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Inelastic neutron scattering, far-infrared spectroscopy, and cryo-
genic nuclear magnetic resonance are used to investigate the quan-
tized rotation and ortho-para conversion of single water molecules
trapped inside closed fullerene cages. The existence of metastable
ortho-water molecules is demonstrated, and the interconversion of
ortho-and para-water spin isomers is tracked in real time. Our in-
vestigation reveals that the ground state of encapsulated ortho
water has a lifted degeneracy, associated with symmetry-breaking
of the water environment.

cryogenic NMR | endofullerene | magic-angle-spinning NMR |
rotational spectroscopy

he synthetic procedure known as “molecular surgery” (1-3)

involves opening an orifice in fullerene (Cy) cages by a series
of chemical reactions, insertion of small molecules into the cavity,
and resealing of the cage by further reactions. This procedure has
made available, in macroscopic quantities, a class of pure, stable,
substances in which closed fullerene cages encapsulate small
molecules. These systems provide “nano-laboratories” in which
the small molecules are isolated in a geometrically well-defined,
highly symmetrical environment. Confined small molecules such
as H, behave as quantum rotors, in which the quantized transla-
tional and rotational levels are mixed by the confinement,
generating a rich energy level structure (4-12).

The recently synthesized water-endofullerene H,O@Cg, (3) is
particularly intriguing (see Fig. 14). Like H,, water exhibits spin
isomerism, with ortho- and para-forms, but unlike H,, water has
an electric dipole moment. Do the electric dipoles of encapsu-
lated water molecules rotate freely, reflecting the absence of
hydrogen bonding? Do the ortho- and para-spin isomers intercon-
vert? Can energetic ortho-water molecules be trapped in a meta-
stable state? What is the potential describing the interaction of
water with the curved carbon surface? Do the electric dipole
moments of water molecules in neighboring cages line up co-
operatively, exhibiting ferroelectricity (13)?

We study the energy levels, spin isomerism and quantum
dynamics of single water molecules enclosed in fullerene cages,
using three complementary physical methods: inelastic neutron
scattering (INS), far-infrared spectroscopy (FIR), and nuclear
magnetic resonance (NMR). In all cases, the homogeneous and
symmetric environment provided by the fullerene cages isolates
the ortho and para spin isomers, and gives rise to relatively narrow
and unambiguous spectral features. We observe the existence of
metastable ortho-water molecules, follow the slow conversion of
ortho-water into para-water, and detect an energy splitting in the
ortho-water rotational ground state, which is a signature of bro-
ken symmetry.

A simplified energy level diagram of endohedral water, based
on free water in the gas phase, is shown in Fig. 1B. The endo-
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hedral water molecule behaves as an asymmetric top, with
rotational energy levels indexed by the three numbers Jg g
where J is the quantum number for the total angular momentum.
The indices K, and K, refer to the angular momentum quantum
numbers in the corresponding prolate and oblate symmetric tops
(14). In an environment with tetrahedral symmetry or higher,
each Jg . level is (2J + 1)-fold degenerate, with an additional
quantum number M; € {-J, —J + 1... + J} defining the angular
momentum projection on an external axis. The rotational states
are correlated to the proton spin states through the Pauli princi-
ple: ortho-water states have total nuclear spin / = 1, and odd
parity for K, + K, in the ground vibrational state. The para-water
states have total nuclear spin / = 0, and even parity for K, + K,
in the ground vibrational state.

Results

Inelastic Neutron Scattering. Fig. 2 shows INS spectra of H,O@Cy,
as a function of neutron energy transfer AE, at two different sam-
ple temperatures. The intense peak centred at AE = 0 represents
elastically scattered neutrons. The inelastic neutron scattering
peaks appear as smaller features on either side, with the sign con-
vention that AE represents the energy loss or gain relative to the
molecule. Therefore in the scattering event between the neutron
and the nuclei of the molecule, negative AE corresponds to neu-
tron energy (NE) gain transitions while positive AE represents
NE loss.

INS transitions are mediated by a spin dependent interaction
and are dominated by scattering from 'H nuclei. This has signif-
icant consequences. Firstly, unlike photon spectroscopy, INS can
drive transitions between different nuclear spin-isomers of H,O.
Therefore, INS peaks that connect ortho-H,O and para-H,O
appear with significant intensity. Secondly, since para-water has
spin 0, transitions between different states of para-H, O have neg-
ligible intensity. However, since the ortho spin isomer has spin 1,
ortho—ortho transitions appear with similar intensity to ortho—para
transitions.

Even at the lowest temperature 7 = 1.5 K, an INS peak
(labeled “1”) appears with NE gain at AE = -2.4 £0.1 meV;
this is generated by scattering events in which the sample has
undergone a transition from a high energy state to one of lower
energy, raising the energy and speed of the scattered neutron.
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Fig. 1. (A) Molecular structure of the water-endofullerene H,0@C, using a
ball-and-stick representation for the Cgy cage and space-filling spheres for
water; (B) Energy level diagram, showing the principal transitions detected
by INS (grey arrows) and IR spectroscopy (dashed arrows). The three-fold
rotational degeneracy of the ortho-H,0 ground state is lifted. The upper
level of the split 1y, state is doubly degenerate. Unresolved fine structure is
indicated by shading.

Since the energy of the transition AE/kg = 28 K is much larger
than the available thermal energy at 1.5 K, this peak must arise
from a meta-stable state that is not at thermal equilibrium. Peak
“1” is therefore assigned to the transition from the metastable
ground state of ortho-H,O to the ground state of para-H,O,
191 = Ogo (see Fig. 1B). The observation of this peak provides
compelling evidence that the ortho-H, O spin isomer is long-lived
inside the fullerene cage and, upon cooling, does not convert
completely to para-H,O, over the timescale of the experi-
ment (6 h).

Increasing the sample temperature to 7 = 10 K gives rise to a
second peak in NE gain at AE = —2.9 £ 0.1 meV (labeled “2”).
This peak becomes populated at temperatures as low as 5 K and
the temperature dependence of the peak amplitude indicates that
it corresponds to an excited state of ortho-water that is approxi-
mately 0.6 meV above the ortho-H,O ground state. We postulate
that the three-fold degenerate 1y, ortho ground state is split, and
assign peak “2” to transitions between the upper sublevel of 1,
and the para ground state 0y, while peak “1” is assigned to tran-
sitions between the lower sublevel of 1y, and 0y, (Fig. 1B). The
existence of a splitting in the ortho ground state is supported by
the NMR data (see below).

We can be confident that the NE gain spectrum arises only
from transitions originating in metastable ortho-H, O molecules.
Librational and vibrational modes of Cg, and phonon modes
above approximately 0.2 meV are not populated in the NE gain
spectrum at a temperature of 1.5 K.

AE / meV

Fig. 2. INS spectra recorded on the time-of-flight spectrometers IN4 and IN5.
The 10 K spectrum is an average over 5, 10, and 15 K data. The dashed lines
show the best fit components where the transitions are labeled according to
Fig. 1B.
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More transitions are observed in the NE loss spectrum, includ-
ing the transitions 1 and 2 in the opposite direction to those
observed in NE gain. Transition 3 in Fig. 1B appears in neutron
energy loss, but it overlaps with transitions 1 and 2 (see infrared
data, below). As indicated above, the para—para transition 4 is
absent in INS.

The small feature in the 10 K spectrum at a neutron energy
gain of AE =~ —0.6 meV (indicated by the arrow) is provisionally
attributed to transitions from the upper to the lower sublevel
of 10] .

Far-Infrared Spectroscopy. Far-infrared (FIR) spectroscopy detects
transitions between the rotational levels of H,O. The absorption
coefficient of radiation is proportional to the difference in the
populations of the initial and final states. Unlike INS, transitions
between ortho and para states are highly forbidden. Since each
spin isomer attains internal thermal equilibrium very rapidly, the
slow time evolution of the peak intensities is due to ortho—para
conversion. This allows us to identify the ortho and para lines
unambiguously, and to determine the kinetics of ortho—para
conversion.

The FIR spectrum of 10 mg of H, O @Cygj is shown in Fig. 3. The
three peaks in the displayed spectral region are assigned
to the rotational transitions shown in Fig. 1B. Peak “4” is a
rotational transition of para-H,O (0yy — 1;;), while peaks “3”
and “5” are rotational transitions of ortho-H,O (1y; — 1, and
1g; = 215, respectively). The assignments are supported by the ef-
fect of ortho—para conversion (see below). Peak “4” provides
strong absorption of the infrared radiation, which saturates the ab-
sorption curve under the experimental conditions. On thinner
samples, the absorption maximum is observed at 4.55 + 0.2 meV.
The energy of transition “3” lies between that of “1” and “2”, which
explains why it is unresolved in neutron energy gain (see above).

The spectra shown in Fig. 3 were all obtained at a sample tem-
perature of 3.5 K, and were taken after slow cooling from a tem-
perature of 77 K. The spectrum shown in black was obtained
immediately after cooling, while the spectra shown by the red
and blue curves were obtained after the indicated waiting periods.
Peak “5” is initially saturated due to its strong absorption, but the
saturation disappears at later times, as the peak becomes less in-
tense. Although the amplitude of peak “4” cannot be measured
directly, the movement of the peak edges indicate that peak “4”
increases in amplitude as peaks “3” and “5” become weaker.

The changing intensity of the FIR peaks is due to ortho-to-para
conversion, which strongly depletes the ortho state in favor of
para at the sample temperature of 3.5 K. The time dependence,
shown in Fig. S1, is almost mono-exponential with a time constant
of 12 £ 1.3 h at the temperature of 3.5 K. This is similar to the
ortho-para conversion rate for water in argon matrices at

42 K (15).
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Fig. 3. Far-infrared spectra of H,0@Cg, at 3.5 K. The times indicate the
elapsed intervals after cooling from 77 K. The circled numbers refer to the
transition assignments in Fig. 1B. The time-dependence of the peaks indicates
slow ortho-to-para conversion. Peaks 4 and 5 are initially saturated due to the
strong absorption and thick sample.
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The splitting in the ortho ground state, which is resolved by
INS, is not visible in the FIR, presumably due to unresolved
structure in the higher energy levels. The ortho-ortho transition
lg; = 1y (transition “3” in Fig. 1B) has similar energy to the
transition from the para ground state Oy, to the lower sublevel of
the ortho ground state 1y, (transition “1”). This coincidence ex-
plains why transition “3” does not separately show up in NE loss
in the INS spectrum (Fig. 2); the NE loss spectrum evidently
contains multiple transitions, not all of which are thermally
populated in NE gain at the temperatures studied.

Magic-Angle-Spinning NMR. Magic-angle-spinning (MAS) NMR is
used to provide high-resolution spectra of solid samples; rapid
spinning of the sample around an axis subtending the angle
arctan v/2 ~ 54.7° averages out many anisotropic nuclear spin in-
teractions, providing narrow spectral lines in the solid state (16).
Recent technological advances have made it possible to perform
MAS-NMR experiments reliably in the cryogenic temperature
regime (4, 17-20).

MAS proton NMR spectra of 9 mg of H,O@Cg, are shown in
Fig. 4. These NMR signals come exclusively from the ortho spin
isomer: the para spin isomer has zero nuclear spin and does not
provide an NMR signal. In the light of the INS and FIR results,
the 9.6 K NMR spectra must originate from metastable ortho-
H, O molecules.

The NMR spectra do not exhibit strong spinning sidebands at
temperatures above ~20 K. This is a signature of rapid isotropic
molecular motion, which is consistent with molecular dynamics
simulations (21). However, at low temperature, spinning side-
bands develop in the MAS NMR spectrum, and an unresolved
shoulder appears on the centerband. Apart from the asymmetric
centerband, the 9.6 K spectrum is a good match to a simulation
for randomly oriented pairs of spins-1/2 experiencing a through-
space dipole—dipole coupling of —5.5 kHz (grey curve in Fig. 4).
For comparison, no spinning sidebands are observed in the MAS
proton spectrum of H, @Cqy, under similar conditions (5). The
slight asymmetry of the centreband at 9.6 K is currently un-
explained.

Ortho-to-para transitions are expected to lead to a slow decay
in the NMR signal intensity at low temperatures, since para-H,O
provides no NMR signal. We did not observe this decay, presum-
ably because our NMR experiments were performed at the lowest
temperature for approximately 90 min, as compared to the
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Fig. 4. Magic-angle-spinning proton NMR spectra of H,0@Cg, taken in a
magnetic field of 14.1T (proton precession frequency =~ — 600.0 MHz). All
spectra were obtained by taking the Fourier transform of a single transient
after a 90° excitation pulse and subjecting it to Lorentzian linebroadening
with a linewidth of 200 Hz followed by baseline correction. The sample tem-
peratures and spinning frequencies are (A) 22.8 K, 8.86 kHz; (B) 18.5 K,
8.38 kHz; (C) 13.0 K, 7.12 kHz; (D) 9.6 K, 5.04 kHz. The peaks indicated by
asterisks are spinning sidebands. The grey line is a simulation for randomly
oriented pairs of protons with a magnetic dipole-dipole interaction of
—5.5 kHz.

12896 | www.pnas.org/cgi/doi/10.1073/pnas.1210790109

approximately 12-h ortho—para conversion time observed in infra-
red spectroscopy (see above).

Internuclear dipole-dipole couplings must be interpreted by a
quantum treatment which takes into account the spatial deloca-
lization of the rotational wavefunctions in rotational quantum
states (4, 22). For J = 1 states, the nuclear dipole-dipole coupling
is scaled by a factor of 2/5 compared to a classical model, with the
same internuclear distance (4, 22). In addition, the nuclear dipole—
dipole coupling tensor is averaged over the populated quantum
states, with populations governed by the Boltzmann distribution.
At high temperature, all 2J + 1 components of a level with
rotational quantum number J are equally populated, leading to
a vanishing dipole—dipole coupling. This corresponds to the case
of isotropic classical rotation. An energy splitting between the
sublevels causes unequal populations in thermal equilibrium, and
generates a finite dipole—dipole coupling tensor. Conversely, the
existence of a finite dipole—dipole coupling is a signature of an
energy splitting between the sublevels.

The —5.5 kHz internuclear dipolar coupling at 9.6 K leads to
an estimate of the ortho ground state splitting of approximately
0.9 meV. The analysis (see SI Text) makes the following approxi-
mations and assumptions; rigid water molecules, with a proton-
proton distance of 1.515 A (see Fig. S2); splitting of the three 1,
sublevels into a nondegenerate lower level with M; =0 and a
doubly degenerate upper level with M; = +1; and neglect of
higher rotational and translational states of ortho-water. The es-
timated splittings from cryogenic NMR (approximately 0.9 meV)
and INS (approximately 0.6 meV) are reasonably consistent, gi-
ven the many approximations that are involved. The discrepancy
is attributed to contributions from intermolecular couplings,
chemical-shift anisotropy, spin-rotation effects, and the influence
of higher rotational and translational levels.

The approximately 1 kHz linewidth of the experimental 'H
MAS peaks is greater than that anticipated for isolated water
molecules. The origin of the linewidths is currently unknown, but
may be associated with the presence of a protonated impurity in
the sample, see Fig. S3.

Discussion

The energy level spacings of the lowest rotational sublevels of
water in H,O@Cy, as determined by INS and FIR spectroscopy,
are compared with those of gas-phase water vapor (23, 24) in
Table 1. The most striking difference between encapsulated water
and free water is the 0.6 meV splitting in the ortho-water ground
state. Apart from this splitting, the encapsulation in Cg, does not
change the lower rotational energies of water by more than
0.2 meV (taking the average of the split 1y, levels, and accounting
for the double degeneracy of the upper level). Unlike the case of
H, @Cq (6, 7), there is no obvious signature of strong translation-
rotation coupling.

All three forms of spectroscopy reveal the presence of meta-
stable ortho-water molecules at low temperature which undergo
slow transitions to the low-energy para-spin isomer. FIR spectro-
scopy provides the most detailed picture of ortho-para conver-
sion, allowing the spin isomerization process to be followed in
real time on the timescale of hours.

The INS and NMR data are both consistent with a splitting in
the triply degenerate ground state of ortho-water by around
0.6 meV. This lifting of degeneracy may be due to crystal packing
effects which break the local symmetry, or to a spontaneous
distortion of the fullerene cage induced by the rotationally de-
generate water molecule, analogous to the Jahn-Teller effect.
The observation of this phenomenon in the magic-angle-spinning
NMR spectra indicates that the symmetry-breaking distortion
must have a lifetime of at least several tens of milliseconds. An
intriguing possibility, which requires deeper investigation, is that
the breaking of symmetry reflects cooperative electric dipole
alignment; i.e., ferroelectricity (13).

Beduz et al.
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Table 1. Rotational transitions of water in H,0@Cg, and in the gas phase
H,0@Cg, [meV (cm~")] (this work)

Transition Quantum states Type IR INS Gas phase H,0 [meV (cm~")] (ref. (24))
1 000 101 (lower) p<o — 2.3+ 0.1(18.6 £ 0.8) 2.95% (23.8)*

2 (Y 101 (upper) peo — 29 +0.1(23.4+0.8)

3 101 110 0o 2.5+ 0.6 (20 = 5) — 2.30 (18.6)

4 000 014 pop 46+ 0.6 (37 £ 5) — 4.60 (37.1)

5 101 255 0+< 0 7.0 £ 0.6 (56 = 5) — 6.91 (55.7)

The transition energies are given in meV and in cm~' (in parentheses). The gas phase data is from ref. (24), except for the ortho-para transition 0gy — 1¢;
(marked with an asterisk), which is inferred by modeling the water molecule as a rigid asymmetric rotor.

Materials and Methods

Synthesis. H,0@Cg, was synthesized by the published procedure (3). Solution-
state proton NMR spectra of the last open-cage derivative before the final
closing reaction indicated that about 60% of the Cg, cages are occupied by
water molecules. The compound, which was purified by column chromato-
graphy eluted with CS,/pentane = 2/1, was dissolved in CS,. The solution
was dropped into pentane to give a precipitate. The precipitate was collected
by centrifuge and then heated at 180 °C under vacuum for 3 d. The resulting
powder was used for the measurements. Solid-state NMR measurements in-
dicated the presence of a protonated impurity with a proton concentration
of about 3 times the endohedral water molecules (see Fig. S3).

Inelastic Neutron Scattering. The experiments were conducted using two dif-
ferent time-of-flight INS spectrometers, IN4 and IN5, at the Institut Laue-
Langevin. In both instruments, the sample is irradiated by a pulsed beam
of monochromatic neutrons. The energy of the scattered neutrons is then
determined from the time taken between the arrival of the neutron pulse at
the sample and the arrival of a neutron in a detector that is situated a known
distance away. The momentum transfer may be inferred from the geometry
of the scattering event, and the angular position of the neutron detector. The
INS spectra in Fig. 2 are obtained from a sum of detectors covering a momen-
tum transfer range approximately 1.5 A<Q<8A OnINg, Bragg diffraction
from a curved monochromator is used to select the energy/wavelength of the
incident neutrons, with a Fermi chopper being used to provide the pulsed
structure of the beam. The flight path between sample and detectors is
2 m. On IN5 the pulsed monochromatic structure is obtained using six pairs
of counter-rotating choppers, with their phases and frequencies being set to
determine the energy/wavelength of the beam. IN5 has a 4-m flight path
between the sample and an array of pixilated position sensitive detectors.

The sample used for the INS experiments was 95 mg of H,0@Cg, powder
packed in an aluminum foil container. The sample was mounted in the cryo-
stat under a reduced pressure of He gas.

Far Infrared Spectroscopy. The sample was pressed under vacuum from a pow-
der of 60% of H,0@Cg, and 40% of empty Cgp into a d = 0.83 mm thick and
3-mm diameter pellet of mass 10 mg.

The pellet was pumped at room temperature for several hours inside the
sample compartment of a liquid He cryostat before cooling and adding the
He heat exchange gas to the sample compartment. Light was guided from
the Sciencetech SPS Martin-Puplett type spectrometer to the sample cryostat
using a light pipe and detected with a 0.3 K bolometer located inside a
vacuum chamber in the same liquid He cryostat. A motorized sample changer
inside the cryostat was used to change between the sample and a reference
hole of 3 mm diameter. The absorption coefficient was calculated by
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a=—d"In|/l;"(1-R)72], where I and I, are the light intensities trans-
mitted by the sample and by the reference hole. This formula accounts
for one back reflection from the pellet front and back face, where the reflec-
tion coefficient R = (n — 1)2(n + 1)=2 and constant index of refraction n = 2
is assumed. The plotted spectra in Fig. 3 are not corrected for the 65% con-
tent of H,0@Cgq in the sample.

Nuclear Magnetic Resonance. The equipment for cryogenic magic-angle spin-
ning NMR uses three separate cryogenic streams of supercritical He for the
bearing system, the turbine system, and for sample cooling. The separate
streams of supercritical helium were generated from liquid in a large custom-
built cryogenic vessel, and kept below 7 K at a stable controlled pressure of
2.5-4.5 bar. The flow rates and temperatures of all three streams are inde-
pendently controlled by using cryogenic needle valves and electrical heaters.
The temperatures of the three gas streams are measured on entry to the
probe cryostat.

The cryogenic spinning system uses a zirconia rotor with an outer dia-
meter of 2 mm and length of 16.2 mm (including the turbine wheel inserts),
provided by Revolution NMR. The rotor was packed with 9 mg of H,0@Cq,
powder. The temperature of the gas exiting the spinning assembly was mon-
itored by using a Cernox temperature sensor mounted in the exhaust pipe
about 2 cm from the rotor with an accuracy of 0.15 K. The real sample tem-
perature was cross-checked against the exhaust gas temperature in separate
experiments using the '?’I nuclear spin-lattice relaxation in Csl as an internal
thermometer (20).

The 9.6 K spectrum shown in Fig. 4 was obtained at the end of a long
experimental series involving slow cooling of the magic-angle-spinning
sample from room temperature over approximately 10 h. The sample spent
approximately 90 min below 20 K during the acquisition of this spectrum.
This interval is reasonably short compared to the ortho—para conversion rates
measured by infrared spectroscopy.

The chemical shift scale in the proton spectra was calibrated by using the
1.8 ppm proton NMR peak of adamantane as a reference. The endohedral
water peak is at —4.6 ppm, which is close to the position observed in room
temperature liquid state NMR (3).
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Ortho-Para Conversion Observed by Infrared Spectroscopy. Experi-
mental data showing ortho-para conversion is given in Fig. S1.

Proton NMR Spectra. The proton MAS spectra in Fig. S3 indicate
the presence of a protonated impurity in the sample, which gives
rise to a strong NMR signal at room temperature. The proton
density of the impurity is about 3 times that of the endohedral
H,O. However, the NMR signals from the impurity disappear
at low temperature, in part because this signal becomes broader,
and in part because this component exhibits a very long spin-
lattice relaxation time. The endohedral proton signal remains
narrow and these protons relax relatively rapidly, even at low tem-
perature. At this time it is not known whether the impurity cor-
responds to a species included in the H,O@Cy, matrix or
whether it is a surface species.

Internuclear Dipole-Dipole Coupling in a Split Rotational Ground
State. The vibrational and translational parts of the wave function
are not relevant in the following discussion and will be neglected
henceforth. The explicit forms of the rotational wave functions
depend on the orientation of the molecular fixed frame M, as
defined in the next paragraph, with respect to the laboratory re-
ference frame L.

Assuming the water molecule to be rigid, with the position of
the nuclei with respect to the nuclear center of mass given by the
vectors r,, ry, and ry, fixed in their equilibrium positions. The
inertial tensor is given by

I—Zm (Irg.il*8:; —

where the sum is over the three atomic nuclei. The principal axis
system of the inertial tensor is defined as the system in which I is
diagonal. Conventionally the three principal axes of the molecule
are labeled by a, b, ¢ so that the moments of inertia about the axes
are in the order I,, < I, < I... Consequently the rigid rotor
rotational Hamiltonian is given by (1)

qlq])

n 2 h2 [N N N N
Hyor = 2T —J? +mfb+2lccjf=AJ§+BJ§+CJf [S1]

where are J,.J, and J are the components of the angular
momentum operator J? along the principal axes a, b, ¢ and the
rotational constants satisfy 4 > B > C. The axes of the molecular
fixed frame M for rigid water are chosen to coincide with the
principal axis system of the inertia tensor according to the follow-
ing convention (1): the z axis is chosen to coincide with the a axis,
and the x and y axes are along the b and c axes, respectively, so to
form a right-handed system, see Fig. S2.

With such a choice of axes for the molecule fixed frame, the
quantum wavefunctions for the three rotational sublevels of the
ortho ground state 1, are given by

3 1/2
D) o0(Qm) = (@) D, o(Qim) " [S2]

withm = -1, 0, 1, see ref. 1 pp. 240-252, where D! . are Wigner
functions, the asterlsk denotes the complex conjugate and Q=
{¢,0, x} are the Euler angles relating the molecular fixed frame
to the laboratory frame. {0, ¢} are the polar angles of the z axis in
the laboratory frame and {0, y} are the polar angles of the of the

Beduz et al. www.pnas.org/cgi/doi/10.1073/pnas.1210790109

Z axis of the laboratory frame in the molecular fixed frame. m
represents the value of the projection of the angular momentum
operator along the laboratory Z axis for the given wave function.
In the icosahedral confinement of a rigid Cy, cage the ground
state of ortho water is three-fold degenerate in m.

Consider now the case in which the water molecule encounters
an anisotropic local field, aligned with a local reference system,
denoted A. The source of the local field is not important in the
following discussion: it could be due to crystal packing effects,
cage distortions, or mean electric dipolar fields from neighboring
molecules. In all cases, the degeneracy on m is lifted by the pre-
sence of anisotropic local fields and the eigenfunctions describing
the ground state of ortho water are given by:

¥, (Qra. Qum) = Z 2 @, o(Qum) D, (QLA)C

m=—1m’'=-

[S3]

forn = —1,0, 1. Here Qp 4 = {«, B, Y} represents the set of Euler
angles determining the orientation of the local anisotropic field
with respect to the laboratory. The coefficients ¢, , depend on
the local field Hamiltonian, but not on its orientation.

The dlpolar interaction between two proton nuclear spins 1 1
and Iz is

_Ho_

-1,-1 S4
. L] [S4]

Hpp = - Y2231, - epn)(, - eqn)

where [, is the vacuum permittivity, y is the gyromagnetic factor
for protons, 7 is the reduced Planck constant, ryyy is the distance
between the two protons (assumed to be constant), and eyy de-
notes a unit vector along the line joining the two protons. The
spherical form of the dipolar Hamiltonian is (2)

Hpp(Qpp) = fwloc (_1)p

p=-2

D;_O(QLP)*TEp(ilviZ) [S5]

where @9 = —pyy2h?/4nry is the dipolar coupling for loca-
lized protons. From the equilibrium configuration of the water
molecule, shown in Fig. S2, ryy = 1.515 A and 08¢ /21h =
-34.5 kHz. T} 1, Iz) are the spherlcal tensor operators of rank
2 and component p in the proton spin operators:

IR 1~ - A
T5(1,. 1) :%(311112.2—11 -1;)

. a 1~ = A A
T3, (I,.1) = ¢E(11,212.i +1y41,;) [S6]
T:2t2(}l’j2):§§l,ii2,i

with is_i = jm + i?s,y,s =1,2. Qp is the set of Euler angles
determining the orientation of the principal axis frame P of the
dipolar Hamiltonian, defined to have its z’ axis along the inter-
nuclear H-H vector, with respect to the laboratory frame L. The
notation Hpp(Qp) in Eq. 5 stresses the dependence of the
dipolar Hamiltonian on the orientation of the molecule in the
laboratory frame. We note that with the choice of the axes given
above for the molecular fixed frame P coincides M and then
Qrp = Q.
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In high static magnetic field the nuclear Zeeman interaction
Hy =—yB, - (I, + I,) is dominating over all the other spin inter-
action. The NMR lineshape is determined by the part of
Hpp(Qrp) which commutes with H,. By choosing the Z axis
of the laboratory frame to be aligned along the magnetic field,
the truncated dipolar Hamiltonian is

HYp(Quy) = \/ng'gf{D&O(QLM)* T(%(il , iz)

= \/60)1‘;’1“{%(3 cos20—1)T3(I,, 1) [S7]
HY(Qpy) is the truncated dipolar Hamiltonian for a localized
water molecule fixed in a given orientation with respect to the
external magnetic field.

In the ortho-H,0@Cg, ground state the truncated dipolar
Hamiltonian is given by the quantum and thermal average of
dipolar Hamiltonian (3, 4)

[

z

2 [\

1
3 (8, (Qa. Qune) Hp Q)

n=—

lIln(gzLAv QLM)> n(T)

I:II%D(QLA) =

1

Vool

n=-1

an(QLAv QLM)> n(T) T(%(ilvi)

:\@w‘g‘fﬁi i Z]: (2 -3m?)

n=—1m=—1m'=-—1

|Drln,m’(QLA)Cm’.n|2pn(T) Tg (il s iZ)

(W, (Qra. Q) DG o (Qrm) "]

[S8]

where p,,(T) is the Boltzmann population of the sublevel n. The
local field defines the quantization frame for the effective Hamil-
tonian. The presence of spinning sidebands in the magic angle

. Bunker PR, Jensen P (2006) Molecular Symmetry and Spectroscopy (NRC Research
Press, Ottawa).

2. Mehring M (1982) High Resolution NMR in Solids (Springer, Berlin) 2nd Ed.

3. Carravetta M, et al. (2007) Solid-state NMR of endohedral hydrogen-fullerene com-

plexes. Phys Chem Chem Phys 9:4879-4894.

spinning NMR spectrum of H,O@C is directly related to ani-
sotropic fields in the solid state lifting the degeneracy of the rota-
tional sublelvels. No sidebands are expected in an icosahedral
confinement where the choice of the frame A is arbitrary. In such
acase Cprp = O Pu(T) =1/3, Zl =1 ‘Drln,m’(szLA”2 =1
and H3p(Qa) = 0. In the case of an axially symmetric local field
the ortho ground state splits into one longitudinal polarized state
(n = 0) and two degenerate transverse polarized states (n = £1),
separated by an energy gap AE, and with coefficients satisfying
Cm' n = O . The effective dipolar Hamiltonian reduces to

5 PP 1 4 2e BE/RT

3cos?fB—1 PN
X (+> T3(I,.1,)

_ 2 1= e—AE/kBT
HI%D(QLA):\/E(——(D )

[S9]

The proton NMR lineshape is the same as expected for two
localized protons, compare to Eq. 5, but with an effective dipolar
constant given by

2 loc 1 — e—AE/kBT

f —
(DEH(T) - _g HHl + Ze_AE/kBT [SIO]

The experimental value of —5.5 kHz, obtained from the magic
angle spinning solid state NMR of H,O@Cq, at 9.6 K, is then
consistent with an energy gap of 0.9 meV.

We note that the factor of (2/5), which arises from the quantum
delocalization of the ortho-water rotational wavefunctions, has
sometimes been overlooked in the literature. An example of this
kind is found in ref. 5, in which the factor (2/5) was omitted,
leading to erroneous conclusions to be drawn over the distorted
geometry of water molecules in gas-phase complexes, observed by
microwave spectroscopy.

4. Hall RT, Dowling JM (1967) Pure rotational spectrum of water vapor. J Chem Phys
47:2454-2461.

5. Germann TC, Gutowsky HS (1993) Nuclear hyperfine interactions and dynamic state of
H,0in Ar — H,0.J Chem Phys 98:5235-5238.
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Time dependence of the area of line 3" (circles) measured at 3.5 K after cool down from 77 K. The spectrum, measured at 48 h (see Fig. 3) was

subtracted before integration and the line area was obtained by integrating difference spectra, shown in the inset, from 1.1 meV to 3.7 meV. The intensity of
line “3,” which is the ortho transition (Fig. 1), decreases in time because of ortho to para conversion. Solid line is a single exponential fit, tau = (12.0 + 1.3) h.

Beduz et al. www.pnas.org/cgi/doi/10.1073/pnas.1210790109

20f3


http://www.pnas.org/cgi/doi/10.1073/pnas.1210790109

[

z

1\

BN AS PN AN D

1515 A

Fig. S2. Equilibrium geometry of a free water molecule. The molecular fixed frame xyz is defined such that the inertial tensor is diagonal. This paper follows
the convention of ref. 1, in which the inertial eigenvalues are ordered such that /,, < /Iy, < /. and the {x, y, z} axes are identified with the (8) eigenvalues,
respectively. With this convention the z-axis is parallel to the vector joining the two protons and the molecule lies in the xz-plane.
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Fig. $3. Magic-angle-spinning proton NMR spectra of H,0@Cg,, taken in a magnetic field of 14.1 T (proton precession frequency ~ —600.0 MHz). All spectra
were obtained by taking the Fourier transform of a single transient after a 90° excitation pulse and subjecting it to Lorentzian linebroadening with a linewidth
of 200 Hz followed by baseline correction. The sample temperatures and spinning frequencies are (A) 293.0 K, 5.80 kHz; (B) 138.0 K, 5.44 kHz; (C) 83.0 K,
5.82 kHz; (D) 41 K, 10.83 kHz. The peak at —4.6 ppm are from the protons of the endohedral water. The full-width-at-half-height of the endohedral proton
peak is about 200 Hz before Lorentzian broadening. The peak at 1.8 ppm in spectrum A is from a protonated impurity. At room temperature the impurity signal
has an integrated area of 3:1 with respect to that of the endohedral peak. The impurity peak disappears at low temperatures due to a combination of
broadening effects and exceedingly long T;.
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