightly disfavoured in the ensemble (Syy =−5.5×10−3).

5 Conclusions
Analysis of the 17O NMR spectra of H2

17O@C60 dissolved in the
MBBA nematic liquid crystal allowed us to determine the align-
ment tensor of the encapsulated water molecule. Water orien-
tations in which the H–O–H plane is perpendicular to the liq-
uid crystal director (and the external magnetic field) are slightly
favoured, water orientations in which the H-H internuclear vector
is parallel to the liquid crystal director are slightly disfavoured.

There are two likely candidates for the mechanism of the ob-
served alignment: (1) a direct mechanism in which the water
molecule interacts directly with the field generated by the liquid

crystal environment (through the walls of the C60 cage). A mech-
anism of this type has been used to explain symmetry breaking in
solid endofullerenes14. (2) An indirect mechanism in which the
C60 cages are assumed to acquire a geometrical or electronic dis-
tortion. The distorted cages are then aligned by the liquid crystal
and in turn align the encapsulated water molecules.

We have not yet considered in detail whether the data de-
scribed here may be used to distinguish between these two mech-
anisms. However, the cage distortion implied by the indirect
mechanism may be expected to generate considerable chemical-
shift anisotropy effects at the site of the water molecule. As de-
scribed above, the CSA effects are found to be small, when con-
founding shifts due to susceptibility changes are accounted for.
The absence of large CSA-related effects tends to favour the di-
rect mechanism, in which the fullerene cages substantially retain
their structural and electronic symmetry in the liquid crystal en-
vironment.
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