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Abstract 
 

Water molecules trapped in crystals of barium chlorate monohydrate have been 

investigated by magic angle spinning proton NMR spectroscopy in the temperature range 110–

300 K. At high temperatures, a single spinning sideband pattern is observed. Below 150 K 

however, two interleaved spinning sideband manifolds appear, with distinct centerbands that 

do not coincide with the average isotropic chemical shift seen at high temperatures. This 

hitherto unknown “cross-term splitting” results from the interplay of the homonuclear dipole-

dipole coupling and two anisotropic proton shielding tensors that have identical principal 

components but non-equivalent orientations. The resulting cross terms cannot be averaged out 

by rotation about the magic angle. The analysis of the exchange-induced broadening, 

coalescence and narrowing of the cross-term splitting in MAS spectra allows one to estimate the 

rate of exchange of the two protons between 140 and 190 K. The experimental data is 

compared with 2H and 1H NMR studies of the same sample reported in the literature.  DFT 

methods are utilized to estimate the thermal activation energy for a two-fold hopping process 

of proton exchange about the H–O–H bisector. The Bell-Limbach model allows one to take into 

account contributions due to incoherent quantum tunneling in the low temperature regime.  

 

 

 

 

 

 

Key words 

Orientational Inequivalence, Quantum Tunneling, Magic-Angle Spinning, Solid-State NMR, 
Anisotropic Motional Dynamics, Chemical Exchange, Homonuclear Dipolar Interaction, Chemical 
Shift Anisotropy, Cross-Term Splitting. 



Cross-term splittings due to the orientational inequivalence of proton magnetic shielding tensors: Do 
water molecules trapped in crystals hop or tunnel? 

3 
 

Introduction 
 

Despite its deceptive simplicity, H2O shows a variety of surprising properties, whether in 

bulk liquids or solids, confined in nanocavities, or near the surface of macromolecules such as 

proteins or nucleic acids.1-7 To date, there is no established general consensus on the structural 

organization of H2O molecules on the atomic scale. Hydrogen bonds and dynamic processes 

such as proton exchange further complicate the scenarios. Quantum effects have been 

considered to shed light on this molecular jumble.8-10 Recently, quantum tunneling dynamics 

have been reported for water molecules confined in nanocavities of beryl crystals11,12 and in gas-

phase clusters like (H2O)6.13 

The chemical shift anisotropy (CSA) of protons in water molecules is of particular interest 

since it has the potential of lifting the magnetic equivalence of the two protons. Inter alia, this 

may give access to para-water, i.e., by inducing an excess or a deficiency of the population of 

the singlet state 
0 1 2S   = −   with respect to the average population of the triplet 

states 1T + = , 1T − =  and 
0 1 2T   = +  , either by going to very low spin 

temperatures,14,15 or by suitable manipulations with radio-frequency (rf) pulses.16,17  

In the absence of motional averaging, the shielding tensors of the two protons in a water 

molecule have different orientations with respect to one another. Except if the crystal 

environment breaks the symmetry of the H2O molecules (which is not the case in our study), the 

two protons are chemically equivalent, i.e., have identical tensors in their principal axis systems, 

with identical isotropic shifts iso, identical anisotropies CS and identical asymmetry parameters 

ηCS. When immersed in a magnetic field however, the difference of the orientations of the two 

shielding tensors renders the two protons inequivalent, except for some specific orientations. 

More specifically, although with identical isotropic shifts iso and identical rank-2 anisotropic 

shift tensors  6, 0, 1, 0, 6CS CS CS   − − , the Euler angles relating the two 

interactions when they are expressed in a common crystal frame C are different for spins I and S, 

i.e., ( ) ( ) ( ) ( ) ( ) ( )( )0, 0, 0 , ,
I S S S S

PC PC PC PC PC   =   = , where the principal axis frame P of spin I is 
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arbitrarily chosen as common frame C. We refer to this type of non-equivalence as orientational 

inequivalence.  

We have investigated the protons of water molecules trapped in barium chlorate 

monohydrate, Ba(ClO3)2·H2O, by means of variable temperature magic-angle spinning (MAS) 

proton NMR spectroscopy over a temperature range 110  T  300 K. This sample bears 

analogies to hydrated gypsum CaSO4·2H2O that features characteristic proton NMR spectra that 

were first described by Pake.18 Similar dynamic processes have been studied in Ba(ClO3)2·D2O by 

Long et al.19 by means of deuterium NMR spectroscopy, albeit over a narrower temperature 

range 154  T  291 K. We have independently simulated the deuterium lineshapes observed by 

Long et al.19 and found good agreement with their exchange rates. Proton and oxygen-17 NMR 

investigations of the same sample have also been reported.20,21 In this work, we show numerical 

simulations of proton spectra over an extended temperature range 110  T  300 K that take 

into account the presence of exchange and agree remarkably well with the unusual sideband 

patterns of our experimental MAS spectra. The experimental evidence is compared with 

previous 2H and 1H NMR studies. Within experimental errors over the 140  T  190 K 

temperature range, we find an activation energy which is higher than that reported in the 

literature. This finding is corroborated by density functional theory (DFT) calculations of the 

thermal activation energy for the two-fold flip about the H–O–H bisector. Deviations from 

linearity in the Arrhenius plot are rationalized by means of the Bell-Limbach model22,23 that 

takes into account incoherent quantum tunneling contributions at low temperatures. The 

unusual spinning sideband patterns observed at low temperatures result from CSA-dipole cross 

terms that lead to fourth-rank interactions that cannot be eliminated by spinning about the 

magic angle.24,25 

Results and discussion 

The crystal structure of Ba(ClO3)2·H2O is shown in Figure 1. The parameters of the 

monoclinic unit cell are a = 8.92 Å, b = 7.83 Å and c = 9.43 Å, with  = 93.39° and a space group 

C2/c.26 Four water molecules (shown in cyan) are found in each unit cell.  Each water molecule is
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Figure 1   Crystal structure of Ba(ClO3)2·H2O, viewed down the c-axis. Water molecules are shown 
in cyan whereas all remaining barium, chlorine, and oxygen atoms are shown in orange, green and red, 
respectively. Water molecules are stacked along channels running down the c-axis, with alternating 
orientations in subsequent planes. Hydrogen bonds between water protons and oxygen atoms of 
chlorate anions are indicated by dashed lines. The lattice parameters obtained by neutron diffraction 
agree with the structure optimized with planewave-pseudopotential DFT methods, yielding a = 9.078, b = 

8.061 and c = 9.591 Å, with  = 92.698°. The intramolecular 1H-1H dipolar coupling is ca. 30 kHz, whereas 
intermolecular couplings between neighboring H2O molecules are smaller than ca. 2 kHz. 

involved in two hydrogen bonds of length 1.92 Å with oxygen atoms of two different chlorate 

anions. The oxygen atom of each water molecule is coordinated with one Ba2+ cation, at a 

distance of 2.74 Å, along a vector parallel to the b-axis. This structure defines channels of ca. 4.5 

Å across that run parallel to the c-axis, where water molecules are found at intervals of 4.88 Å, 

with a 180° alternation of the orientations of the H–O–H bisecting vectors. Intermolecular 

dipolar couplings between the closest protons ( 2 kHz) are therefore much smaller than 

intramolecular couplings (ca. 30 kHz), so that each water molecule may be considered to be 

reasonably isolated. This is consistent with the quasi-ideal Pake patterns observed in static 

proton NMR spectra of this sample.27,28 These patterns are compatible with the fact that the 

dominant intramolecular dipolar interactions is not affected by the swapping of the protons 

through a two-fold flip about the H–O–H bisector or through tunneling. Therefore, the 

intramolecular dipolar Hamiltonian is an invariant of motion in our case.16,17 On the other hand, 

fast swapping of the protons results in a partial averaging of the two shielding tensors, resulting 

in two collinear tensors, thus removing their orientational inequivalence above 200 K. In this 
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case, we can speak of a quasi-invariant of motion for the CSA Hamiltonian. We have previously 

investigated the CSA tensors of the protons of trapped water molecules by solid-state NMR 

under both static and magic-angle spinning conditions at 300 K.27 The values measured at room 

temperature agree remarkably well with those calculated by means of DFT methods for a 

periodic lattice when fast 180° flips about the H–O–H bisectors are assumed to occur rapidly. In 

the absence of motional averaging, these calculations show that the two protons have shielding 

tensors that are identical in size and shape.27 In this study, we have repeated these DFT 

calculations at a higher level of theory. The resulting NMR parameters are CS =  –15.4 ppm, 

CS =  0.1, with Euler angles relating the two shielding tensors (90.13°, 65.37°, 90.12°), in good 

agreement with our previous study.27 The angle  = 65.37° between the two main components 

zz of the shielding tensors is compatible with the tetrahedral angle, i.e., ’ = (180–65.37)° = 

114.63°. Figure 2 shows numerical simulations of proton spectra assuming these latter

 

Figure 2   Numerical simulations of proton NMR spectra of an isolated H2O molecule in a 

polycrystalline Ba(ClO3)2·H2O powder spinning at a rate R = 10 kHz in a field B0 = 18.8 T (800 MHz), using 

intramolecular 1H-1H dipole-dipole and 1H shielding tensors calculated by DFT. (a) Spectrum simulated 

assuming that the two proton shielding tensors are both orthogonal to the dipolar tensor and collinear 

with respect to each other, as expected when the CSA tensors are averaged by rapid exchange at high 

temperatures. (b) Spectrum that is expected at low temperatures where the dynamics are frozen, so that 

the CSA tensors of the two protons of each water molecule become “orientationally inequivalent”, i.e., 

no longer collinear, although they retain the same principal components. One of the hitherto unknown 

“cross-term splittings” of ca. 3 kHz between the two sideband manifolds is emphasized by a tree diagram 

in red. 
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parameters when spinning about the magic angle with rot = 10 kHz in a field B0 = 18.8 T. The full 

set of parameters of shielding and dipolar interactions and the relevant sets of Euler angles are 

given in Supporting Information. Figure 2(a) is based on averaged CSA values CS =  –7.6 ppm 

and CS =  1.0 (corresponding to proton exchange that is much faster than the differences of the 

CSA tensors), while Fig. 2(b) shows the spectrum in the absence of motions, as observed at low 

temperatures. The latter simulation shows how the spinning sideband pattern splits into two 

interleaved manifolds when exchange is slow. The separation, henceforth called “cross-term 

splitting”, is ca. 3 kHz, and is indicated by a red tree diagram for a pair of spinning sidebands. It 

is worth noting that the lines of the spectrum of Fig. 2(b) are not simple Lorentzians but retain 

some inhomogeneous features that are typical of forth-rank interactions, similar to second-

order quadrupolar broadenings for spins I > 1/2. This shows the effects of orientational shielding 

inequivalence on NMR lineshapes.  

In order to provide experimental evidence for these observations, proton NMR spectra 

of a sample of polycrystalline Ba(ClO3)2·H2O spinning about the magic angle at 10 kHz were 

acquired over a range of temperatures 110  T  300 K in a static field B0 = 18.8 T (800 MHz) (left 

panel of Fig. 3). As the temperature is decreased, one clearly observes a progressive increase in 

the width of the lines of the individual sidebands, until a coalescence point in the range 150  T 

 160 K. Below this temperature, two interleaved sideband manifolds are observed with a 

splitting of ca. 3 kHz, in very good agreement with the simulations of Fig. 2. Simulated spectra 

assuming DFT parameters for different exchange rates kex are shown in the right panel of Figure 

3. These were calculated in Liouville space, as done routinely to describe exchange phenomena 

in solution-state NMR. A line broadening of 900 Hz was applied to all simulated spectra in order 

to match the full width at half height (FWHH) observed experimentally at high temperatures. It 

is worth noting that the experimental lines at high temperatures are not purely Lorentzian, in 

contrast to the lineshapes obtained in silico. This discrepancy may be ascribed to B0 

inhomogeneities and some degree of disorder in the physical sample. These simulations show a 

remarkable agreement with the experimental low temperature lineshapes. The exchange rates 

kex were chosen to obtain the best resemblance with the experimental spectra and by 

minimizing differences in linewidths. We ascribe subtle discrepancies between relative
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Figure 3  (Left) Experimental proton NMR spectra of polycrystalline Ba(ClO3)2·H2O acquired with a 

rotor-synchronized solid echo (R = 100 µs) while spinning about the magic angle at νR = 10 kHz and B0 = 

18.8 T (800 MHz) over the temperature range 110  T  300 K. A recovery delay of 15 s between 

subsequent scans was used in all cases. (Right) Numerical simulations of spinning sideband patterns for 

water molecules with an intramolecular 1H-1H dipole-dipole interaction of 30 kHz and two orientationally 

inequivalent CSA tensors that are not collinear although they have the same principal components, with 

an isotropic chemical shift iso = 0 ppm, an anisotropy CS = –15.4 ppm, and an asymmetry ηCS = 0.12. The 

Euler angles relating the various interactions used in the simulations are given in Supporting Materials. 

The simulations were conducted in the 8 × 8 single-quantum Liouville subspace spanned by the basis {Ix, 

Iy, Sx, Sy, 2IxSz, 2IySz, 2IzSx, 2IzSy} relevant for the chemical shift and dipolar interactions acting on an initial 

state Ix + Sx. All simulated spectra result from powder averaging over 10 × 20 × 10 crystallite orientations. 

A Lorentzian line broadening of 900 Hz was applied to all calculated spectra. 

intensities of spinning sidebands in the experimental and simulated spectra to the fact that T1 

depends on the orientation of the crystallites and is therefore inhomogeneous across the 

spinning sideband manifolds.19,29 

Figure 4 shows the experimental and simulated linewidths (black and red data points) 

extracted from the lineshapes of Fig. 3 vs 1/T. The overall agreement is very satisfying. The 

coalescence region, characterized by a marked increase in linewidths, is clearly identified. A 900 

Hz line broadening allows one to match the FWHH at high temperatures. However, a mismatch
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Figure 4  Full widths at half height (FWHH) of the experimental MAS spectra of the left panel of 

Fig. 3 (black data points). Analogous FWHH of the simulations of the right panel of Fig. 3 (red data). 

Values were calculated with respect to the centerband. For T  140, the average FWHH for the two lines 

of the ‘doublet’ is reported. 

in linewidths is observed in the low-temperature region. We ascribe this discrepancy to errors in 

the Euler angles calculated by DFT methods, despite the improved accuracy of recent 

calculations. Indeed, a variation of these Euler angles leads to a fine structure (which is 

perceived as broadening) of each component of the low-temperature doublets (see Supporting 

Information, Fig. S1). It is also worth noting that the lack of temperature dependence of the 

linewidths in the first three and last three experimental and simulated spectra indicate that 

variations kex rates do not affect the linewidths in these ranges. This is in agreement with the 

observation that the three spectra in the high-temperature range 200  T  300 K of Fig. 3 do 

not show any significant changes in lineshape. Similarly, the experimental proton spectra show 

little variation in the low-temperature range 110  T  130 K. 

Figure 5(a) shows an Arrhenius plot ln(kex(T)) extracted from a comparison of 

experiments and simulations of Fig. 3 in the critical range 140  T  190 K represented by black 

dots. The error bar for the ith data point lnkex
(i) was set to lnkex

(i+1) – lnkex
(i–1) to represent the 

worst reasonable uncertainties. Larger discrepancies in lnkex
(i) would require to alter the order of 

the simulated spectra of Fig. 3 with respect to the experimental ones. A linear fit (dashed line) 

yields an activation energy Ea = 36.0  1.5 kJmol–1 and pre-exponential factor A = 8.4  1015 s–1.
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Figure 5  (a) Temperature dependence of the exchange rates ln(kex) estimated by comparison of 

the experiments and simulations of Fig. 3 for 140  T  190 K (black dots with error bars). A linear fit is 

indicated by a black dashed line and yields Ea = 36.0  1.5 kJmol–1 and A = 8.4 × 1015 (lnA = 36.7  1.0). 

Analogous data derived from the 2H NMR study of Long et al.19 are shown by cyan dots (Ea = 30.4 kJmol–1 

and A = 1.9 × 1014). In grey, these latter data points are adapted for 1H by assuming the usual kinetic 

isotope effect (Ea(1H) = Ea(2H)/21/2 = 21.7 kJmol–1, keeping the same pre-exponential factor), in agreement 

with Ea(1H) = = 19.2 kJmol–1 estimated from the temperature dependence of T1(1H) by Silvidi.20 The red 

line indicates an Arrhenius equation with a slope or thermal activation energy Ea = 44.2 kJmol–1 

calculated by planewave pseudopotential DFT methods with an intercept or pre-exponential factor A = 

1.4 × 1018 chosen so as to match the kex of the 1H case (grey data point) at high temperature (T = 300 K, 

left-most grey data point). The green line has the same slope as the red one, with a pre-exponential 

factor equal to that of Long et al.19 (b) Plot of the equation 3 (blue line) for the Bell-Limbach model where 

contributions of incoherent quantum tunneling are taken into account assuming our DFT parameters, 

and superimposed onto our experimental data points from (a) where six additional points have been 

added to indicate the temperatures for which simulated spectra are shown in Fig. 3. Data points are 

shown as empty dots without error bars in regions where the FWHH does not vary significantly with the 

temperature. 
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The cyan data points represent the 2H exchange rates as measured by Long et al. which lead to 

an activation energy Ea = 30.4 kJmol–1 and pre-exponential factor A = 1.5  1014 s–1.19 In grey, 

these latter data points are adapted for the 1H case by assuming the usual kinetic isotope effect 

(Ea(1H) = Ea(2H)/21/2 = 21.7 kJmol–1, keeping the same pre-exponential factor),19 in agreement 

with Ea(1H) = 19.2 kJmol–1 estimated by Silvidi from the temperature dependence of T1(1H).20 

Therefore, over the range 140-190 K, our measurements result in exchange rates that are much 

closer to those found for 2H by Long et al.19 than to those estimated for 1H by Silvidi.20 

Furthermore, within our experimental errors, the activation energy measured in our 1H study is 

comparable if not larger than that found for 2H. In order to rationalize these findings, we 

investigated the activation energy associated with a classical thermally activated exchange 

process by means of a series of single-point energy (SPE) calculations performed with 

planewave pseudopotential DFT methods on the periodic lattice. A single water molecule within 

one geometry-optimized unit cell was rotated about the H–O–H bisector in steps of 18° from 0 

to 180°. SPE calculations were performed on the resulting geometries. The corresponding 

energy profile, shown in Supporting Information (Fig. S2), yields an activation energy Ea = 44.2 

kJmol–1. The red line in Figure 5(a) indicates the slope obtained with this calculated value when 

the pre-exponential factor A = 1.4  1018 s–1 is chosen to match the experimental rate kex = 3  

1010 s–1 for 1H at T = 300 K. In contrast, the green line indicates an Arrhenius plot obtained for Ea 

= 44.2 kJmol–1 estimated by DFT methods in this study but keeping the same pre-exponential 

factor A = 1.9 × 1014 found for 2H by Long et al.19 In this latter case the agreement with the 

experimental data points is evidently very poor. Both red and green lines in Fig. 5(a) indicate 

that both activation energies and pre-exponential factors determined experimentally in this 

study and those reported in the literature are smaller than those calculated by DFT methods.  

In order to explain these discrepancies, we considered effects of quantum tunneling, as 

described by Bell.22 More generally, quantum tunneling phenomena have been investigated in a 

variety of chemical contexts, with particular attention to their role in kinetic isotope effects.30-38 

Within this framework, the probability of a quantum object such as a proton with an energy 

smaller than the potential barrier to appear on the other side is taken into account in the 

evaluation of the apparent rate constant of the process. This probability is greater for particles 
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with smaller masses and for narrower barriers. Bell’s model has been extensively utilized by 

Limbach and collaborators for a variety of systems.23,32 The blue line in Fig. 5 (a) shows the 

exchange rates predicted by the Bell-Limbach model in the case at hand when the height of the 

barrier is calculated by DFT. The same experimental data points of (a) are represented again in 

(b) by black dots, but six further six further points (open circles) have been added, 

corresponding to temperatures for which the spectra have been simulated in Fig. 3. These latter 

points do not show any error bars as they are related to motional regimes where the linewidth 

is not significantly influenced by changes in temperature, as shown in Fig. 4. The agreement 

between the Bell-Limbach model and our experimental data points is qualitatively satisfying 

over the entire temperature range. Figure 5(b) shows that a model that includes a thermally 

activated process at high temperatures and contributions of incoherent quantum tunneling at 

low temperatures describes our experimental data in the 140-190 K range in a satisfactory 

manner and agrees with our DFT calculations of the classical barrier height.  

 For two interleaved spinning sideband manifolds to be observed in low-temperature 

spectra, as shown in Fig 2(b), two necessary conditions must be fulfilled: (i) the two protons 

must have two orientationally inequivalent (non-parallel) CSA tensors, (ii) they must have a 

mutual dipole-dipole coupling. The proof that these two conditions must both be fulfilled is 

given in the Supporting Information. Figure S3(a) shows a simulated MAS spectrum of a two-

spin system without exchange, like Fig 2(b). Figure S3(b) shows an analogous simulation where 

the orientational inequivalence of the two shielding tensors was removed by assuming that the 

two shielding tensors were collinear (and orthogonal to the dipolar tensor). This assumption 

leads to a single spinning sideband manifold, with an overall spread that reflects the strength of 

the intramolecular dipolar-dipole coupling, like the width of the Pake pattern of a static non-

spinning powder. This proves that the cross-term splitting between the two sideband manifolds 

observed at low temperatures requires orientational inequivalence. Furthermore, Fig. S3(c) 

shows a simulated spectrum where the dipolar interaction was removed. One observes again a 

single spinning sideband pattern, albeit with a much narrower range because the CSA at 18.8 T 

is much smaller than the dipolar interaction. Clearly, the cross-term splitting between the two
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Figure 6  Simulated 1H MAS spectra analogous to Fig. 3 for different spinning rates R but without 
inclusion of chemical exchange. A rotor-synchronized detection was assumed in all cases. Powder 
averaging involved 8 × 320 crystallites. 

 

interleaved sideband manifolds observed in proton MAS spectra at low temperatures only occur 

when both above conditions are fulfilled simultaneously.  

The unusual splitting observed at low temperatures results from cross terms between 

the predominant intramolecular homonuclear dipolar coupling and the two shielding tensors 

provided these are orientationally inequivalent. Similar cross terms have been extensively 

studied in solution-state NMR, where they lead to cross-correlated relaxation effects.39 In solids, 

the resulting cross terms lead to fourth-rank effects that cannot be eliminated by magic angle 

spinning.24,25 This is shown in Figure 6, where the effect of the spinning rate on the cross-term 

splittings observed in this study is investigated by numerical simulations. 

Experimental attempts at either saturating or inverting one of the two spinning sideband 

manifolds observed at low temperature by means of a train of rotor-synchronized DANTE 
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pulses40-43 were unsuccessful, since the other non-irradiated manifold was also affected (data 

not shown). This can be understood with the help of the simulations shown in Supporting 

Information (Fig. S4 and S5), where either single-spin or single-transition operators were 

detected in both static and spinning cases.  

Conclusions 

The analysis of hitherto unreported cross-term splittings between two manifolds of 

spinning sidebands in proton MAS spectra has allowed us to investigate the dynamics of protons 

of water molecules confined in crystals of barium chlorate monohydrate over a wide 

temperature range 110  T  300 K. Numerical simulations that include proton exchange 

between two sites with non-equivalent (i.e., non-collinear) anisotropic chemical shift tensors 

reproduce the experimental spectral features remarkably well. The Arrhenius plot was 

compared with 2H and 1H NMR data of the same sample presented in the literature. The 

activation energy for the two-fold hop about the H–O–H bisector was evaluated by means of 

planewave-pseudopotential DFT methods.  The Bell-Limbach model that includes contributions 

due to both a thermally activated processes and incoherent quantum tunneling is consistent 

with the experimental data over the entire explored temperature range. The non-Lorentzian 

lineshapes observed at low temperatures stem from cross terms due to interference between 

CSA and homonuclear dipolar interactions. Selective irradiation experiments prove that the two 

interleaved spinning sideband manifolds cannot be disentangled. 

Experimental and computational details 

The sample was purchased from Sigma-Aldrich and kept overnight in an oven at 70°C 

prior to use in order to minimize adsorption water. All proton MAS spectra were recorded at the 

Ecole Normale Supérieure on a wide-bore Bruker 800 spectrometer (18.8 T) with an Avance-III 

console, using 3.2 mm ZrO2 rotors spinning at 10 kHz in a triple-resonance low-temperature 

MAS probe designed for DNP experiments, but without microwave irradiation. The rf-field 

amplitude of the proton pulses was 1 = 125 kHz, corresponding to a pulse length τp = 2 μs for a 

90° nutation angle. All spectra were acquired with rotor-synchronized solid echoes (90° -  - 90° 

-  - detection.) Exorcycle44 was applied to the second 90° pulse. DFT calculations were 
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conducted with Quantum ESPRESSO 6.3.45,46 Geometry optimization was performed on the 

known crystal structure26 utilizing the Perdew-Burke-Ernzerhof (PBE) functional,47 a cut-off 

energy of 80 Ry, 4  4  4 k-point grid, ultrasoft48 pseudopotentials for Ba and Cl atoms and 

norm-conserving49 pseudopotentials for O and H atoms. After convergence, the geometry was 

characterized by total forces acting on all atoms smaller than 0.0038 Ry/Bohr. Cartesian 

coordinates and cell parameters are given in the Supporting Information. The optimized 

structure was subsequently used for a series of single-point energy (SPE) calculations to 

estimate the potential barrier of the 180° flip of one water molecule about the H–O–H bisector. 

NMR calculations were performed on the crystal structure optimized with a cut-off energy of 

100 Ry, 4  4  4 k-point grid and norm-conserving pseudopotentials for all atoms. The gauge-

including projector augmented wave (GIPAW) algorithm was employed to reconstruct all-

electron wave functions in the presence of a magnetic field.50,51 The graphical tool 

MagresView52 was utilized to extract the sets of Euler angles relating the orientations of the 

relevant tensorial interactions when expressed in a common crystal frame by a DFT calculation 

of NMR parameters. 

The numerical simulations in Fig. 3 of MAS spectra obtained by Fourier transformation of 

solid echoes with inclusion of chemical exchange were carried out by means of the master 

equation, as applied to solids by Duer and Levitt:53,54 

𝝆(𝑡) = exp{(−𝑖𝐿𝑐𝑜ℎ + 𝐿𝑒𝑥)∆𝑡}𝝆(0),       (1) 

where Lcoh is the commutation superoperator describing coherent spin dynamics due to the 

anisotropic chemical shift and dipolar Hamiltonians, i.e., all interactions relevant in our case as 

far as the water molecules can be considered to be isolated. Since these interactions act on an 

initial state 𝝆(0) comprising only Ix and Sx, it is sufficient to consider an 8  8 single-quantum 

subspace spanned by the basis B = {Ix, Iy, Sx, Sy, 2IxSz, 2IySz, 2IzSx, 2IzSy}. In this basis, the 

corresponding superoperator Lex describing incoherent dynamics due to chemical exchange 

between the I and S spins is: 
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.    (2) 

Numerical simulations without exchange processes were conducted in Hilbert space by means 

of the Simpson program.55 

The apparent exchange rate kT that includes contributions from both thermal activation 

and quantum tunneling can be expressed by:23 

𝑘𝑇 =
𝐴

𝑅𝑇
∫ exp (

−𝑊

𝑅𝑇
) [1 + exp (

𝑉0−𝑊

ℎ𝜈𝑇
)]

−1

𝑑𝑊
∞

0
,     (3) 

where A is the classical Arrhenius-type pre-exponential factor, V0 the barrier height, and the 

tunneling frequency T is given by:23 

𝜈𝑇 =
1

𝜋𝑎
√

𝐸0

2𝑚
,          (4) 

where m is the total mass of the two tunneling protons and a the barrier width at height E0 

 V0. The integral in Eq. (1) was evaluated numerically over the interval 0  W  20 V0. The 

parameters utilized in Fig. 5(b) are A = 9.0  1017 s–1, E0 = 18.6 kJmol–1, a = (/2)  1.61 Å 

and m = 2  1.673  10–27 kg, corresponding to 2 proton masses traveling through a barrier 

with a thickness given by the semicircle spanned by a 180° rotation of an H2O molecule 

about the H–O–H bisector as taken from the DFT-optimized crystal structure. 
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