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Abstract

We demonstrate that the finite pulse RFDR sequence (J. Chem. Phys. 114 (2001) 8473) can be used effectively for 31P double-

quantum NMR spectroscopy at a spinning frequency of 10 kHz. The 31P NMR data measured for hydroxyapatite and octacalcium

phosphate show that sizable double-quantum excitation efficiency can be obtained with the ratio of the recoupling field to spinning

frequency set equal to 1.67.

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

Double-quantum (DQ) NMR spectroscopy under
magic angle spinning has been the major research area
in the solid-state NMR community for many years.
Since the pioneering work of Tycko [1], numerous pulse
sequences designed for DQ NMR have been reported in
the literature [2–5]. In particular, the symmetry theory
developed by Levitt, Nielsen and co-workers has led to
the development of a splendid collection of pulse
sequences suitable for DQ NMR spectroscopy under
fast magic-angle spinning [6–11]. However, the imple-
mentation of these windowless pulse sequences is not
trivial if phase transient problem is severe. Sometimes a
damping resistor has to be added in parallel to the
sample coil in order to reduce the detrimental effect of
phase glitches [12]. The down side of adding a damping
resistor is that the probe sensitivity would then be
deteriorated. On the other hand, the RFDR sequence
[13,14] or the like have the advantage that all the pulses
are well separated and each of the pulses is of constant
amplitude and rf phase. Hence, the phase glitch problem
e front matter r 2005 Elsevier Inc. All rights reserved.
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becomes immaterial after regular spectrometer tune-up
procedure. Although RFDR is usually used for zero-
quantum NMR, Blanco and Tycko demonstrated that
the RFDR sequence can be used for DQ excitation after
being flanked by a pair of p=2 pulses [15].

Recently, Ishii reported that the finite pulse effect on
the regular RFDR sequence can be exploited to provide
dipolar recoupling under fast spinning condition [16]. In
contrast to the conventional RFDR pulse sequence, the
lowest-order average Hamiltonian of this so-called
fpRFDR sequence has the same operator form of a
static dipole–dipole Hamiltonian except for a scaling
factor. Hence it is possible to combine fpRFDR with
many elegant pulse sequences developed for static solids
[17,18]. In the context of DQ excitation, it is rather
straightforward to incorporate fpRFDR into the DQ
excitation sequence proposed by Blanco and Tycko.
Accordingly, the ratio between the p pulse length and
the rotor period is simply adjusted to 0.3 [16]. This
simple approach was first illustrated in the high-speed
magic-angle spinning multiple quantum (HSMAS-MQ)
experiment by Oyler and Tycko, in which they were
focusing on 13C systems [18]. In the subsequent
discussion, we will evaluate this approach with respect
to 31P DQ NMR by numerical simulations and
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experimental measurements on octacalcium phos-
phate and hydroxyapatite. For convenience, we refer
this approach to as HSMAS-DQ in the subsequent
discussion.
2. Experimental

2.1. Sample preparation

Octacalcium phosphate was prepared and character-
ized as described previously [19]. Hydroxyapatite was
used as received (Sigma-Aldrich).
2.2. Numerical simulations

All numerical studies in this work were carried out
using SIMPSON (version 1.1.0) [20]. For our simula-
tions, the maximum time step over which the Hamilto-
nian is approximated to be time-independent was set to
3.0 ms. Typically, a powder averaging scheme containing
100 REPULSION angles (a and b) [21] and 18 g angles
was chosen. Relaxation effects were ignored. Two series
of spin clusters used for our simulations were con-
structed based on the structural parameters of octacal-
cium phosphate [22] and hydroxyapatite [23]. For
octacalcium phosphate there are six non-equivalent sites
for phosphorus, where P1–P4 are PO4

3� groups while P5
and P6 are HPO4

2� groups. For hydroxyapatite there is
only one phosphorous site (PO4

3�). In the octacalcium
phosphate series, we have constructed seven spin
clusters, viz. 2-P, 4-P, 5-P, 7-P, 2P–H, 4P–H and
5P–2H. As shown in Fig. 1(a), the two-spin system (2-
P) involves P3 and P6. The 4-P, 5-P and 7-P spin clusters
are constructed by adding two, three and five of the
nearest phosphorous neighbors, respectively, to the
basic 2-P system. When the acidic protons of the P5
and P6 species (HPO4

2�) were added to the 2-P, 4-P and
Fig. 1. The spin clusters constructed for numerical simulations. (a) Octac

rectangle; 5-P, spins enclosed by the ellipse; 7-P, all spins. The dark and gray

series: 2-P, 3-P, 5-P.
5-P clusters, we obtained the 2P–H, 4P–H and 5P–2H
clusters, respectively. In the hydroxyapatite series,
similarly we have constructed three different spin
clusters, viz. 2-P, 3-P and 5-P (Fig. 1b). For both series
the chemical shift spans of PO4

3� (40 ppm) and HPO4
2�

(121 ppm) were taken from the experimental data
measured for hydroxyapatite and brushite, respectively
[24]. For simplicity the orientations of the CSA tensors
with respect to the dipolar framework were set
arbitrarily.
2.3. Solid-state NMR

All NMR experiments were carried out at 31P and 1H
frequencies of 121.5 and 300.1MHz, respectively, on a
Bruker DSX300 NMR spectrometer equipped with a
commercial 4mm MAS-NMR probe. All spectra were
measured at a spinning frequency of 10 kHz. MAS
frequency variation was limited to 73Hz using a
commercial pneumatic control unit. The sample was
confined to the middle 1/3 of the rotor volume using
Teflon spacers. Chemical shifts were externally refer-
enced to 85% phosphoric acid. The pulse sequence used
for the 31P DQ measurements is shown in Fig. 2. To
prepare the initial spin system identically for each
transient, a saturation comb was applied prior to the
recycle delay. Recycle delay was set to 8 s. During the
DQ excitation and reconversion periods, the 31P p=2 and
p pulses were set to 5 and 30 ms long, respectively. The p
pulse trains were phase cycled according to the XY-16
scheme [25]. The DQ excitation and reconversion times
were both set to 3.2ms unless stated otherwise. The
tachometer signals for pulse sequence synchronization
were filtered with a home-built phase-locked loop
circuit. Proton decoupling was set to 85 kHz. A z-filter
of 30ms without proton decoupling was applied after
the reconversion period. The standard four-step phase
cycling of the excitation block (0, p=2; p; 3p=2) and
alcium phosphate series: 2-P, P3 and P6; 4-P, spins enclosed by the

spheres represent PO4
3� and HPO4

3�, respectively. (b) Hydroxyapatite
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Fig. 2. Pulse sequences used for the 31P DQ experiment. The filled and open rectangles denotes p=2 and p pulses, respectively.

Table 1

Closest internuclear distances (in Å) of selected phosphorus spin pairs

in octacalcium phosphate

Auto-correlation Cross-correlation

P1–P1 4.043 P2–P3 4.017

P4–P4 4.041 P3–P6 4.206

P5–P5 4.042 P5–P6 4.350

P2–P2 6.835 P1–P4 4.697

P3–P3 6.835 P1–P2 4.707

P6–P6 6.835 P2–P4 4.722

P2–P6 4.951
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receiver phase (0, p; 0, p) was used to select the DQ
coherence [26]. Probe ringdown and dc offset artifacts
were suppressed by inverting the phase of the first p=2
pulse and alternating addition and subtraction of FID
signals. Together with CYCLOPS, our phase cycling has
a total of 32 steps. For the two-dimensional DQ
spectrum measurement, quadrature detection in the F1

dimension was achieved by the hypercomplex approach.
For each t1 increment 32 transients were accumulated,
and a total of 48 increments were done at steps of two
rotor periods.
P1–P6 4.969

P4–P3 5.052

P1–P3 5.494

P4–P6 5.986

The data are grouped to facilitate the analysis of the two-dimensional
31P DQ spectrum (Fig. 4).
3. Results

3.1. Octacalcium phosphate

3.1.1. Numerical simulations

To evaluate the utility of HSMAS-DQ, we have
carried out a series of simulations on the spin clusters 2-
P, 4-P, 5-P and 7-P (octacalcium phosphate series). The
closest internuclear distances of selected phosphorus
spin pairs are listed in Table 1. Other simulation
parameters were set equal to the experimental settings.
To evaluate the effect of proton decoupling on the DQ
excitation efficiency, we focus on a 31P–31P spin pair
formed by PO4

3� and HPO4
2� in close proximity, i.e.

P3–P6. Fig. 3(a) shows the numerical results of the
excitation efficiency of the P3–P6 DQ coherence in
different spin clusters. There is a dramatic decrease in
the excitation efficiency when the cluster size increases
from two spins to four spins. This observation can be
understood by the fact that the passive spins in close
proximity provide a strong dipolar dephasing of the
excited DQ coherence. As expected, such dephasing
effects are comparable for the 4-P, 5-P and 7-P systems.
Note that P4 is not included in our spin clusters because
it is rather remote from P3 or P6 (Table 1). To
investigate the effect of proton decoupling, we repeat
the above calculations on the 2P–H, 4P–H and 5P–2H
spin clusters using a proton decoupling field of 85 kHz
(Fig. 3b). Because the proton decoupling field is much
larger than the 31P recoupling field, the excitation
profiles shown in Figs. 3a and b are quite similar.

3.1.2. Two-dimensional DQ spectrum

The two-dimensional 31P DQ spectrum of octacal-
cium phosphate is shown in Fig. 4(a), in which there
are eight sets of auto- and cross-correlation peaks.
For convenience, in Fig. 4(b) we also reproduce the
corresponding one-dimensional 31P MAS spectrum and
the spectral assignments reported earlier [19]. The
correlation peaks of P2–P6, P1–P6, P1–P3 and P5–P5/
P5–P6 were not observed in our previous work, where
we employed windowless pulse sequence at a spinning
frequency of 6 kHz [19]. Although the 31P chemical shift
span of HPO4

2� is about 121 ppm [24], the relatively high
intensity of the P5–P5/P5–P6 correlation peak demon-
strates that the DQ excitation efficiency is not signifi-
cantly attenuated by large CSA effect. Altogether these
results illustrate the advantages of the HSMAS-DQ
approach that the experiment can be carried out at fast
spinning frequency and that the ratio of the recoupling
to decoupling fields are small. In view of the fact that the
closest distance between P1 and P3 is 5.494 Å, it is
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Fig. 3. Numerical simulations of the excitation efficiency of the P3–P6 DQ coherence in different spin clusters (octacalcium phosphate series). (a) 2-

P, 4-P, 5-P and 7-P. (b) 2P–1H, 4P–1H and 5P–2H.
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Fig. 4. NMR spectra of octacalcium phosphate measured under 10 kHz spinning frequency: (a) Two-dimensional 31P DQ based on the HSMAS-DQ

sequence; (b) MAS.
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surprising that the intensity of the P1–P3 cross-correla-
tion peak is comparable to that of P2–P3 (4.017 Å). This
observation cannot be explained by different spectral
assignments. We speculate that the P1–P3 cross-correla-
tion arises from a relayed coherence transfer
P12P62P3 because both P1–P6 and P6–P3 are in
close proximity. To minimize the duty cycle in the
proton channel, the z-filter was applied without proton
decoupling. Therefore, higher order spin diffusion may
also occur during the z-filtering period [27].

The 31P Bloch decay signal after the saturation comb
and relaxation delay (same as the DQ experiment) was
taken as a reference signal. After normalizing the P3–P6
cross-peak intensities by the geometric mean of P3 and
P6 reference signal intensities, the excitation efficiency
for the P3–P6 DQ coherence is estimated to be ca. 20%.

3.2. Hydroxyapatite

Because hydroxyapatite has one phosphorous site
only, it is a good model compound for the study of DQ
coherence excitation profile. The closest 31P–31P dis-
tance in hydroxyapatite is 4.115 Å. The numerical
simulations and the experimental data were shown in
Fig. 5(a). Similar to what has been observed in
octacalcium phosphate, the maximum DQ coherence
excitation efficiency decreases as the spin cluster size
increases. Nevertheless, the extent of the diminishment is
not as dramatic as what we observed for octacalcium
phosphate. The reason is simply due to the fact that all
the spins in the cluster will contribute (different
combinations of two spins) to the DQ coherence. As
expected the simulation results converge towards the
experimental data as the cluster size increases. Since we
do not include any relaxation parameters in our
simulations, the agreement between the simulation and
the experimental data becomes worse at longer excita-
tion times.

To compare the RFDR-based DQ excitation strategy
[15] and the HSMAS-DQ approach, we repeat our
simulations and experimental measurements by short-
ening all the p pulses from 30 to 7 ms. The results shown
in Fig. 5(b) indicate that all the excitation profile
maxima invariably appear at longer excitation times
than those in Fig. 5(a). This observation is consistent
with the simulation results of Oyler and Tycko [18].
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Fig. 5. Numerical simulations and experimental measurements of the excitation profile of the 31P DQ coherence in hydroxyapatite at a spinning

frequency of 10 kHz. The symbols, representing the experimental data, are larger than the error bars. (a) fpRFDR, p pulse ¼ 30ms (b) RFDR, p
pulse ¼ 7ms.

Y.-H. Tseng et al. / Solid State Nuclear Magnetic Resonance 27 (2005) 266–270270
Overall, both numerical and experimental data illustrate
that the HSMAS-DQ method is a favorable option for
31P DQ NMR under a spinning frequency of 10 kHz.
4. Discussion

Our simulation results illustrate that the excitation of
DQ coherence is inherently difficult in multiple-spin
system due to the dephasing effect of other passive spins.
The strong dependence of the excitation profile on the
spin cluster size is in line with the conclusion that
distance measurement by DQ NMR spectroscopy in
homonuclear spin system is practical only if the two-spin
approximation holds [28].

In this work, we have demonstrated that HSMAS-DQ
can be used effectively for 31P DQ NMR spectroscopy.
In spite of the favorable experimental results shown
here, we make no claim that the HSMAS-DQ approach
is in general superior to the C/R or any other window-
less pulse sequences [8]. In fact, the theoretical
maximum DQ excitation efficiency of HSMAS-DQ is
less than those g-encoded pulse sequences [6]. Never-
theless, we do recommend the HSMAS-DQ approach
originally developed in Tycko group when the phase
transient problem is a serious one.
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