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Abstract

A high resolution two-dimensional solid state NMR experiment is presented that correlates half-integer quadrupolar spins with

protons. In this experiment the quadrupolar nuclei evolve during t1 under a split-t1, FAM-enhanced MQMAS pulse scheme. After

each t1 period ending at the MQMAS echo position, single quantum magnetization is transferred, via a cross polarization process in

the mixing time, from the quadrupolar nuclei to the protons. High-resolution proton signals are then detected in the t2 time domain

during wPMLG5* homonuclear decoupling. The experiment has been demonstrated on a powder sample of sodium citrate and
23Na–1H 2D correlation spectra have been obtained. From the HETCOR spectra and the regular MQMAS spectrum, the three

crystallographically inequivalent Naþ sites in the asymmetric unit were assigned. This MQMAS-wPMLG HETCOR pulse sequence

can be used for spectral editing of half-integer quadrupolar nuclei coupled to protons.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The recent emergence of sensitivity enhancement and

spectral resolution radiofrequency (RF) pulse schemes

in solid state NMR has promoted it to a valuable tool

for resonance assignment and structural characteriza-

tion of solid samples in either polycrystalline or amor-

phic state. Consequently, high resolution NMR

spectroscopy of solids has been finding its applications

in several fields, ranging from polymer science [1] to
biological macromolecules [2–5]. The most common

nuclei observed in solid state NMR are 13C, 15N, 31P,

and 29Si, all having a spin quantum number of a half,

and 23Na, 11B, 27Al, and 17O, having half-integer spin
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quantum numbers larger than a half and thus possessing

a quadrupolar interaction [6]. Sensitivity and resolution
enhancement of the spectra of these nuclei are nowadays

achieved with the combination of magic angle spinning

(MAS) [7,8], heteronulcear dipolar decoupling [9–11],

cross-polarization (CP) [12–14], homonuclear decou-

pling [15], and for half-integer quadrupolar spins, mul-

tiple-quantum magic angle spinning (MQMAS) [16],

and satellite transition magic angle spinning (STMAS)

[17]. All these techniques, aimed at achieving resolution
enhancement of the NMR spectra of solids, involve the

elimination of the various anisotropic spin interactions

that are present in powder samples in the solid-state.

Those elimination schemes are based on either spatial or

spin space averaging of the undesired interactions: me-

chanical manipulation of the samples resulting in spatial

averaging and application of RF irradiation sequences,

e.g., heteronuclear dipolar decoupling, causing spin
state averaging [18,19].

The most sensitive nucleus in liquid state NMR,

having a spin-1/2, is 1H. In solid state NMR the detection
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of proton spectra is difficult due to dominating strong
homonuclear dipolar couplings, resulting in broad and

featureless spectral lines. The acquisition of high reso-

lution solid state proton spectra is presently accom-

plished by combining MAS and RF irradiation pulse

schemes, the so-called combined rotation and multiple

pulse sequence (CRAMPS) approach [20–23]. While

MAS averages the chemical shift anisotropy, the RF

must eliminate the dipolar interaction. Many RF de-
coupling schemes were developed through the years,

starting with the off-resonance Lee–Goldburg (LG) RF

irradiation [24] and the on-resonance multiple pulse

scheme WAHUHA [25]. We have been using the phase

modulated LG (PMLGn) experiment [26,27] to obtain

1D and 2D proton spectra. This method is based on the

frequency modulated version of LG, FSLG (frequency

switched LG [28]). The repeating RF unit of PMLGn
consists of 2n on-resonant RF pulses with discrete phase

differences. Detection windows can be inserted between

the pulses (wPMLGn) [29] allowing direct detection

of the decoupled proton signal. Recently we have de-

scribed the influence of RF phase and pulse imperfec-

tions on wPMLGn experiments and how they can be

harnessed to improve the resultant proton spectra [30].

This scheme is named wPMLG5*, to distinguish it from
the ideal wPMLG5 sequence. For certain RF offset val-

ues wPMLG5* leads to effective spin rotations in the

rotating frame around an axis approximately pointing in

the z direction, hence resulting in the spectra devoid of

images, providing higher signal-to-noise ratios and sim-

plifying phase-cycling schemes [30].

The spectra of nuclei with spin quantum number

larger than a half are broadened by the strong quadru-
polar interaction, which can be of the order of several

megahertz. Yet, for half-integer quadrupolar spins, the

central transition (CT) is only affected by the quadru-

polar interaction to a second order [31]. This broaden-

ing, though significantly smaller, cannot be averaged by

MAS alone. Early line narrowing schemes were based

on mechanical manipulations of the samples alone, ei-

ther by combining two rotors (double rotation—DOR
[32]), or by flipping the rotation axis of a single rotor

between two orientations (dynamic angle spinning—

DAS [33]). In 1995, Harwood and Frydman [16] showed

that MQMAS can provide high-resolution spectra for

half-integer quadrupolar spins by correlating different

orders of symmetric spin coherences. Later Gan showed

that correlation of satellite and symmetric coherences

(STMAS) can also provide high-resolution spectra [17].
In MQMAS, the non-uniform excitation of the crystal-

lites in the powder, either during creation of MQ co-

herences or during their conversion into 1Q coherences,

causes lineshape distortions and signal attenuation. It

has been shown that in addition to the introduction of

higher spinning frequencies and higher RF powers, RF

pulse shaping may provide a significant signal-to-noise
increase. The introduction of fast amplitude modulation
(FAM [34–36]) proved especially efficient, leading to 3-

to 4-fold signal enhancements and better lineshapes in

MQMAS.

Heteronuclear correlation (HETCOR) NMR experi-

ments are commonly used for spectral editing and for the

collection of structural constraints in both liquid and

solid state NMR. HETCOR schemes correlating half-

integer quadrupolar spins and spin-1/2 nuclei for pairs
such as 23Na–31P [37] and 27Al–31P [38], have been

already proposed and shown to be feasible. Spectral

editing of quadrupolar spins based on their correlation

to protons has so far been performed using CP editing of

MQMAS spectra [39,40] and rotor-encoded MQMAS

spectra [41]. An efficient CP coherence transfer between

half integer quadrupolar spins and spins-1/2 can be ex-

pected at the Hartman–Hahn (HH) condition [12]
modified for MAS [13] and adapted for a selective irra-

diation of the quadrupolar spin central transition [42]:

ðS þ 1=2Þm1;Q ¼ m1;H þ nmr; ð1Þ
where m1;Q is the RF intensity applied on the quadru-

polar nucleus, mr is the spinning frequency, S is the spin

quantum number of the quadrupolar nucleus and m1;H is

the proton RF intensity. Cross polarization to or from

quadrupolar nuclei is, however, a complicated process
as was discussed comprehensively by Vega [42]. Since

spin locking of the coherence of the central transition of

a quadrupolar nucleus can only be obtained when the

adiabatic transitions between the single- and multiple-

quantum coherences are avoided [43], a low intensity

RF irradiation field must be applied on the quadrupolar

spin during the CP process. It has been shown recently

that it is feasible to cross polarize higher order transi-
tions of quadrupolar nuclei, using relatively high proton

and aluminum RF fields, of the order of a 100 kHz [40].

In this paper, we demonstrate how half-integer

quadrupolar spins and protons can be correlated in a

high-resolution two-dimensional experiment and use

this MQMAS-wPMLG scheme to establish Na–H cor-

relations and assign the three Naþ sites in sodium citrate

dihydrate.
2. Results and discussion

2.1. The pulse sequence

The HETCOR pulse sequence utilized to obtain two-

dimensional 23Na–1H correlation spectra, which is based
on the one suggested by Wang et al. [37], is shown in

Fig. 1. An amplitude modulated split-t1 MQMAS

scheme was used to establish the 23Na quadrupolar

echo. Sensitivity enhancement was obtained by applying

an FAM scheme [34]. At the echo position a CP mixing

time transfers single quantum coherences from the



Fig. 1. The MQMAS-wPMLG pulse sequence for high-resolution HETCOR experiments between half-integer quadrupolar spins and protons. High-

resolution in the quadrupolar spin dimension is obtained using an FAM-enhanced amplitude modulated split-t1 MQMAS scheme. Coherence

transfer is achieved with a single-quantum cross polarization pulse at the MAS Hartmann–Hahn condition, modified for quadrupolar spins,

2m1;Q ¼ m1;H � 2mr. High-resolution proton spectra is obtained with the image free windowed phase-modulated Lee–Goldburg scheme (wPMLG5*).

The coherence pathway is indicated with a solid line. Acquisition points are indicated by the arrows in between PMLG pulses. The dotted line

indicates a coherence pathway for 3QMAS on spins larger than 3/2. In general, cross-polarization from the echo signal of a spin S when initial jpj-
quantum coherences are generated (jpj ¼ 3 is shown in the example) is represented by the solid line for jpj ¼ 2S, and should be modified according to

the dotted line for the cases in which jpj < 2S. Depending on jpj and S, the time delays 9t1=16 and 7t1=16, which are suitable to jpj ¼ 3 and S ¼ 3=2,

should be modified to t1=ð1þ jkjÞ and jkjt1=ð1þ jkjÞ, where k ¼ p 36SðSþ1Þ�17p2�10
36SðSþ1Þ�27

.
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sodium atoms to nearby protons via their mutual di-

polar couplings. Finally, a wPMGL5* [30] scheme was

applied for the observation of high-resolution proton
spectra.

2.2. CP optimization

For a 23Na nucleus, S ¼ 3=2, the HH condition of

Eq. (1) becomes m1;H ¼ 2m1;Na þ 2mr, with n ¼ �2. To

achieve an efficient transfer, the Na RF power level

must be kept low to avoid adiabatic transfers between
single- and multiple-quantum transitions. In addition,

rotary resonance conditions at (S þ 1=2Þm1;Na ¼ nmr
should be avoided in order not to quench the cross

polarization process. These rotary resonances were ob-

served during 27Al–29Si coherence transfer experiments

on the mineral albite [51] and have also been shown to

quench polarization transfer in FASTER-MQMAS [52]

(In this method RF power is set in between rotary
resonance conditions to obtain improved signal-to-

noise). The latter effect has been discussed and ex-

plained using bimodal Floquet theory [53]. Finally, the

upper limit of the spinning frequency (and thus the

proton RF power) is determined by the wPMLG5 se-

quence, which requires mr values lower than about

20 kHz, and by the hardware performance, in our case

14–15 kHz.
Considering all these complications, we decided to

perform numerical calculations, using the SIMPSON

program [54], and to simulate the polarization transfer

efficiency between the central transition of an S ¼ 3=2
nucleus and a proton during cross-polarization. This was

done by calculating the maximum intensity of the proton
signal of an isolated sodium–proton spin pair in a pow-

der sample after an excitation of the central transition of

the sodium spin followed by CPmixing pulse. The results
of these simulations are shown in Fig. 2. Using a nuclear

quadrupolar coupling constant of 2.5MHz and a proton

RF intensity satisfying Eq. (1) with n ¼ �2, the maxi-

mum proton signal intensities are drawn as a function of

the 23Na RF intensity and the spinning frequency. The

results suggest the following: cross-polarization is indeed

efficient only at low RF power levels (for m1;Na > 20 kHz

almost no intensity is observed); narrow rotary reso-
nance conditions, satisfying (S þ 1=2Þm1;Na ¼ nmr and

reducing the coherence transfer, should be avoided; the

CP process is most efficient at spinning frequencies that

are larger than 15–20 kHz. The small frame at the top

shows an enlargement of the area corresponding to our

experimental conditions. The relevant region is the

crossing between the horizontal lines (m1;Na ¼ 7–8 kHz)

and the vertical lines (mRF ¼ 12:5–13:5 kHz), obeying Eq.
(1) for m1;H � 41 kHz. In this range reasonable proton

signal intensities can be expected. Although offset effects

were not calculated, in our case an offset of the Na sites

of �2 kHz is not expected to affect the Hartman–Hahn

matching condition and therefore the CP efficiency. The

contribution to the nutation frequency (2m1;Na ¼ 15 kHz)

from an offset of 2 kHz is smaller than 150Hz while the

width of the HH condition is in the order of the size of
the dipolar interaction, 250–1500Hz in our case (see next

paragraph). Thus we may safely say that offset effects are

negligible in our experiment. As discussed above, work-

ing at higher spinning frequencies was not feasible due to

hardware limitations and is not recommend because of

the reduction in the wPMLG decoupling efficiency.



Fig. 2. Simulations of the cross polarization process between a single sodium spin and a single proton. The maximum intensity obtained in the CP

process at each point in the mr=m1Na space is shown (relative to an ideal intensity of 4 of the central transition). A grid of 0.5 kHz in the RF level axis

(m1Na) and 0.5 kHz in the spinning frequency axis (mr) was used. The 1H RF intensity was set according to the MAS HH condition (Eq. (1)) with

n ¼ �2, for each point on the grid. The top right frame is a magnification of the region of interest, shown in white box. The area enclosed between the

horizontal and vertical solid white lines was used in our experiments. Narrow rotary resonance regions are indicated with a broken white line for

nmr ¼ ðS þ 1=2Þm1 for n ¼ 1; 2; 3, and 5.
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2.3. The HETCOR data

The 2D spectra obtained from the experiments on

sodium citrate dihydrate are shown in Fig. 3. The left
frame (Fig. 3A) presents the 23Na MQMAS spectrum,
Fig. 3. Results of (A) a phase modulated, shifted echo, FAM-enhanced MQ
23Na–1H MQMAS-wPMLG HETCOR experiments with a CP contact time o

levels in (A) appear at increments of 10% of the maximum intensity. Conto

intensity in (B) with the minimum contour at 25%. On the top of spectrum (B

(solid line) ppm are shown. In (A) the 23Na axis was referenced to NaCl at

Ckð1Þ convention, i.e. the spectral width corresponds to a dwell time consistin

obtained by using an apparent carrier frequency similar to the 23Na Larmor f
17=8d, with dNaCl ¼ 0. This scaling was used for all three spectra. The proton p

(B) and are similar in (C). The two H2O molecules (labeled 8 and 9 in Fig. 4
showing three peaks that correspond to the three crys-

tallographically inequivalent Naþ cations in the asym-

metric unit cell [44].

The results of the HETCOR experiments, performed
with CP contact times of 1.25 and 0.4ms, appear in Figs.
MAS experiment on sodium citrate dehydrate and (B) high-resolution

f 1.25ms and (C) with a CP contact time of 0.4ms, are shown. Contour

ur levels in (B) and (C) appear at increments of 10% of the maximum

) the sum projections along the 23Na axis around )1 (dash line) and 9

0 ppm and labeled in the isotropic indirect dimension according to the

g of multiple- and single-quantum evolution periods, the ppm scale is

requency, 79.39MHz, and the chemical shift dF1 is scaled according to

ositions in the spectra of OH, H2O, and CH2 are indicated by arrows in

) and the two CH2 groups (2 and 4) were unresolved in the spectrum.
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3B and 3C, respectively. Three proton lines can be dis-
tinguished, corresponding to the protons of OH, H2O,

and CH2 as indicated by the arrows. The wPMLG5*

sequence resolved these three sites completely, while no

spectral resolution was obtained in the proton MAS

spectrum (not shown). The strongest cross peaks, cor-

responding to the closest sodium–proton contacts, ap-

pear in the spectra at the OH proton chemical shift. In

Fig. 4, a single citrate ion, with its three sodium cations
and two neighboring water molecules (corresponding to

an asymmetric unit) is shown with the sodium–hydroxyl

proton distances indicated by dashed lines. The shortest

distances between the sodium atoms and the hydroxyl

protons, deduced from the crystal structure data, are for

Na(1) 5.18 and 4.97�A (corresponding to dipolar cou-

plings of 230 and 260Hz), for Na(2) 2.89 and 3.55�A
(1330 and 715Hz), and for Na(3) 2.75 and 3.79�A (1540
and 590Hz). Hence, we can expect that the strongest CP

correlation peaks in the 2D spectra will appear between

the OH protons and Na(2) and Na(3). Since in both

spectra (3B) and (3C) strong cross peaks appear only for

two sodium sites, we may safely deduce that the sodium

at �24 ppm, which we designate Na24, corresponds to

Na(1). Additional cross peaks correlating the H2O (as-
Fig. 4. The asymmetric unit of a sodium citrate dihydrate, 3Naþ �C6H5O
3�
7

dotted lines, with their corresponding distances. The plot and the distance c
signed in Fig. 4 by H8A–O8–H8B and H9A–O9–H9B)
and CH2 (C2–H2A–H2B and C4–H4A–H4B) protons

to the sodium atoms Na(1–3) appear in Fig. 3B. To

distinguish between Na(2) and Na(3), we compare the

intensity ratio of these two sites in the MQMAS and in

the HETCOR experiments. A ratio between the sodium

peaks Na�1:Na9 of 1.7:1 was obtained by calculating the

integrated intensity of the corresponding two-dimen-

sional MQMAS peaks. To evaluate the relative sodium
line intensities after cross-polarization proton spectra

were calculated by summing separately the Na�1–H and

Na9–H slices along the Na dimension in the HETCOR

spectrum of Fig. 3B. A Na�1:Na9 ratio can then be

obtained for each type of protons by measuring proton

line intensities. This ratio equals to 1:1 for the CH2

protons. This can be seen in the spectra drawn on top of

Fig. 3B, where the CH2 lines corresponding to Na�1

(dash line) and Na9 (solid line) are apparently similar.

Combining the two ratios (from MQMAS and from

HETCOR) shows that for a mixing time of 1.25ms the

Na9–CH2 CP efficiency is almost twice as large as the

Na�1–CH2 efficiency. An examination of the sodium to

CH2–protons distances gives for Na(3)–H4A/B dis-

tances of 3.3/3.6�A and for Na(2)–H2A/B distances of
� 2H2O [44]. Intra-molecular Na(1–3)–H7 distances are indicated by

alculations were obtained using the Mercury software [55].
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4.2/4.5�A. These distances correspond to dipolar inter-
actions of strength 0.79� 0.1 kHz and 0.39� 0.04 kHz,

respectively, and we can assign Na(3) to Na9.

This assignment can be further certified by examining

the cross peak intensities between Na�1 and Na9 and the

H7 hydroxyl protons. From the proton spectra in

Fig. 3B it follows that the Na�1:Na9 intensity ratio at

the OH-positions in the HETCOR spectrum equals

1.3:1. Together with the MQMAS sodium ratio the CP
efficiency ratio becomes 0.76:1 and again Na9 shows a

somewhat stronger interaction and thus a shorter dis-

tance. From the crystal structure it follows that the

shortest sodium to OH–proton distances are for Na(2)

2.89�A (corresponding to 1.33 kHz) and for Na(3) 2.75

(corresponding to 1.53 kHz). This again indicates that

Na(3) resonates at 9 ppm.

To validate that the difference in intensities does not
arise from differences in CP efficiencies due to the dif-

ferent quadrupolar interaction strengths of the sodium

nuclei, v ¼ 1:65MHz for Na9 and v ¼ 1:1MHz for

Na�1 [34], we have calculated CP transfer curves of

single spin pairs 23Na(central transition)–1H for v values

between 1 and 2MHz. Assuming RF intensities as well

as a spinning frequency as in our experiments, non-sig-

nificant differences during the proton-signal build-up
were detected up to �1.3ms.

Another observation is the reduced efficiency of the CP

transfer to the water molecules. Although several of the

water protons are located at distances of 2.5�A (Na(3)–

H9A), 2.8�A (Na(1)–H8A/H8B), and 2.9�A (Na(2)–H8A/

H8B), approximately the same distance as the hydroxyl

protons, they all have lower cross peak intensities. This

reduction in CP efficiency presumably is due to exchange
motions of the water molecules in the crystal.
3. Experimental

3.1. The sample

Experiments were performed on sodium citrate di-
hydrate, 3Naþ �C6H5O

3�
7 � 2H2O. This crystalline mate-

rial is monoclinic and has the space group C2=c. Its

crystal structure was determined recently and the coor-

dinates of all atoms in the unit cell were listed [44]. The

hydrogen atoms were positioned in the structure by re-

fining it, starting with C–H distances equal to 0.97�A and

O–H and H–H distances in water of 0.82 and 1.32�A,

respectively.

3.2. NMR

Data were acquired on a Bruker DSX300 spectrom-

eter with a TR WB 4mm MAS probe. The Larmor

frequencies were 300.13 and 79.39MHz for 1H and
23Na, respectively.
3.3. 2D MQMAS

All parameters of our split-t1 shifted-echo MQMAS

experiment [45], together with the phase cycling scheme,

are summarized in the tables below.

The pulse sequence parameters:

Acquisition points 128� 512

Spectral points 512� 1024

Number of scans 96

Dwell times (t1 � t2) 38.5 l� 10 l
Relaxation delay 5 s

Spinning frequency 13 kHz

m1;Na (during MQMAS) 86 kHz

3Q-excitation pulse length 7 ls
3Q! SQ FAM

conversion

FI
4 (4.4 ls)F

I
7 (2.4 ls)

[46]

Echo delay (secho) 2ms

Selective p echo pulse
length

12 l

Phase cycling:
3.4. MQMAS-wPMLG HETCOR

The HETCOR sequence was derived according to

Wang et al. [37]. The proton MAS acquisition was re-

placed by the wPMLG5* scheme. All parameters de-

fining our 2D HETCOR experiments, shown in Fig. 1,

are listed here below

The pulse sequence parameters:

3Q excitation 0,30,60,90,120,150,180,210,240,

270,300,330

FAM pulses 0

Echo pulse 012, 4512, 9012, 13512, 18012,

22512, 27012, 31512
Receiver phase [0 270 180 90]3, [90 0 270 180]3,

[180 90 0 270]3, [270 180 90 0]3

The time periods

The quadrupolar

evolution

Amplitude-modulated

split-t1 MQMAS

The mixing time Single-quantum cross

polarization

The proton detection wPMLG5*
Acquisition points
 64� 512
Spectral points
 1024� 2048
Scans
 96
Dwell times (t1 � t2)
 77l� 24:4l

Relaxation delay
 5 s
Spinning frequency
 13 kHz
3Q-excitation pulse length
 7 ls
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3Q! SQ FAM conversion FI
4ð4:4lsÞFI

7ð2:4lsÞ

m1;Na (MQMAS)
 86 kHz

m1;Na (during CP)
 7.5 kHz
m1;H (during CP)
 41 kHz
PMLG5 phase increments
 � 41.6�

Initial phase, positive

direction
20.78�
Initial phase, negative

direction
7.02�
Length of phase single
pulse
1.74 l
Length of detection

window (tw)

7 l
m1;h (during wPMLG5*)
 82 kHz
Preamplifier filter width

(max)
109 Hz
Phase sensitive detection
 TPPI (on /3) [47]
Data processing was done offline using the matNMR

program[48]. MQMAS data was processed according to

[45]: data points were shifted with respect to the echo
center ensuring FT spectra devoid of imaginary contri-

butions in F2, thus providing pure absorption line-

shapes.

The 23Na isotropic axis was labeled according to the

Ckð1Þ convention [49]: the chemical shift positions were

referenced to (k � pÞ= ð1þ kÞdNaCl ¼ 17=8dNaCl for spin-

3/2 with k ¼ 7=9 the MQMAS ratio and p ¼ �3 the

coherence order for the echo pathway.

Phase cycling according to Fig. 1:

/1 0,60,120,180,240,300

/2 0
/3 06, 906, 1806, 2706
/4 024, 9024, 18024, 27024
/rec {[0,180]3, [180,0]3}2, {[90,270]3,

[270,90]3}2, {[180,0]3, [0,180]3}2,

{[270,90]3, [90,270]3}2
3.5. Nuclei with S > 3=2

It is worthwhile noticing that the 2D HETCOR ex-

periment can also be extended to nuclei with spins larger

than 3/2. In that case the pulse sequence should be ad-

justed. To obtain a particular pQMAS spectrum in the

F1-dimension from a nucleus with spin quantum num-
ber S with a multiple-quantum coherence order jpj
smaller than 2S, a coherence pathway �p ! �1 ! �1

should be chosen, so that /1 is phase cycled with a basic

step of 360�/2p and the receiver phase is modified ac-

cording to [47], /rec ¼ �
P

i Dpi/i (dotted line in the

coherence pathway diagram, Fig. 1). Otherwise, when

p ¼ 2S, the pathway �p ! �1 ! �1 is to be picked,

again by adjusting /1 and /rec. A suitable choice of the
MQMAS RF shaping pulses must be made in order to
achieve better sensitivity [50].
4. Conclusions

In this paper, we have shown a method to obtain

high-resolution 2D HETCOR spectra of half-integer

quadrupolar spins coupled to protons. High-resolution
spectra are obtained by correlating a split-t1 MQMAS

scheme in the indirect dimension with a wPMLG5*

proton detection scheme. Transfer of coherence is

achieved via standard cross-polarization. By recording

spectra at several contact times, qualitative information

regarding proximity of the atoms can be obtained. This

technique allowed us to assign the three Naþ sites in

sodium citrate dihydrate. Improved selectivity may be
obtained by using Lee–Goldburg cross polarization or

any other qualitative scheme. This experiment provides

an additional tool for the spectral editing of protons and

some interesting half-integer quadrupolar spins such as
23Na, 17O, 27Al, 67Zn, and 25Mg. The experiment may be

easily adjusted to nuclei with spins 5/2 and larger by a

modification of its coherence pathway and phase cycling

scheme.
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