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Abstract

We have performed magic-angle-spinning solid-state NMR experiments in which protons are recoupled to oxygen-17 nuclei by apply-
ing a symmetry-based recoupling sequence at the proton Larmor frequency. Two-dimensional quadrupole-dipole correlation spectra are
produced, in which the second-order quadrupolar shift of the oxygen-17 central transition is correlated with the recoupled heteronuclear
dipole—dipole interaction. These spectra are sensitive to the relative orientation of the electric field gradient at the site of the oxygen-17
nucleus and the O—H internuclear vector. We also demonstrate experiments in which polarization is transferred from protons to oxygen-
17, and show that oxygen-17 signals may be selected according to the protonation state of the oxygen site. We discuss the small observed
value of the heteronuclear dipolar splitting in the central-transition oxygen-17 spectra.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

170 solid-state NMR of isotopically enriched materials
is an important method for studying a wide range of sub-
stances, including zeolites [1-3], glasses [4], battery materi-
als [5], and membrane-bound peptides [6]. The NMR of
"H-70 pairs is of particular interest for the study of acidic
sites and hydrogen-bonded systems [3,7,8] since the 'O
quadrupole interaction and chemical shift tensors are sen-
sitive to local structural perturbations [9]. Furthermore,
the magnitude of the "H-'"O dipole-dipole coupling, and
its relative orientation with respect to the chemical shift
and quadrupole coupling tensors of the 'O nucleus [10]
provide additional information.

The 'H-""0 dipole-dipole coupling constant has a mag-
nitude of around 15kHz in a directly bonded hydroxyl
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moiety. Although this a considerable interaction, it is diffi-
cult to observe, since '’O nuclei in hydroxyl sites experience
a large electric field gradient, leading to a second-order
quadrupolar broadening of the 'O central transition by
several kHz at typical magnetic fields. Furthermore, in
many samples, strong 'H-'H interactions create additional
complications. Nevertheless, the '"H-'7O dipolar coupling
has been resolved in static samples by performing Hart-
mann-Hahn cross-polarization from 'H to !"O, while
spin-locking the "H nuclei by off-resonance irradiation sat-
isfying the Lee-Goldburg condition, in order to reduce the
effect of the "H-"H couplings [10]. Two-dimensional spec-
troscopy was used to correlate the second-order quadrupo-
lar shift of the '"O central transition with the 'H-'"O
dipolar coupling, allowing determination of the relative
orientation of the 'H-'7O dipolar coupling and "O quad-
rupolar interaction tensors [10]. In this paper, such two-di-
mensional spectra are termed quadrupole-dipole (QD)
correlation spectra.

It would be desirable to perform QD correlation exper-
iments under magic-angle-spinning (MAS) conditions,
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since this would allow the 'H-'7O dipolar coupling infor-
mation to be combined with chemical site selectivity, par-
ticularly if multiple-quantum  magic-angle-spinning
(MQMAS) [11,12] or satellite-transition magic-angle-spin-
ning (STMAS) [13,14] are used. Unfortunately, Hart-
mann-Hahn cross-polarization is problematic for quadrupolar
nuclei in the presence of MAS, due to the breakdown of
the central-transition spin-lock [15-17]. Alternative
schemes, such as those based on REDOR [18-22] or
TEDOR [19,23] also have problems, due to the strong
homonuclear "H-'H couplings present in many samples.
Here we show that these difficulties may be avoided by
using symmetry-based recoupling sequences [24-26]. A
suitable choice of recoupling symmetry numbers imple-
ments '"H-'H dipolar decoupling at the same time as
"H-'"70 dipolar recoupling. We demonstrate quadrupole—
dipolar (QD) correlation spectroscopy under MAS condi-
tions for two different "O-labelled molecular systems.
The QD correlation spectra have a strikingly different
appearance, reflecting their sensitivity to the relative tensor
orientations. We also demonstrate significant polarization
transfer from the 'H nuclei to the '"O central transition,
allowing the '"O spectrum to be edited according to the
protonation of the 7O site.

Heteronuclear recoupling leads to splittings in the cen-
tral-transition '’O spectra. However, the observed split-
tings are significantly smaller than expected from the OH
distance as estimated by neutron diffraction. We discuss
various explanations for these discrepancies below but can-
not yet provide a definitive explanation.

2. Pulse sequences

Fig. 1 shows two pulse sequences suitable for 'H-'"O
dipolar recoupling in the presence of MAS. Both methods
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Fig. 1. (A) PRESTO-II pulse sequence. Recoupling periods are denoted
by R18§, where 18, 2, and 5 denote the symmetry numbers N, n, and v of
the recoupling sequence. The subscript to the recoupling period denotes
the overall rf phase in degrees. The 17O flip angles correspond to rotations
in degrees of the central transition and the echo intervals 7 correspond to
a fixed integer number of rotor periods 7, =2n/w,. (B) Sequence for
generating a dipolar oscillation for a 1Q coherence.

exploit symmetry-based recoupling sequences of the class
RN' applied at the '"H Larmor frequency. The selection
rule theorems [24-26] allow one to choose symmetry num-
bers N, n, and v which implement recoupling of heteronu-
clear spin interactions, while removing the effect of '"H-'"H
spin interactions, to first order in average Hamiltonian the-
ory. In all of the experiments described in this paper, we
used a recoupling pulse sequence with the symmetry
R18;, using the simplest possible basic element of a single
180° pulse. The R18§ sequence consists of a repetition of
the two-pulse element 18059180_59, where the pulse flip
angles and phases are specified in degrees, and the rf field
strength corresponds to a nutation frequency of 4.5 times
the MAS frequency. This sequence may be shown on sym-
metry grounds [24-27] to recouple the heteronuclear
"H-"70 dipole-dipole interactions whilst decoupling the
homonuclear 'H-'H dipolar interactions. Note, however,
that the R18§ sequence also recouples the 'H chemical shift
anisotropy (CSA): in high magnetic fields, the recoupled
proton chemical shift anisotropy can interfere with the het-
eronuclear recoupling performance, as is described below.

In practice the sequence R18§ is especially suitable for
heteronuclear recoupling experiments at a magic-angle
spinning frequency of around 15-20 kHz (requiring rf field
strengths of 67.5-90 kHz). Symmetries with different ratios
of nutation frequency to spinning frequency are available
[24-26]. For example, the sequence R18Z was used at
10 kHz MAS frequency, yielding similar results to the ones
presented here (not shown).

Fig. 1A shows the PRESTO-II (phase-shifted recoupling
effects a smooth transfer of order) [27] pulse sequence. This
method has already been used for heteronuclear polariza-
tion transfer in spin-1/2 systems. In the first interval, denot-
ed 1o, a R18§ sequence is applied to the Zeeman-polarized
"H nuclei, to decouple the 'H-'H interactions and recouple
the 'H-'70 interactions. A state of transverse 'H polariza-
tion, antiphase with respect to the '’O spin states, is gener-
ated at the end of 7o. A 90° pulse on the 'O central
transition is applied, followed by evolution under a second
R18} sequence for an interval t,. This second R18;
sequence has an overall phase shift of 90°, and need not
be complete, so that in general it is not equal to an integer
number of rotor periods. A 180° pulse is applied to the 'O
central transition, and centred around a time point which is
T after the end of the 7O 90° pulse. The interval 7 must be
equal to a constant integer number of rotor periods, inde-
pendent of the value of ;. 7O signals are acquired starting
from an interval T after the centre of the '’O 180° pulse.
The lower half of the PRESTO-II pulse sequence corre-
sponds to a rotor-synchronized Hahn echo applied to the
70 central transition, which refocuses the isotropic 'O
chemical shift, the !"O chemical shift anisotropy, and the
second-order '’O quadrupolar interaction. TPPM-modu-
lated 'H irradiation [28] is used to suppress heteronuclear
interactions during that part of the spin echo which is
not occupied by the R18§ sequence, and during signal
acquisition.
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This sequence of events leads to 'H — "0 polarization
transfer. The principles of PRESTO-II have been explained
in detail for spin-1/2 systems in [27] and will not be repeat-
ed here. The pulse sequence works in the same way for the
170 central transition as for spin-1/2 nuclei, since the large
second-order quadrupolar shift is exactly refocused by the
rotor-synchronized Hahn echo. In principle, there could be
additional effects due to higher-order coupling terms, such
as the cross-term between the 'O quadrupolar interaction
and the "H-'70 heteronuclear coupling. However, numer-
ical simulations indicate that the effect of these higher-or-
der terms is negligible in practice (see below).

The PRESTO-II sequence may be used for generating
QD correlation spectra by holding 7o and T fixed, while
incrementing 7;. Double Fourier transformation with
respect to the dipolar evolution interval 7; and the signal
acquisition time coordinate leads to 2D QD correlation
spectra, as shown in Fig. 2 below.

The heteronuclear dipolar oscillations may also be
investigated without "H — '"O polarization transfer by
the pulse sequence in Fig. 1B. In this case, central-transi-
tion 7O transverse magnetization is generated directly by
a 90° pulse, and allowed to evolve in the presence of a
R18§ sequence applied to the 'H nuclei for an interval
71. The 'O chemical shifts and second-order quadrupolar
shifts are refocused by a rotor-synchronized Hahn echo
with a fixed interpulse interval 7. TPPM decoupling is
again used to suppress the heteronuclear interactions dur-
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Fig. 2. (A) Experimental and (B) simulated QD correlation spectra for
Mg('’OH), and (C and D) similarly for [U-"*C,"7OJglycine - HCI. The
horizontal (quadrupolar) and vertical (dipolar) axes correspond to Fourier
transforms with respect to intervals 7, and t;, respectively. All data were
taken at 16 kHz MAS in a field of 9.4 T, using RIS;, To=125.1 s,
11 =69.4pus and 7=3.73 ms. The asymmetrical cross section in the
indirect dimension is thought to be due to rf inhomogeneity as described in
the text.

ing the echo intervals. A QD correlation spectrum is gen-
erated by incrementing the dipolar evolution interval 7,
while holding the interpulse interval 7T fixed, followed
by a two-dimensional Fourier transform of the data
matrix. If desired, enhanced central-transition '’O magne-
tization may be generated by manipulating the '’O satel-
lite transition populations prior to the 90° pulse, by
applying suitably modulated rf fields [29-33]. If this is
done, the pulse sequence in Fig. 1B often generates com-
parable or higher signal strength per unit time than the
PRESTO method, especially since the '"O longitudinal
relaxation time is often shorter than that of the protons.
However, the PRESTO technique in Fig. 1A does allow
suppression of the 7O signal from non-protonated sites,
which is often useful.

3. Experimental
3.1. Samples

The "H-'0 recoupling methods were tested on two dif-
ferent '"O-labelled samples.

Mg('?OH), was synthesized by slowly adding 35-40%
70-enriched H,O (Cambridge Isotope Laboratories) to a
suspension of MgzN; (99.5+%, 325 mesh, Sigma—Aldrich)
in CCly, while stirring vigorously for 12 h. The resulting
grey lumps of Mg('’OH), were dried under high vacuum.
Wide-angle powder X-ray diffraction was used to confirm
the correctness and purity of the crystal phase [34].

[U-3C,"Olglycine - HCI was synthesized following the
procedure described in [35]. The 'O enrichment was
approximately 35%. The '*C nuclei were introduced for
purposes unrelated to this study. [U-'*C,"7Olglycine - HCI
has two different '”O sites, one protonated, and one unpro-
tonated. Both sites lack local symmetry.

3.2. NMR experiments

NMR experiments at 9.4 T were performed on a Vari-
an InfinityPlus system, whilst experiments at 14.1 T were
performed on a Chemagnetics Infinity console, using stan-
dard 2.5, 3.2 and 4 mm T3 double- and triple-resonance
probeheads tuned to 'H and '"O. All experiments were
run at 16 kHz MAS and at room temperature. Typical
90° pulse lengths for the '"O central transition were
5 us. The R18; recoupling sequences used a nominal 'H
nutation frequency of 72 kHz. Proton decoupling was
implemented using TPPM modulated 'H irradiation [28]
using a rf field strength corresponding to a 100 kHz nuta-
tion frequency. The use of TPPM decoupling rather than
CW decoupling was critical to the success of these exper-
iments, since the TPPM modulation greatly reduces the
decay of the signal during the long echo intervals [36].
The pronounced differential decay across the second-order
quadrupolar pattern, which was prominent when using
continuous-wave (CW) decoupling, was thus greatly
reduced.
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The 2D QD experiment on Mg('’OH), was performed
using 384 transients for every increment of 7y, a 2 s recycle
delay and a 60 rotor-period echo (7= 3.73 ms). The first
recoupling interval was fixed at 7o = 125.1 pus, while 7,
was incremented in steps of 5 pairs of R elements
(69.4 ps), using 54 increments in total. For ['*C,'7Olgly-
cine - HCI there were 2048 transients for each increment
of 71, and a 1s recycle delay. Dummy scans were taken
to obtain a steady-state before the start of each 2D
experiment.

For the 1D experiments using Mg('’OH), 32 transients
were recorded with 1o = t; = 125.1 ps, and an echo interval
T=125.1ps. A longer recycle delay of 20s was used
between transients to ensure full thermal equilibrium. For
['3C,"7Olglycine - HCI, 256 transients were taken with
To=11=125.1pus and a 6s recycle delay, whilst at
14.1 T, 32 transients were taken with 7o =1, = 139.0 s,
echo interval 7'=250.2 ps, and a 10 s recycle delay.

3.3. Data processing

The PRESTO-II pulse sequence in Fig. 1A yields a dipo-
lar oscillation which is sine-modulated with respect to the
variable delay 7;. To obtain pure absorption two-dimen-
sional QD spectra, a 90° phase shift was applied after the
standard cosine Fourier transform, followed by an inver-
sion of one half of the spectrum in the indirect dimension.
This is equivalent to a sine Fourier transform in the indi-
rect dimension. All spectra were processed using the mat-
NMR processing package [37].

3.4. Numerical simulations

Piece-wise constant rotating-frame density matrix simu-
lations were performed using GAMMA [38] and included
all pulses, timings and field strengths as executed in the
experiments. A discrete time resolution of 434 ns was used
(144 steps per rotor cycle). Phase transients, rf inhomoge-
neity and relaxation were not generally included, except
for a few more extensive simulations. Powder averaging
was done following the procedure by Cheng [39], with
50000 orientations used for the 2D simulations. All calcu-
lations used truncated Hamiltonians, which included the
second-order quadrupolar interaction and the second-or-
der quadrupole-dipole—dipole cross-term [40], whose mag-
nitude was significant in the studied systems. J couplings
were not included in the calculations since DFT calcula-
tions have shown them to be insignificant for glycine - HCI
and no J coupling could be detected experimentally [41].

Simulations including phase transients, modelled as
described in [42], used a discrete time resolution of 14.4 ns.

Laboratory-frame spin simulations were also performed
for a selection of single molecular orientations in order to
validate the second-order perturbation theory for the heter-
onuclear case [40]. These simulations included the untrun-
cated forms of all spin interactions and a time-dependent rf
Hamiltonian and used a discrete time resolution of 10 ps.

4. Results
4.1. Quadrupole—dipole correlation spectra

Fig. 2 shows two-dimensional QD spectra obtained for
two !’O-labelled materials, Mg('’OH), and [U-'*C,"O]gly-
cine - HCI, and the corresponding simulations. Both exper-
imental spectra were obtained using the PRESTO-II pulse
sequence shown in Fig. 1A.The total measuring time for
the Mg('"OH), spectrum in Fig. 2A was 11.5h and that
for [U-1°C,"70Olglycine - HCI in Fig. 2C was 30 h.

4.2. Mg("70H),

In Mg('’OH), the 3-fold crystal symmetry [43] dictates
coaxial quadrupolar and dipolar interaction tensors, lead-
ing to QD spectra with the simple form shown in
Fig. 2A. The simulation shown in Fig. 2B agrees well with
the experimental data, with the "H-'"O dipole—dipole cou-
pling estimated to be 13.3 4+ 0.3 kHz. This value is smaller
than expected, as is discussed below. The simulation for
Mg('”OH), shown in Fig. 2B used a "H-'"0O dipole-dipole
coupling constant »/2r = 13.3 kHz, with coaxial "H CSA,
170 quadrupole coupling and dipolar tensors. The quadru-
pole parameters were Co = 6.835 MHz and n=0.0, as
determined from 1D spectra taken under static and MAS
conditions (not shown). These values correspond well with
previously reported values [10,44]. No isotropic shift was
included. Values for the '"H CSA were taken from [45].

The experimental dipolar oscillations for Mg('’OH),,
measured at a field of 9.4 T, are shown at the positions
of the two second-order quadrupolar lineshape singulari-
ties in Fig. 3B. This shows the very high definition of the
heteronuclear splitting, and the difference in the splitting
magnitude at the two main singularities of the '"O sec-
ond-order powder pattern. Fig. 3C shows the experimental
heteronuclear dipolar oscillations for Mg('’OH),, obtained
using the pulse sequence in Fig. 1B, at a field of 9.4 T. The
definition of the dipolar oscillations is again very high, with
the same dipolar oscillation frequencies as in Fig. 3B, as
can be seen from the Fourier-transformed spectra in Figs.
3E and F. The couplings typically vary across the quadru-
polar pattern, which reflects the relative orientation of the
quadrupolar and dipolar tensors.

Fig. 4B shows the experimental dipolar oscillations for
Mg('"OH),, measured at a field of 14.1 T, using the pulse
sequence in Fig. 1B. The heteronuclear dipolar splitting is
again well defined, with a frequency that is indistinguish-
able from the result obtained at lower magnetic field.

4.3. [U3C70]glycine - HCI

The QD spectrum of [U-">C,"”Olglycine - HCI is shown
in Fig. 2B and has a complex form, reflecting the fact that
the interaction tensors are not coaxial. The simulation
shown in Fig. 2D fits the data well. This simulation was
obtained wusing a  heteronuclear coupling of
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Fig. 3. (A) Central transition lineshape of Mg(!’OH), at 9.4 T with 16 kHz MAS. The arrows denote the left-hand and right-hand singularities. (B and C)
Experimental dipolar oscillations obtained for Mg('’OH),, using the pulse sequences of (B) Fig. 1A and (C) Fig. 1B. (D and E) The corresponding spectra
after Fourier transformation. The red open circles with thin lines and the filled black squares with thick lines correspond to the left-hand and right-hand
singularities of the second-order quadrupolar pattern, respectively. The two curves within each plot have the same absolute vertical scale. The
asymmetrical cross section in the dipolar dimension is attributed to rf inhomogeneity, as described in the text.
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Fig. 4. (A) Central transition lineshape of lineshape of Mg(!’OH), at
14.1 T with 16 kHz MAS. The arrows denote the left-hand and right-
hand singularities. (B) Experimental dipolar oscillations obtained for
Mg('’OH),, using the pulse sequence of Fig. 1B. The red open circles
with thin lines and the filled black squares with thick lines
correspond to the left-hand and right-hand singularities of the
second-order quadrupolar pattern, respectively. The two curves have
the same absolute vertical scale. The asymmetrical cross section in the
dipolar dimension is attributed to rf inhomogeneity, as described in
the text.

12.6 + 0.3 kHz, a value which is again surprisingly small,
as discussed below.

The long calculation time of each simulation prevent-
ed global optimization of the interactions over the full
parameter space. To obtain the final simulations the fol-
lowing procedure was used: (i) Preliminary three-spin
simulations showed that the dipolar interactions between
the 'H and '"O nuclei and the nearest '*C nucleus only
have a small effect on the simulated spectra. The simu-
lations were therefore performed omitting the '*C nuclei.
(ii) It was found by simulation that the 9.4 T spectra are
virtually unaffected by the magnitude and the orienta-
tion of the proton CSA, which was therefore ignored
for the spectra at 9.4 T. (iii)) The 9.4 T data were fitted
by adjusting the 'O quadrupole coupling parameters,
starting from the values reported in [35]. A good match
with the experimental result was obtained using ''O
quadrupole coupling parameters of Cq=7.75 MHz and
n=0.19, and Euler angles (0°, 41°, 86°) + 5° relating
the principal axis system of the 'H-'"O dipole coupling
tensor to that of the quadrupole coupling tensor, follow-
ing the convention of [46]. The sensitivity of the QD
spectra to the relative orientation of the quadrupole
and dipole tensors is shown in Fig. 5. (iv) The final fits
were performed by incorporating '’O CSA principal val-
ues and principal axis orientations estimated by DFT
calculations following the scheme described in [47].
The principal values of the 'O chemical shift anisotropy
tensor were (011, 9o, 033) = (343, 107, 84) ppm (deshielding
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Fig. 5. Simulated QD spectra for [U-'>C,"7OJglycine - HCI at 9.4 T (top-half only) to indicate the sensitivity towards the relative orientation of the
quadrupolar and dipolar tensors. The highlighted spectrum used Euler angles (0°, 41°, 86°) to relate the principal axis system of the dipolar to the
quadrupolar tensor. The angles are incremented by 10° between spectra. Note that larger deviations in spectral shape are found outside the shown region.

shifts relative to water at 0 ppm), and the principal axis
system of the CSA tensor was related to that of the
quadrupole coupling tensor by the Euler angles (—273°,
—105°, —82°).

The heteronuclear coupling, the relative orientation of
the quadrupole and the dipole tensors and the quadrupole
parameters all give rise to uncorrelated spectral changes,
allowing these parameters to be optimized independently
and sequentially.

For materials with large proton CSA interactions a
strong influence of the proton can be detected at high mag-
netic fields. Fig. 6 shows the changes in simulated QD spec-
tra at 14.1 T, using the above-mentioned parameters for
glycine. A tensor anisotropy of 18.2 ppm and an asymmetry
of 0.03 were assumed for the calculations, in agreement with
values obtained by ab initio calculations. The simulation in
the center of Fig. 6 indicates the best fit with a QD spectrum
taken at 14.1 T (not shown here) and used Euler angles (0°,
5°, and 5°).

Finally, it was found a posteriori that the match
between simulations and experimental results obtained at
9.4 T could be improved by allowing for a slight offset of
the spinning axis from the magic angle by —0.5°. Simula-
tions have demonstrated that such an offset only affects
the second-order quadrupole dimension and not the dipo-
lar dimension (not shown).

4.4. 'H — 70 polarization transfer

The PRESTO-II sequence of Fig. 1A involves polariza-
tion transfer from "H nuclei to the '’O central transition.
This can, in principle, lead to considerable 'O signal
enhancement, since 'H nuclei have a larger magnetic
moment than 7O nuclei. In a powder, the maximum the-
oretical enhancement, compared to direct excitation of the
70 central transition, is 0.73xy(*H)/y(""0) = 5.38,
where the factor of 0.73 arises from the geometric depen-
dence of the recoupling, in the case of pulse sequences dis-
playing “y-encoding” [48]. Unfortunately, this large
potential enhancement proved to be difficult to obtain
in practice.

Figs. 7A and B compares PRESTO with a simple Hahn-
echo scheme for two different magnetic fields, using a pow-
der sample of Mg('’OH),. Both 9.4 T spectra in Fig. 7A
resulted from the accumulation of 128 transients, for the
14.1 T spectra in Fig. 5B 32 transients were accumulated,
with other parameters being the same. An enhancement
by a factor of around 2 was achieved for PRESTO in a
magnetic field of 9.4 T, but the enhancement was less at
14.1 T. The loss is attributed to the effect of relaxation dur-
ing the recoupling and spin echo intervals, and to the inter-
ference of the recoupled '"H CSA, which becomes more
prominent at high magnetic field.
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141 T would be less favourable for PRESTO, if optimal relaxa-
tion conditions were used in both cases. Furthermore, the
directly excited 'O signal could be readily enhanced by a
factor of 2 or more by manipulating the 'O satellite pop-
ulations [29-33]. We conclude that 'H — 70O PRESTO

transfer is unlikely to become a competitive method for

&0 4 8 42 0 2 4 170 signal enhancement.
Hahn echo 4.5. 170 spectral editing

Although signal enhancement by 'H'’O PRESTO trans-

fer may not be advantageous, polarization transfer from

3 0 5 6 & o the 'H nuclei does lead to useful spectral editing capabili-

0 5
(0of2m) / kHz (wo/2m) / kHz ties. This is illustrated by the 'O spectra of [U-"2C,"O]gly-

Fig. 7. (A and B) Solid-state O NMR spectra of Mg("OH)2 cine - HCl shown in Figs. 7C and D. Spectra at both

obtained using either a Hahn echo (black) or PRESTO (red) at
magnetic fields of 9.4 T and 14.1 T. (C and D) Data for [U-'*C,"7OJgly-
cine - HCI under similar conditions. All data were taken at a spinning
speed of 16 kHz. All PRESTO experiments used o= 1; = 125.1 pus and
T =125.1 ps, except (D), where 19 =17, = 139.0 pus and T = 250.2 ps was
used.

To allow a quantitative comparison of the PRESTO and
direct-excitation methods long recycle delay (20 s) was used
between transients to ensure full thermal equilibrium.
However, the !’O nuclei actually have a shorter spin-lattice
relaxation time than the 'H nuclei, so the comparison

magnetic fields show the suppression of signals from the
non-protonated '’O site. The selectivity is more easily vis-
ible at the higher magnetic field, where the two broad line-
shapes are resolved in the Hahn echo spectrum. Note that
PRESTO editing is complementary to approaches that sup-
press the 7O signals of protonated sites, such as interrup-
tion of the proton decoupler field during a spin echo
interval [49].

5. Discussion

The experimental results show that it is possible to
achieve efficient symmetry-based recoupling of the hetero-



J.D. van Beek et al. | Journal of Magnetic Resonance 179 (2006) 38—48 45

nuclear "H-'"O dipole-dipole interactions. Heteronuclear
recoupling may be used to achieve 'H-!"O polarization
transfer, 7O spectral editing, and to generate two-dimen-
sional correlation spectra which are very sensitive to the
relative orientations of the "H-'"O interaction tensor and
the electric field gradient at the site of the 'O nucleus. It
has proved possible to simulate the form of these two-di-
mensional QD spectral lineshapes with high fidelity.

One of our initial aims was to enhance ''O signals by
polarization transfer from the more magnetic '"H nuclei.
This was only partially successful. Although polarization
transfer was achieved, it proved difficult to achieve truly
useful signal enhancements, especially since 'H magnetiza-
tion often equilibrates more slowly than !’O magnetization.
In most cases it will be easier to enhance central-transition
70 signals by manipulation of the 'O satellite populations
[29-33]. Nevertheless, "H!’O polarization transfer is likely
to be useful for the selective observation of '’O signals from
protonated oxygens.

The two-dimensional QD spectra clearly provide a great
deal of information on the quadrupolar and dipolar cou-
pling parameters, and their relative orientation. However,
the observed heteronuclear splittings correspond to
"H-"70 dipolar couplings that are much smaller than that
expected on the basis of neutron diffraction coordinates.
Consider, for example, the heteronuclear splitting in the
single-quantum QD spectrum of Mg('’OH), (Figs. 2A,
3B and C, and 4B). A good match with simulation requires
a heteronuclear coupling of 13.3 4+ 0.3 kHz, which corre-
sponds to a OH distance of roiy = 107 + 1 pm, if all atomic
motion is ignored. This value may be contrasted with the
internuclear distance of roy = 95 pm, estimated by neutron
diffraction of a natural crystal at room temperature [43]. If
no motional correction is applied, the neutron distance cor-
responds to a dipolar coupling of 19.0 kHz. The observed
dipolar coupling is therefore around 30% too low. This is
a striking discrepancy.

Proton motion, and delocalization of the proton wave-
function, clearly account for part of the discrepancy. Sin-
gle-crystal neutron diffraction has led to a detailed
picture of the proton dynamics in Mg(OH), [43,50,51].
At ambient temperatures, the protons move rapidly
between three symmetry-related sites, situated just off the
3-fold axis [43]. In each of these sites, the O-H bond vector
makes an angle of 6 =9° with respect to three-fold axis.
Rapid exchange between these sites is expected to scale
the OH dipolar coupling by a factor of 1(3cos’0 — 1) =
0.96. The anticipated value of the dipolar coupling con-
stant, correcting for this 3-site motion, is therefore
18.3 kHz. The experimentally observed value is 27% small-
er. Measurements performed at a temperature of approxi-
mately 150 K (uncalibrated) showed no differences in the
dipolar splitting (not shown).

We have investigated the possibility that instrumental
imperfections or spin dynamical effects could lead to a
low estimate of the DD coupling. For example, it is possi-
ble to simulate the effect of limited probe response times,

and phase transients in the transmitter channel, by the
same simple mathematical model as used in [42]. We used
Jaran = 3.2x 10%s7! and lg=12x 10°s7! as defined in
[42]. The R18; sequence is predicted to be compensated
for these transient effects and this has been verified by
numerical simulation. A deviation of less than 3% in the
dipolar splitting was observed. Furthermore, these experi-
ments were carried out on different models of spectrometer,
using different probes and at different magnetic field
strengths, all gave very similar results.

The effect of rf inhomogeneity has been examined by
simulation. It was found that an rf field distribution always
leads to an asymmetric broadening in the dipolar dimen-
sion of the QD spectra, with a tail stretching to high oscil-
lation frequencies. This effect can easily be recognized in
the experimental QD spectrum of Fig. 2A. Rf inhomogene-
ity cannot be responsible for the observed low values of the
dipolar splitting.

In principle, '"H CSA can influence the heteronuclear
splittings generated by the R18] sequence, providing that
the '"H CSA and the '"H-'70O dipole-dipole coupling do
not share a common principal axis system. However, in
the case of Mg(OH),, the principal axis systems coincide
due to crystallographic symmetry, so the '"H CSA has a
negligible effect on the observed spectra. Indeed, numerical
simulations using realistic values for the 'H CSA
(0. — diso = 7. 5 ppm [45]) show no significant change in
the heteronuclear splitting. Furthermore, we observe no
significant dependence of the splitting on the static magnet-
ic field, which also disfavours a CSA-based mechanism.

We have also investigated the possible effect of neigh-
bouring protons by numerical simulation. The 'H-'H
interactions are rather strong in brucite. Every proton
has three "H neighbours, each at a distance of 198.6 pm
[43]. Inclusion of the three nearest hydrogens for
Mg('’OH), showed no change in dipolar frequency, only
a stronger decay of the dipolar oscillation.

Since 'O is a spin-5/2 nucleus with a considerable elec-
tric quadrupole moment, care is required in numerical sim-
ulations to take into account the partial breakdown of the
high-field approximation. For example, it is well-known
that the lineshapes of a spin-1/2 coupled to a quadrupolar
nucleus are split by a second-order quadrupole-dipole cross
term [40]. The dominant second-order broadening of the
central transition peak is also a result of deviations from
the high-field limit. Our numerical simulations include
these second-order effects (including all known second-or-
der cross terms with other interactions) by incorporating
second-order correction terms in the secular spin Hamilto-
nian. It was found that all of these high-order terms have
negligible influence on the heteronuclear oscillations.

In addition, we double-checked the perturbation theory
of the spin dynamics by performing laboratory frame sim-
ulations of some selected orientations, using a discrete time
resolution of 10 ps. In these numerically intensive simula-
tions, the full forms of all spin interactions were used
(including all non-secular terms), the static magnetic field
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was included explicitly, and the rf fields were represented as
time-dependent oscillating fields. Only small deviations
(<4%) from the rotating-frame simulations were observed.
The stated error margin of 0.3 kHz in the DD coupling, to
the best of our current knowledge, takes into account all
reasonable uncertainties in the instrumental and spin-inter-
action parameters.

It should be noted that van Eck and Smith [10] report-
ed a much higher estimate of the "H-'"O dipole-dipole
coupling in Mg('’OH), from a static experiment. Their
reported dipolar coupling of 16.25 kHz is only 15% small-
er than that estimated from the 95 pm neutron distance.
However, it should be noted that the Lee-Goldburg
method used by van Eck and Smith is notoriously difficult
to calibrate, and that these authors do not report confi-
dence limits. In contrast, the symmetry-based recoupling
sequences used in our work have a robust scaling factor
and were carefully calibrated by conducting 'H-'*C
recoupling experiments under identical conditions before
the '’O measurements.

The remaining discrepancy could be due to additional
librational motion of the OH bond and spreading of the
proton wavefunction, or a different, unidentified, mecha-
nism, which was not detected in the neutron studies
[43,50,51]. However, very large librational motions
would be required to explain the effect. To put this into
perspective, discrepancies of around 10% are frequently
observed between solid-state NMR measurements of
13C-'H dipolar couplings in solids and dipolar coupling
values calculated from neutron C-H distance estimates.
Such discrepancies are readily explained by librational
motional models [52]. The observed discrepancy in the
"H-"70 coupling appears to be at least twice as large
as this.

The spectra of [U-"2C,7Olglycine - HCI display a similar
deviation between the NMR and neutron estimates of the
O-H internuclear distance. There is a good match between
experiment and simulation for a dipolar coupling of
12.6 + 0.3 kHz. The neutron estimate of the internuclear
distance is roy = 100 pm [53], which corresponds to a dipo-
lar coupling of 16.3 kHz. As in the case of Mg('’OH),,
there is a discrepancy of around 30% between these values.
Reasonable models of atomic motion may readily account
for about 10% of this discrepancy, but the remaining devi-
ation has not been explained.

In the case of [U-*C,""O]glycine - HCI, we checked that
inclusion of a **Cl spin or a second 7O nucleus in the sim-
ulations did not introduce significant differences. As noted
above, preliminary simulations of the 2D QD spectra for
[U-13C,"70Olglycine - HCl showed that the '*C closest to
the 7O nucleus only has a minor effect on the shape of
the spectrum.

A large J-anisotropy of around 3 kHz could potentially
account for the surprisingly low DD coupling. Although a
J-anisotropy of this magnitude seems unlikely, this mecha-
nism cannot be ruled out without performing detailed
quantum calculations.

The small dipolar splitting could also be due to an
unidentified motional process, possibly involved in a
complex interference with the heteronuclear recoupling.
We are planning more detailed temperature-dependent
studies, which hopefully will shed some light on this
hypothesis.

We have also observed heteronuclear splittings of the
70 multiple-quantum coherences by performing symme-
try-based proton recoupling during the evolution period
of a MQ-MAS experiment [11,12]. We will report this data
in a separate publication.

6. Conclusion

In conclusion, we have showed that symmetry-based
recoupling is an effective tool for the NMR study of
70-"H spin pairs in the solid state. Two-dimensional QD
correlation spectroscopy allows detailed investigation of
dipole—dipole couplings and relative tensor orientations,
providing a wealth of detailed electronic and molecular
structural information. The method is applicable to half-in-
teger quadrupolar nuclei with large dipolar couplings to a
spin species, even if there are strong couplings between
the spin species, under fast MAS. This is difficult to achieve
using existing methods. Weak heteronuclear couplings are
currently not within the scope of the method and
REDOR-derived sequences [18-22] may be preferable in
such cases.

The magnitudes of the observed heteronuclear splittings
are much smaller than those expected from neutron esti-
mates of the internuclear distances. The discrepancies
appear to be too large to attributed to wavefunction delo-
calization, librational motion, or J-anisotropy, and are
unexplained at the time of writing.
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