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a b s t r a c t

We introduce an original pulse sequence, BR21
2ðspsÞ, which is a block super-cycled R21

2 sequence employ-
ing as basic element a p pulse sandwiched by ‘window’ intervals. This homonuclear dipolar recoupling
method allows the efficient excitation of double-quantum coherences between spin-1/2 nuclei submitted
to very large chemical shift anisotropy. We demonstrate that this technique can be employed in double-
quantum M single-quantum 31P homonuclear correlation experiment at high magnetic field (B0 P 14 T)
and high MAS frequencies (mR P 30 kHz). The performances of BR21

2ðspsÞ are compared to those of the
double-quantum recoupling methods, such as BABA and bracketed fp-RFDR, which were already
employed at fast MAS rates. The BR21

2ðspsÞ sequence displays a higher robustness to CSA and offset than
the other existing techniques.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Solid-state 31P nuclear magnetic resonance (NMR) benefits from
the favorable nuclear properties of this spin-1/2 isotope, character-
ized by a high gyromagnetic ratio (c31P = 0.40c1H = 1.61c13C) and a
100% natural isotopic abundance. Furthermore, the 31P isotropic
chemical shifts (diso) cover nearly 2000 ppm, allowing a clear dis-
tinction between various local environments of phosphorous
atoms [1]. In solids and mesophases, the chemical shift anisotropy
(CSA), which is in the order of 100–200 ppm, provides additional
information on the symmetry of the 31P sites [2]. Owing to these
advantageous properties, solid-state 31P NMR spectroscopy has
been employed to characterize biological molecules [3,4], such as
proteins in the phosphorylated state, phospholipids and nucleic
acids, as well as inorganic materials, such as phosphate glasses
and porous aluminophosphates [4].

Two-dimensional (2D) 31P homonuclear correlation (HOMCOR)
experiments have been introduced in order to probe the connectiv-
ity and the proximity of the different 31P sites in solids. Coherence
transfers between nearby 31P nuclei can be achieved via the J-cou-
plings (J-HOMCOR) [5,6] or the dipole–dipole (DD) couplings (D-
HOMCOR) [7–13]. J-HOMCOR and D-HOMCOR methods are com-
plementary, since J-HOMCOR reveals the through-bond connectiv-
ity while D-HOMCOR provides information on the through-space
proximity. The 2D HOMCOR experiments can select either single-
(1Q), double- (2Q) or multiple-quantum (MQ) coherences during
the t1 period [14]. Compared to 1Q–1Q correlation experiments,
the 2Q–1Q and MQ–1Q correlation spectroscopies benefit from
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the possibility to probe correlation between equivalent sites. The
focus here is on 2Q–1Q 31P D-HOMCOR [7–13].

D-HOMCOR on polycrystalline and disordered materials em-
ploys a combination of two methods: (i) magic-angle spinning
(MAS) for improving spectral resolution and sensitivity and (ii)
homonuclear recoupling techniques [8,10,15–38], to reintroduce
selectively the dipolar couplings, which are averaged out by MAS.
Two classes of homonuclear recoupling techniques can be em-
ployed in order to excite the double-quantum coherences (2QCs)
in 2Q–1Q D-HOMCOR experiment. We can use either direct 2Q-
recoupling sequences, such as BABA [8,22] and POST-C7 [24], or
0Q-recoupling schemes, such as finite-pulse RFDR (fp-RFDR) [32],
bracketed by a pair of p/2-pulses: [fp-RFDR] [33,37,40]. In the case
of 31P nuclei, homonuclear 2QCs have been created under MAS
condition by using BABA [8], [fp-RFDR] [12], and RNm

n or CNm
n sym-

metry-based sequences [9–11,13], such as POST-C7 [24]. These
recoupling methods allow to obtain 2D 2Q–1Q D-HOMCOR exper-
iments and to estimate the 31P–31P inter-nuclear distances
[11,41,42].

Up to now, 31P recoupling schemes were mainly applied at mod-
erate static magnetic fields (B0 6 11.7 T). Higher magnetic fields can
lead in principle to substantial benefits in terms of sensitivity and
resolution. However, the magnitude of the CSA, in Hz, is propor-
tional to B0. As a result, 31P nuclei in phosphate groups can experi-
ence CSAs as large as 81 kHz at 23.5 T (the largest magnetic field
presently commercially available), when daniso = 200 ppm. In that
case, the magnitude of 31P CSA is comparable with that of the radio-
frequency (rf) fields and is much larger than the 31P–31P dipolar
interactions, which do not exceed 1.8 kHz in magnitude [4]. There-
fore, large 31P CSAs can interfere with the homonuclear recoupling
sequences and they may decrease the excitation efficiency of 2QCs
[11]. The robustness of the recoupling sequences to resonance off-
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set is generally less critical, since in most of phosphorous-contain-
ing samples, such as phosphate glasses, the phosphorous atoms oc-
cupy similar sites and the offset range is limited to about 20 ppm,
i.e., 8.1 kHz at 23.5 T in these compounds.

The interference of 31P CSA with dipolar recoupling sequences
at high magnetic fields can only be circumvented by combining:
(i) a high MAS frequency (mR P 30 kHz) and (ii) dipolar recoupling
sequences that suppress the CSA internally. Only a few existing
dipolar recoupling schemes meet both requisites. The BABA se-
quences can be employed at high MAS rates but are sensitive to
CSA [8]. Even the use of a super-cycle spanning four rotor periods
does not permit a total elimination of the CSA during BABA recou-
pling schemes. The symmetry-based sequences allow for a better
compensation of CSA, but most of them cannot be employed at
high MAS frequencies owing to the need for large rf fields. For in-
stance, POST-C7 requires the nutation frequency to be seven times
the sample spinning frequency. Such high rf power for extended
time periods of tens of ms is not compatible with probe rf-limita-
tions and can lead to the unwanted heating of high water and salt
content samples, such as bio-molecules. The symmetry-based se-
quences with lower rf field requirements are more promising for
fast MAS solid-state NMR. Recently, we demonstrated that a se-
quence derived from the R21

2 symmetry achieved an efficient
1H–1H 2Q dipolar recoupling at high spinning speeds [39]. This se-
quence denoted SPIP (Sandwiched PI Pulse) was also shown to be
robust to offset for 1H spectra.

The purpose of the present contribution is to develop 2Q–1Q 31P
D-HOMCOR experiments at high magnetic fields (B0 P 14.0 T) and
high MAS frequencies (mR P 30 kHz). We compare the perfor-
mances of different 31P dipolar recoupling methods, such as BABA,
[fp-RFDR] and SPIP. We also propose a new pulse sequence,
BR21

2ðspsÞ, based on the R21
2 sequence [14,37,43], which does not

need large rf power. The experiments were performed on large
field spectrometers (up to 18.8 T in this work), with fast (30 kHz
a

b

c

d

e

Fig. 1. (a) General scheme of 2Q–1Q spectroscopy. Basic cycle of: (b) BABA-4, (c) SPIP, (d)
�y,�x,�y) and (�y,�x,�y,�x) [49]. The pulse sequence in Fig. 2 of Ref. [12] was mistype
for the experiments) or ultra-fast (up to 65 kHz in the simulations)
spinning speeds. The analysis has been performed on systems with
31P dipolar-coupling 3D networks, and not only on isolated 31P–31P
spin pairs.
2. Pulse sequences

2.1. 1D 2QF and 2D 2Q–1Q D-HOMCOR experiments

The general scheme of 2Q–1Q D-HOMCOR experiments is de-
scribed in Fig. 1a. A first recoupling sequence is applied for an
interval sexc in order to transform the longitudinal magnetization
into 2QCs. A second recoupling period of duration srec, followed
by a p/2 pulse, transforms the 2QCs into observable transverse
magnetization. Signals passing through 2QCs are selected by a
four-step phase cycle of the pulses used for exciting or reconvert-
ing the 2QCs. For 1D 2Q-filtered (2QF) sequences, there is no
evolution period, t1 = 0, whereas for 2D 2Q–1Q D-HOMCOR exper-
iments, the t1 delay is incremented. Hence, the evolution of 2QCs
during t1 is correlated with that of 1Q-coherences during t2 and
the resulting 2D spectra display 2Q–1Q correlations. Different
homonuclear dipolar recoupling sequences can be applied during
sexc and srec periods. We employ symmetry-based recoupling se-
quences, such as BABA, SPIP, BR21

2ðspsÞ and [fp-RFDR]. The
robustness of these sequences to 31P CSA is improved by super-
cycling, i.e., repetition of the pulse sequence with an additional
overall phase shift and/or a change in sign of all phases
[8,34,36,38,44]. These super-cycles may sacrifice the favorable
properties of ‘c-encoding’ for the sake of greater robustness
[34]. All the super-cycled recoupling sequences employed in this
article are non-c-encoded, and hence the evolution time t1 must
be an integer multiple of rotor periods, which limits the F1 spec-
tral width.
BR21
2ðspsÞ, (e) [fp-RFDR]. The XY-16 super-cycle consists in (x, y, x, y), (y, x, y, x), (�x,

d. It actually has one p pulse per rotor period, and is identical with that shown in (e).



Fig. 2. Simulations of first- and second-order rms scaling factors plotted as function
of the pulse fraction f, as defined in Eq. (7), for BABA, SPIP, BR21

2ðspsÞ and [fp-RFDR]
recoupling methods. The ‘C and R symmetries’ Mathematica package has been used
and the super-cyclings have been taken into account [30,43,47,48,26]. Curve (a)
displays the rms scaling factor, jrms

DD2Q , defined in Eqs. (4) and (5), of the desired DD
coupling 2Q terms, while curves (b) and (c) display the rms scaling factors,
jrms

CSA�CSAand jrms
CSA�iso , defined in Eq. (6), of unwanted second-order cross-terms. The

jrms
CSA� CSA and jrms

CSA�iso values allow a qualitative assessment of the CSA and offset
interferences. These curves were calculated for BABA, SPIP, BR21

2ðspsÞ sequences
spanning 4 rotor periods and [fp-RFDR] sequence with XY-16 super-cycle spanning
16 rotor periods. Thus, the SPIP and BR21

2ðspsÞ sequences correspond to
ð R21

2Þ
1ðR2�1

2 Þ
1 symmetry. For the SPIP method, the rf nutation frequency of the

bracketing h pulses is fixed to 70% of that of p pulses, i.e., m1h = 0.7m1p. Note that if
this figure properly predicts the dependence of the optimal efficiency and
recoupling time with the f value, it fails in explaining why SPIP sequence with
f > 0.2 (m1 < 2.5mR) is more robust to CSA and offset than BABA sequences. This
discrepancy clearly evidences the limitations of the AHT up to the second order,
when the 31P CSA is larger than the spinning speed. In that case, only numerically
exact simulations allow a quantitative assessment of CSA interferences.

180 B. Hu et al. / Journal of Magnetic Resonance 200 (2009) 178–188
2.2. Average Hamiltonian theory

The properties of the investigated symmetry-based recoupling
sequences can be analyzed by using both the average Hamiltonian
theory (AHT) and symmetry arguments [34,44]. The effective Ham-
iltonian, H, describing the synchronous evolution of the spin sys-
tem, can be expanded in terms of increasing order of
perturbation by using the Magnus expansion [34,45]:

H ¼ Hð1Þ þ Hð2Þ þ � � � ð1Þ

where the upper indices give the order of perturbation. If the inter-
nal spin interactions expressed in Hz are smaller than the inverse
period of the pulse sequence, the Magnus expansion converges after
the first or second term. This convergence criteria may not hold for
31P nuclei in large B0 field since the CSA can be larger than the MAS
frequency, whereas the period of rotor-synchronized pulse se-
quences is always larger than or equal to the rotor period TR = 1/
mR. Even if terminating the Magnus expansion after the first and sec-
ond-order terms is a crude approximation in the case of 31P NMR
experiments, we show below that these first two terms provide
some physical insights into the spin dynamics during the recoupling
sequences. In particular, Hð1Þ and Hð2Þ Hamiltonians allow a qualita-
tive prediction of the dependences of efficiency and optimal recou-
pling time with the pulse length (see Figs. 2 and 4). Therefore, the
AHT of the investigated symmetry-based recoupling sequences is
briefly discussed below. The general theory of symmetry-based
recoupling sequences may be found in Refs. [34,43,44].

The terms in the Magnus expansion subsume the contributions
of the different spin interactions. In general, the higher the order
the lower the magnitude. Each interaction K is characterized by
its transformation properties under rotations of the molecular
framework and the nuclear magnetic moments. The space and spin
rotational properties are specified by the space rank l and the spin
rank k, respectively. The various nuclear spin interactions are dis-
tinguished by the values of l and k. For instance, the pair {l, k} is
equal to {2, 2} for homonuclear DD interaction, {2, 1} for CSA, {0,
1} for diso. Each spin interaction may be regarded as a superposition
of (2l + 1) � (2k + 1) components, with component indexes m and l
running, respectively, from �l to +l, and �k to +k in integer steps.
Therefore, each term in the expansion of Eq. (1) is the sum of many
different components:

Hð1Þ ¼
X

1

Hð1Þ1 ð2Þ

Hð2Þ ¼
X

2

X
1

Hð2Þf1;2g ð3Þ

where the bold index 1 is used to represent the term of interaction
K1 with quantum numbers {l1, m1, k1, l1} and similarly for 2. The
sum of Eq. (2) is taken over all spin interactions of the system
and all combinations of quantum numbers, whereas the sum of
Eq. (3) is taken over all cross-terms between a term of interaction
K1 with quantum numbers {l1, m1, k1, l1} and that of interaction
K2 with quantum numbers {l2, m2, k2, l2}. The symmetry properties
and the super-cycle of 2Q homonuclear recoupling sequences must
be such that some homonuclear DD coupling 2Q terms with l = ±2
are symmetry-allowed in Hð1Þ, and all CSA and diso terms are sym-
metry-forbidden to first-order. The optimal length of sexc and srec

delays in 2Q–1Q D-HOMCOR experiments depends on the ampli-
tude of the recoupled 2Q DD interaction. This amplitude depends
on the recoupling sequence through the set of scaling factors jlmkl
where {l, m, k, l} = {2, m, 2, ±2} and m = ±1, ±2 are all symmetry-al-
lowed quantum numbers characterizing the 2Q DD interaction. A
qualitative factor subsuming the strength of the recoupled 2Q DD
interaction may be assessed by taking the root mean square (rms)
of the symmetry-allowed scaling factors [46]:
jrms
DD2Q ¼

X
m

jj2m22j2 þ jj2m2�2j2
h i !1=2

ð4Þ

where the sum is taken over m = ±1, ±2. It must be reminded here
that this jrms

DD2Q factor is roughly proportional to the 2QC build-up
rate, i.e., proportional to the inverse of the optimal recoupling time.
It does not affect directly the maximal efficiency. The analytical
expressions of jlmkl for CNm

n and RNm
n sequence are given in Ref.

[43]. The jlmkl values were calculated by using the ‘C and R symme-
tries’ Mathematica package which takes into account the super-cy-
cle [30,43,47,48,26]. Note that owing to the insertion of bracketing
p/2-pulses, the [fp-RDFR] sequence does not belong to CNm

n and RNm
n

symmetry classes, and its jrms
DD2Q value cannot be directly calculated

with this package. However, fp-RDFR is a 0Q recoupling scheme,
which originates from R41

4 symmetry. The bracketing p/2-pulses
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Fig. 3. Simulations of 31P 1D 2QF build-up curves of one 31P–31P spin pair with b/(2p) = �263 Hz. Both nuclei were submitted to two identical CSAs, with asymmetry
parameter g = 0.1. The simulations were performed for four different recoupling sequences at B0 = 18.8 T and mR = 30 kHz. Four different daniso values were employed: 0, 80,
160 or 250 ppm. The daniso value corresponding to each plot is indicated in the figure. The rf irradiation was applied in the middle of these two resonances, which are
separated by a difference in isotropic chemical shift of Ddiso = 2 ppm. For each pulse sequence, the pulse fraction f was optimized: (a) BABA-4 with f = 0.3 (b) [fp-RFDR] with
f = 0.33, (c) SPIP with f = 0.167, (d) BR21

2ðspsÞ with f = 0.167. The bracketing p/2 pulses are ideal pulses.
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only convert a part of the DD coupling 0Q terms into 2Q terms.
Therefore, the scaling factor of 2Q terms for [fp-RFDR] can be calcu-
lated from that of 0Q terms reintroduced by fp-RFDR, according to

jrms
DD2Q ð½fp-RFDR�Þ ¼

ffiffiffi
3
p

2
jrms

DD0Q ðfp-RFDRÞ

¼
ffiffiffi
3
p

2

X
m

jj2m20ðfp-RFDRÞj2
 !1=2

ð5Þ

The above expression is demonstrated in Appendix A. If the symme-
try properties of BABA, SPIP, BR21

2ðspsÞ and [fp-RFDR] restore selec-
tively the 31P–31P DD interactions to first-order, the CSA and
resonance offsets are much larger than the DD interactions in the
case of 31P nuclei. Hence, a first-order analysis is often insufficient.
As pointed out above, the CSA of 31P nuclei in large B0 field is usually
larger than the inverse period of the pulse sequence. Therefore, the
CSA and diso interferences are not limited to the second-order terms
but can involve higher order terms. Nevertheless, in this article, the
AHT treatment is confined to the first and second order terms. The
influence of higher order terms will only be evidenced by compar-
ison between AHT predictions and numerically exact simulations.
The second-order Hamiltonian allows qualitative assessment of
CSA and diso interferences. For 31P recoupling, the Hð2Þ Hamiltonian
is generally dominated by CSA � CSA and CSA � diso cross-terms.
The size of these undesirable terms may be assessed by calculating
the rms scaling factor of CSA � CSA and CSA � diso cross-terms,
jrms

CSA�CSA and jrms
CSA�iso. These second-order scaling factors are given by

jrms
K1�K2

¼
X
f1;2g
jjf1;2gj2

 !1=2

ð6Þ
where the sum is taken over all symmetry-allowed cross-terms, {1,
2}, between a term of interaction K2 with quantum number {l2, m2,
k2, l2} and that of interaction K1 with quantum number {l1, m1, k1,
l1}. The second-order scaling factor, j{1,2}, can be evaluated from
the analytical forms given in Ref. [44] and their implementation
in the ‘C and R symmetries’ package. The scaling factors of BABA,
SPIP, BR21

2ðspsÞ and [fp-RFDR] depend on the relative durations be-
tween the pulses and the windows, i.e., the pulse fraction f

f ¼
4sp=2=TR for BABA

sp=TR for SPIP; BR21
2ðspsÞ; ½fp-RFDR�

(
ð7Þ

Fig. 2 compares the dependences of scaling factors, jrms
DD2Q , jrms

CSA�CSA

and jrms
CSA�iso, with the pulse fraction f. This figure is discussed in

the following subsections.

2.3. BABA recoupling

Different variants of the BABA scheme have been proposed [8].
As the 31P–31P dipolar coupling constants are moderate (jbj/
2p 6 900 Hz between phosphate groups), the optimal sexc and srec

values are larger than 10 rotor periods at high MAS frequencies
(mR P 30 kHz). Therefore, super-cycled BABA sequences can be em-
ployed. Here, we used the BABA-4 sequence [8], spanning four ro-
tor periods and depicted in Fig. 1b. This sequence corresponds to
the ðR20

2Þ2
1 ¼ ðR20

2Þ0ðR20
2Þ180 symmetry, using the basic inversion

element R ¼ p=20 � s� p=20 � p=290 � s� p=2270. Here, the stan-
dard notations for rf pulse and super-cycle are used [34,44]. n/

indicates a rectangular, resonant rf pulse with flip angle n and
phase /. The rf pulses are assumed to be strong and short and
the delay s is adjusted so that the basic element R lasts one rotor
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period. The ðR20
2Þ2

1 symmetry implements both 0Q and 2Q dipolar
recoupling and suppresses the unwanted CSA and isotropic chem-
ical shift terms to first-order. The scaling factors for DD coupling
0Q term in Hð1Þ vanish in the limit of strong rf field, i.e., low pulse
fraction f, whereas the scaling factor jrms

DD2Q of 2Q operators tends toffiffiffi
2
p

=p in this limit. Fig. 2a shows that BABA-4 leads to much larger
jrms

DD2Q values than the other recoupling methods. Thus, BABA-4 re-
quires short optimal recoupling times. This advantage comes at the
expense of significant jrms

CSA�CSA and jrms
CSA�iso values, even when the

pulse fraction f tends to zero (see Fig. 2b and c). These high sec-
ond-order cross-terms partly explain the high sensitivity of
BABA-4 to CSA and resonance offsets. These CSA and diso interfer-
ences preclude the use of BABA-4 for 31P nuclei at large static mag-
netic fields.

2.4. SPIP recoupling

The SPIP recoupling sequence, depicted in Fig. 1c, was recently
introduced in order to recouple the 1H–1H dipolar couplings at high
MAS frequency [39]. It is constructed from the R21

2 symmetry-based
sequence employing a composite p pulse R ¼ h0p0h180 as basic ele-
ment. The basic R21

2 symmetry achieves both 0Q and 2Q homonu-
clear dipolar recoupling but does not suppress all offset and CSA
terms in the first-order AHT. These unwanted CSA and offset terms
can be removed by applying a block super-cycle, which consists in
an overall phase shift of rf pulses from the middle of the sexc and srec

delays. This super-cycle is similar to that described by Mali et al. in
the case of homonuclear dipolar recoupling of quadrupolar nuclei
[40]. Therefore, when these delays span 4 � p rotor periods, the SPIP
sequence corresponds to ðR21

2Þ
pðR2�1

2 Þ
p ¼ R2pp

2pR2p�p
2p symmetry.

This symmetry leads to a better suppression of CSA interferences
than the usual phase inversion super-cycle ðR21

2R2�1
2 Þ

p (see Fig. 4
in Ref. [39]). However, we have verified with the ‘C and R symme-
tries’ Mathematica package that the first- and second-order AHT
scaling factors of ðR21

2Þ
pðR2�1

2 Þ
p and ðR21

2R2�1
2 Þ

p sequences are
identical up to p = 4. The advantage of the block super-cycle over
the phase inversion super-cycle may arise from a better suppres-
sion of CSA and offset contributions in the Magnus expansion terms
with order greater than 2.

Fig. 2a shows that the jrms
DD2Q scaling factor for SPIP tends to zero

in the limit of low pulse fraction and is globally much lower than
that of BABA-4. Therefore, SPIP employs longer recoupling delays
than BABA-4. Simultaneously, jrms

CSA�CSA and jrms
CSA� iso cross-terms

scaling factors are also vanishing in the limit of strong rf field,
i.e., low f values (f < 0.1, see Fig. 2b and c). The choice of the pulse
fraction results from a compromise between the suppression of the
CSA and the irreversible losses.

If Fig. 2 properly predicts the dependence of the optimal effi-
ciency and recoupling time with the f value, it fails in explaining
why SPIP sequence with f > 0.2 (m1 < 2.5mR) is more robust to CSA
and offset than BABA sequences. This higher robustness of SPIP
over BABA was demonstrated previously (see Figs. 2, 5 and 7 in
Ref. [39]). Furthermore, it is confirmed in the case of 31P nuclei
experiencing large CSA by the comparison of Fig. 3a and c. Con-
versely Fig. 2 shows that the jrms

CSA�CSA and jrms
CSA�iso scaling factors

of SPIP scheme are larger than those of BABA-4, when f exceeds
0.2. This discrepancy clearly evidences the limitations of the AHT
up to the second order, when the 31P CSA is larger than the spin-
ning speed. In that case, only numerically exact simulations allow
a quantitative assessment of CSA interferences.

Windowless SPIP basic element was used in the case of 1H–1H
dipolar recoupling in order to decrease the irreversible losses, since
the T1q relaxation times of 1H nuclei are significantly larger than
the T 02 times. This does not hold for 31P nuclei and the sandwiching
h pulses can be replaced by ‘window’ intervals, during which no rf
field is applied.
2.5. BR21
2ðspsÞ recoupling

The substitution of the h pulses in SPIP by windows leads to the
recoupling sequences depicted in Fig. 1d. This sequence originating
from the R21

2 symmetry employs a windowed basic element
R ¼ s� p0 � s. The delay s is adjusted so that the basic element
R lasts one rotor period. The block super-cycle is identical to that
of SPIP, and hence the sequence is called BR21

2ðspsÞ in the follow-
ing. Therefore, BR21

2ðspsÞ sequence provides 0Q and 2Q dipolar
recoupling, while suppressing the unwanted CSA and offset terms
to first-order. As for SPIP, jrms

DD2Q , jrms
CSA�CSA and jrms

CSA�iso scaling factors
for BR21

2ðspsÞ tend to zero for low f values (see Fig. 2). Hence, large
rf fields are required in order to suppress the CSA and offset inter-
ferences. Compared to SPIP, BR21

2ðspsÞ yields larger jrms
DD2Q factor

and smaller jrms
CSA�CSA and jrms

CSA�iso interference terms (see Fig. 2).
Thus, BR21

2ðspsÞ requires shorter recoupling time than SPIP and
is much more robust to CSA and offset. Both features are advanta-
geous in the case of 31P nuclei, which experience moderate DD cou-
plings and strong CSAs.

2.6. [fp-RFDR] recoupling

The [fp-RFDR] sequence is depicted in Fig. 1e. The usual version
of fp-RFDR is constructed from R41

4 symmetry with an overall 45�
phase shift and employs the same basic element as BR21

2ðspsÞ
[32,34]. This symmetry achieves 0Q dipolar recoupling and removes
the CSA and offset interferences to first-order. The unwanted terms
can be further suppressed by using super-cycle, such as XY-8 and
XY-16 [49]. The fp-RFDR sequence with XY-16 super-cycle corre-
sponds to the symmetry ðR4�1

4 R41
4Þ2

1 ¼ ðR4�1
4 R41

4Þ0ðR4�1
4 R41

4Þ180

with an overall 45� phase shift, while the XY-8 super-cycle corre-
sponds to ðR4�1

4 R41
4Þ45. The insertion of bracketing p/2-pulses at

the beginning and at the end of fp-RFDR yields the [fp-RFDR]
scheme and allows for the excitation of 2QCs. Compared to
BR21

2ðspsÞ and SPIP, [fp-RFDR] benefits from larger jrms
DD2Q factor

and lower jrms
CSA�CSA and jrms

CSA�iso values (see Fig. 2). Therefore, an anal-
ysis based on AHT limited to the second-order predicts that [fp-
RFDR] is more advantageous than BABA-4, SPIP and BR21

2ðspsÞ in
order to excite 31P 2QCs at high magnetic field. This theoretical pre-
diction will be compared with numerically exact simulations and
experiments in the following sections.

3. Simulations with one isolated spin pair

In preparation for the experiments, we performed simulations
with the SIMPSON software [50]. The powder averaging was per-
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formed using 11 c angles and 256 crystallite orientations selected
according to the REPULSION algorithm [51]. The performances of
the recoupling schemes were compared in 1D 2QF experiments.
The build-up of 2QCs may be estimated by acquiring 2QF NMR sig-
nals as a function of the intervals sexc and srec. Different protocols
can be used [11,31,36,38,52,53,14]. In the following, we will only
describe the results obtained with the symmetric protocol, i.e.,
the two intervals sexc and srec are both incremented but kept equal
to each other: sexc = srec. In Figs. 3–6, the vertical axes show the cal-
culated 2QF efficiencies, defined as the ratio of the integral of 1D
2QF spectra to the integral of 1D spectrum obtained after p/2-pulse
excitation. This definition gives efficiency twice smaller than that
defined in Ref. [12]. Moreover, our excitation time sexc is equal to
half that defined as ‘excitation time’ in this article [12].

We have performed the comparison of the four recoupling se-
quences (BABA-4, [fp-RFDR], SPIP and BR21

2ðspsÞÞ, on one isolated
31P–31P spin pair. The dipolar interaction was fixed to
b/(2p) = �263 Hz, the magnetic field to B0 = 18.8 T, the spinning
speed to mR = 30 kHz and both species were submitted to the same
CSA. The rf irradiation was applied in the middle of these two res-
onances, which are separated by a small difference in isotropic
chemical shifts of Ddiso = 2 ppm. Fig. 3 compares the build-up
curves of 2QF efficiencies as a function of the excitation time sexc

for the four recoupling schemes and four different CSA values
(daniso = 0, 80, 160 and 250 ppm) while the shielding tensor asym-
metry parameter, g, is fixed to 0.1. It must be reminded that the
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Fig. 5. Simulations of 31P 1D 2QF build-up curves of one 31P–31P spin pair for [fp-
RFDR] and BR21

2ðspsÞ sequences with different f pulse fractions indicated in the
figure. In that case, the maximal efficiencies are obtained for very long sexc and srec

values since the jrms
DD2Q factors tend to zero for small f fractions (see Fig. 2a).

However, the build-up curves of Fig. 5 were calculated for an isolated spin pair, in
the absence of relaxation. Experimentally, additional coherent and incoherent
decay mechanisms can damp the 2QF efficiency for long recoupling time. Both 31P
nuclei experience large CSA (daniso = 250 ppm). The other simulation parameters
correspond to those of Fig. 3.
sexc and srec values can only be multiples of 4TR for BABA-4, SPIP
and BR21

2ðspsÞ, and of 8TR (XY-8) or 16TR (XY-16) for [fp-RFDR].
Fig. 3 shows that for daniso = 0 ppm, the optimal excitation time,

sopt, leading to maximal 2QF efficiency for the symmetric protocol,
increases in the following order: BABA-4, [fp-RFDR], BR21

2ðspsÞ and
SPIP. This agrees with the relative magnitude of jrms

DD2Q scaling fac-
tors (see Fig. 2a) and shows the validity of AHT in this case. For
31P–31P dipolar recoupling at high MAS frequency, the sopt values
are much larger than the minimal sampling period (4–16TR). Under
such condition, large jrms

DD2Q scaling factors and hence short sopt de-
lays are advantageous since they allow decreasing the irreversible
losses and thus increasing the experimental 2QF efficiency. Con-
versely, in the case of 1H nuclei, which experience strong homonu-
clear DD couplings, low jrms

DD2Q scaling factors are required to
sample easily the maxima of 2QF efficiency [39]. If the BABA se-
quence benefits from the shorter recoupling time, it is not able to
manipulate efficiently spin species submitted to not negligible
CSAs (Fig. 3a). This results from the large magnitude of jrms

CSA�CSA

scaling factor (see Fig. 2b). The robustness to CSA of SPIP and [fp-
RFDR] are similar, while BR21

2ðspsÞ is the most robust sequence.
The higher robustness of BR21

2ðspsÞ was not predicted by the
AHT up to second order, since the jrms

CSA�CSA scaling factor of
BR21

2ðspsÞ was larger than that of [fp-RFDR] (see Fig. 2b). This
robustness may arise from a better suppression of CSA in the Mag-
nus expansion terms HðiÞ with i P 3. This result again illustrates the
fact that the first- and the second-order terms do not suffice to as-
sess CSA interferences when the 31P CSA magnitude exceeds the in-
verse period of the sequence. In summary, BR21

2ðspsÞ and [fp-
RFDR] are the two most efficient methods for 31P–31P dipolar
recoupling. BR21

2ðspsÞ manifests higher robustness to CSA than
[fp-RFDR], but requires longer recoupling time.

In Fig. 4, we have represented the build-up curves of BR21
2ðspsÞ

and [fp-RFDR], at fast and ultra-fast spinning speed (mR = 30 and
65 kHz, respectively), for the previous 31P–31P spin pair with both
nuclei submitted to a strong CSA of 250 ppm at 18.8 T. The maxi-
mum efficiency of both methods increases with spinning speed,
and becomes approximately equal to its value observed without
CSA (�0.28) for BR21

2ðspsÞ at mR = 65 kHz. This result indicates a
decrease of CSA interference with increasing MAS frequency. This
is consistent with AHT since the Magnus expansion terms HðiÞ with
i P 2 decline with increasing MAS frequency. The fact that the det-
rimental effect of CSA can be suppressed with fast spinning, which
is shown by simulations in Fig. 4, has already been demonstrated
experimentally in the case of hydroxyapatite [58]. The 2QF effi-
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ciency only reflects the integral of the whole spectra. Thus, the in-
crease in intensity of the center bands is reinforced by the quasi-
disappearance of spinning sidebands at 65 kHz. However, the
experimental S/N ratios may not follow the same trend owing to
the difference of sample volume between a 2.5 (mR = 30 kHz) and
a 1.2–1.3 (mR = 65 kHz) mm rotors.

Fig. 5 shows a series of [fp-RFDR] and BR21
2ðspsÞ build-up

curves simulated for different f values. The MAS frequency is
mR = 30 kHz, while the other simulation parameters correspond to
those of Fig. 4. For both recoupling sequences, there is a decrease
of the sopt delays for increasing f ratio. This results from the vanish-
ing jrms

DD2Q scaling factors in the limit of low f, i.e., strong rf field (see
Fig. 2a). Furthermore, the sensitivity to CSA increases with increas-
ing f ratio since the jrms

CSA�CSA factors of [fp-RFDR] and BR21
2ðspsÞ are

increasing functions of f (see Fig. 2b and c). Therefore, the optimal
rf field for [fp-RFDR] and BR21

2ðspsÞ sequences depends on both
the DD coupling, the CSA and the relaxation times. It must be noted
that, for a given f value, the BR21

2ðspsÞmethod is always more effi-
cient than [fp-RFDR].

4. Simulations of multi-spin interactions

Previous simulations were performed for an isolated spin pair. A
problem, which is frequently encountered in 31P NMR, is the damp-
ing of build-up curves obscuring possible informative oscillations.
The damping results from incoherent processes, and coherent de-
cay mechanisms, such as the dissipation of spin-order into multi-
ple-spin coherences through the multiple DD 31P–31P couplings.
The influence of relaxation damping on the dipolar coupling mea-
surements may be reduced by using a constant-time procedure
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Fig. 7. 31P 1D 2QF spectra of Na3P3O9 sample employing various B0 fields and recouplin
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rf field of hard p/2 pulse is 84 kHz. (b) Spectra at B0 = 9.4 T and mR = 30 kHz. The sexc = sr

1600 ls and 0.275 for BR21
2ðspsÞ and [fp-RFDR]. The rf field of hard p/2 pulse is 84 kHz

551 ls and 0.30 for BABA-4, 3310 ls and 0.15 for SPIP, 2100 ls and 0.15 for BR21
2ðspsÞ an

sidebands.
[11,31,36,38,52,53,14]. An example of coherent decay mechanism
is the dipolar truncation phenomenon, which affects essentially
all homonuclear dipolar recoupling sequences [54–56]. This means
that long-range correlations between two nuclei are not visible
when one of them is also involved in a short-range correlation with
a third nucleus. However, coherent decay processes are not limited
to dipolar truncation (one strong and one weak dipolar interac-
tions). For instance, it also occurs as long as there are more than
two neighboring spins with similar dipolar interactions. In the case
of the P2S7 group in Ag7P3S11, which only presents two different 31P
species, it has been shown that the built-up curve is mainly influ-
enced by the distance between the first-nearest neighbors
(356 pm), because the distance to the second-nearest neighbors
(501 pm) are 1.4 larger than that between the first-nearest neigh-
bors [11]. In contrast, in a recent article on 31P [fp-RFDR] correla-
tions in octacalcium phosphate [12], it has been shown that this
signal decrease related to multi-spin interactions can be quite se-
vere in case of several dipolar interactions of similar amplitudes.

Fig. 6 evidences similar decays for the BR21
2ðspsÞ build-up

curves of P3–P6 (3–6) correlation peaks of octacalcium phosphate.
The spin system parameters are those already reported for
this compound [12]. In particular, the inter-nuclear distances are
d23 = 401.7, d36 = 420.6, d56 = 435.0, d26 = 495.1 and d22 =
683.5 pm. The build-up curves were simulated for spin clusters
containing either 2 (P3, P6), 4 (P3, P6 and two P2), or 5 (P3, P6, two
P2 and P5) phosphorous atoms; called clusters 2P, 4P or 5P, respec-
tively [12]. We have observed the same behavior for the four se-
quences whatever the spinning speed. Moreover, the BR21

2ðspsÞ
build-up curves calculated at mR = 30 kHz (see Fig. 6) are very sim-
ilar to those calculated with [fp-RFDR] sequence at mR = 10 kHz
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nd 0.23 for SPIP, 1333 ls and 0.23 for BR21
2ðspsÞ, 1066 ls and 0.23 for [fp-RFDR]. The

ec and f values are equal to 533 ls and 0.48 for BABA-4, 2133 ls and 0.275 for SPIP,
. (c) Spectra at B0 = 2.35 T and mR = 20 kHz. The sexc = srec and f values are equal to

d [fp-RFDR]. The rf field of hard p/2 pulse is 66 kHz. The stars in (a) indicate spinning
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[12]. This dramatic decrease in efficiency increases with the size of
the cluster. It has been explained by the fact that ‘the passive spins
in close proximity provide a strong dipolar dephasing of the ex-
cited 2Q coherences’ [12]. It can be verified that this effect is inde-
pendent from the spinning speed, and efficiencies obtained at
mR = 30 or 65 kHz (not shown) are similar. As a consequence, dis-
tance measurement by DQ spectroscopy in homonuclear spin sys-
tems is applicable only if the two-spin approximation holds. This is
the case in 13C–13C experiments performed on biological mole-
cules, because dipolar interactions between second neighbors are
smaller by a factor of at least 5 with respect to those between first
neighbors. However, this may not be the case in three-dimensional
networked materials.
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Fig. 8. 31P 1D 2QF signal in Na3P3O9 sample, as a function of the offset irradiation,
observed when using [fp-RFDR] and BR21
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in arbitrary units (a.u.). The other experimental parameters are those given in Fig. 7
caption.
5. Experimental 1D results

We have tested the BABA-4, SPIP, BR21
2ðspsÞ and [fp-RFDR]

experiments on Na3P3O9. The experiments were performed on
three (2.35, 9.4 and 18.8 T) Bruker Avance-II spectrometers
equipped with 2.5 (9.4 and 18.8 T) or 3.2 (2.35 T) mm MAS probes.

Sodium trimetaphosphate, Na3P3O9, was synthesized as de-
scribed in Ref. [57] including partial 17O enrichment. It crystallizes
in the orthorhombic Pmcn space group with four formula units per
unit cell [57]. The basic unit of Na3P3O9 is composed of two crystal-
lographically distinct sodium sites, two phosphorous sites and six
oxygen sites. The 31P MAS spectra exhibit two resonances P1 at
�16.0 ppm and P2 at �18.8 ppm, in a 1:2 ratio, in good agreement
with crystallographic data. The 31P–31P inter-nuclear distances and
dipolar interactions are equal to: d11 = 410, d22 � d12 � 289 pm, i.e.,
b11/(2p) = �283, b22/(2p) � b12/(2p) � �812 Hz. The basic anionic
unit is composed of a ring of three phosphate groups (Fig. 7d). Fol-
lowing the conventional notation, all phosphate entities in Na3P3O9

are noted Q2 because they are connected to two other phosphate
groups. The CSAs of these two 31P species, evaluated from their
sideband patterns, are approximately equal to daniso � 155 (P1)
and 165 (P2) ppm. At 18.8 T, these broadenings are very large
and equal to 50 (P1) and 53 (P2) kHz. The 1D 2QF spectra of
Na3P3O9, recorded with mR = 30 kHz at 18.8 T are represented in
Fig. 7a. The signal is about five times weaker with SPIP and
BABA-4 than with [fp-RFDR] and BR21

2ðspsÞ. These results evidence
the higher robustness of [fp-RFDR] and BR21

2ðspsÞ to CSA. Further-
more, the relative 2QF efficiencies approximately correspond to
those predicted from numerical simulations (see Fig. 3), especially
if we take into account the irreversible losses that are very impor-
tant for SPIP, and not negligible for BR21

2ðspsÞ, owing to their
recoupling time, sexc + srec, longer than that of [fp-RFDR]. When
decreasing the spinning speed to mR = 20 kHz, only the BR21

2ðspsÞ
sequence gave a good efficiency (not shown), because the CSAs
were then not enough averaged by BABA-4 and [fp-RFDR] se-
quences, and the losses still remained very important with SPIP.
In order to test the influence of the CSAs, we performed the same
1D experiments on Na3P3O9 at lower fields, 9.4 T (Fig. 7b) and
2.35 T (Fig. 7c), which means that the CSAs were scaled down (in
Hz) by a factor of 2 and 8, respectively, with respect to 18.8 T. At
9.4 T, we used the same spinning speed of 30 kHz, which means
that the only difference between experiments performed at 9.4
and 18.8 T resides in the CSAs. We do not have a 2.5-mm probe
operating at 2.35 T, and the spinning speed was thus limited to
20 kHz with a 3.2-mm probe. One observes a merging of the effi-
ciencies of BABA-4, BR21

2ðspsÞ and [fp-RFDR], with decreasing
CSAs. However, SPIP signal remains weak at 2.35 T, owing to long
recoupling time and hence large irreversible losses. This merging
effect was previously shown by simulations performed with large
or moderate CSAs (Fig. 3). Two opposite effects can be observed
when increasing the magnetic field (Fig. 7a–c): the S/N ratio
decreases and the resolution is enhanced. The first effect is related
to the very long T1z relaxation time of phosphorous magnetization,
which increases with the magnetic field (�200, 600, 1000 s at 2.35,
9.4, 18.8 T, respectively). With such long relaxation times, accumu-
lations were performed on full rotor samples with initial pre-satu-
ration followed by a constant delay of Dt. We have used similar
delays in all experiments (Dt � 50 s), which leads to a decrease
of the S/N ratio with increasing field. Moreover, the sample volume
at 2.35 T was ca. 3 times larger than that used at 9.4 and 18.8 T,
which also leads to a much better S/N ratio at that field. The second
effect is related to the resolution ‘enhancement’ observed with
increasing magnetic field. This enhancement stems from the line-
width nature of Na3P3O9. This well-crystallized compound shows
very narrow chemical shift distribution. Moreover, 31P is submitted
to 2JPOP that ranges between 10 and 30 Hz [6]. Finally, one can ob-
serve a very complex 1JPO multiplet structure (1JPO coupling is
around 120 Hz in this compound [26]) mostly restricted around
the base of the resonance because of partial 17O enrichment. We
have estimated the two resonance line-widths avoiding the 1JPO

coupling multiplet, and have observed line-widths of ca. 55 ± 5,
65 ± 5, 150 ± 10 Hz for P1 and 55 ± 5, 175 ± 15, 300 ± 20 Hz for P2,
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at 2.35, 9.4 and 18.8 T, respectively. Therefore, we can deduce that
at 2.35 T the two line-widths are dominated by the scalar 31P–31P
triplets due to 2JPOP couplings (Fig. 7d), and hence that the chemical
shift distribution is limited to ca. 0.20 (P1) and 0.50 (P2) ppm. At
9.4 T, these values correspond to the P1 line-width, but the P2 res-
onance must also be broadened by another process, certainly inco-
herent. At 18.8 T, a larger incoherent broadening is observed for
both species. Globally, by comparing the ratio between the line-
widths and the fields, we observe a significant resolution enhance-
ment when going from 2.35 to 9.4 T, but only the bases of the res-
onance are better resolved between 9.4 and 18.8 T spectra (Fig. 7a
and b).

We have also measured on Na3P3O9 the offset sensitivity of the
two most efficient sequences, namely [fp-RFDR] and BR21

2ðspsÞ, at
three magnetic fields, 18.8 T (Fig. 8a), 9.4 T (Fig. 8b) and 2.35 T
(Fig. 8c). The offset full-width at half-height (FWHH) of
BR21

2ðspsÞ is always at least the double of that observed for [fp-
RFDR]: FWHHðBR21

2ðspsÞÞ=FWHHð½fp-RFDR�Þ 46/18, 80/38 and
200/68 ppm, as shown in Fig. 8a, b and c, respectively. For most
samples, this chemical shift range is quite sufficient below 9.4 T,
but may be slightly too small at 18.8 T, especially for [fp-RFDR].

Current 1.3 mm MAS probes for 18.8 T spectrometers are not
yet able to tune at 31P Larmor frequency, and hence we have not
been able to compare simulations performed at mR = 65 kHz with
experimental data.

6. Experimental 2D results

Although 2QF experiments are useful to test the efficiency and
the robustness of the recoupling sequences, they only allow deter-
mining whether a spin species is subject to dipole–dipole cou-
plings, but the identity of the other spins involved in the
couplings remains unknown. In order to identify the two spin spe-
cies forming a dipolar-coupled pair, the 2QF experiment has to be
extended to a 2D 2Q–1Q D-HOMCOR experiment. We have re-
corded the 2D 2Q–1Q BR21

2ðspsÞ spectrum of Na3P3O9 at 18.8 T
and mR = 30 kHz (Fig. 9). Under MAS, the two 31P resonances are
well resolved without overlapping. The NMR parameters of these
31P species have been deduced from the spinning sideband pat-
terns: {diso (ppm), daniso (ppm), g} = {�16.0, �155, 0.06} for P1;
and {�18.8, �165, 0.1} for P2. Chemical shift separation between
the two species is small (2.8 ppm), but both species are submitted
to a large CSA: 50 and 53 kHz at 18.8 T, for P1 and P2, respectively.
The spinning speed was thus insufficient to avoid sidebands in the
spectrum (Fig. 7a). The 2–2 auto-peak exhibits a large signal,
whereas that for 1–1 is small, in agreement with the dipolar cou-
pling constants: b11/(2p) = �283 Hz and b22/(2p) = �810 Hz values.

7. Conclusions

We have demonstrated that a new simple pulse-sequence,
BR21

2ðspsÞ, can be applied for double-quantum NMR experiments
on spin-1/2 nuclei submitted to very large CSAs. The method,
which is a modified version of the rotor-synchronized R21

2 se-
quence, is efficient and robust to both CSA and offset. In the same
way as [fp-RFDR], BR21

2ðspsÞ uses finite p pulses the amplitude of
which is moderate and does not require stringent conditions. The
main difference between the two sequences resides in the much
more robust behavior of BR21

2ðspsÞ with respect to off-resonance
irradiation.

Presently, the main limitation of all homonuclear dipolar meth-
ods is related to the coherent decay processes resulting from multi-
ple dipolar interactions. A well-known example of such
phenomenon is dipolar truncation, which prevents the observation
of long-range correlations between two nuclei, when one of them
is also involved in a short-range correlation with a third nucleus.
However, there is also severe signal decay owing to multi-spin
dipolar interactions with similar dipolar coupling constants. As a
consequence, the determination of inter-nuclear distances in
homonuclear spin systems is easily feasible only if the two-spin
approximation holds.

A second limitation of these dipolar-based through-space meth-
ods is that unambiguous connectivity information cannot strictly
be ensured, as opposed to through-bond J-based methods. How-
ever, it is well known that by a proper choice of a short dipolar
recoupling time one may often obtain the same results as with
through-bond methods, at the expense of the S/N ratio.
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Appendix A

The AHT and the symmetry-based selection rules entail that the
first order average Hamiltonian, for the case of an isolated pair of
homonuclear spin-1/2 nuclei, Ij and Ik, submitted to the fp-RFDR
sequence, only contains the 0Q spherical tensor operator given
by Tjk

2;0 ¼ ð3IzjIzk � Ij � IkÞ=
ffiffiffi
6
p

Hð1Þðfp-RFDRÞ ¼
X

m

�xjk
2m20ðfp-RFDRÞ

 !
Tjk

2;0 ðA1Þ
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The complex amplitude of the recoupled 0Q homonuclear dipolar
interaction is expressed as a sum of many rotational components
�xjk

2m20ðfp-RFDRÞ with m = ±1, ±2. The amplitude �xjk
2m20ðfp-RFDRÞ

can be expressed as follows

�xjk
2m20ðfp-RFDRÞ ¼

ffiffiffi
6
p

bjkj2m20ðfp-RFDRÞd2
0mðbPRÞ

� exp �im cPR þ a0
RL �xRt0� �� �

ðA2Þ

where bjk is the dipolar coupling constant between nuclei j and k.
The scaling factors j2m20 (fp-RFDR) can be computed in the ‘C and
R symmetries’ Mathematica package. The Euler angles {bPR, cPR} re-
late the inter-nuclear j–k axis to the rotor-fixed frame. d2

0mðbPRÞ is a
reduced Wigner matrix element, a0

RL defines the initial rotor posi-
tion, while xR and t0 refer to the angular spinning frequency and
the starting time of the fp-RFDR sequence.

When the fp-RFDR sequence is bracketed by p/2 pulses (see
Fig. 1e), the time evolution of the Ij Ik spin system during the exci-
tation interval, sexc, can be described, at the first order, by the
propagator

U ¼ Ry �
p
2

� �
exp �iHð1Þðfp-RFDRÞsexc

� �
Ry

p
2

� �
¼ exp �ieHð1Þð½fp-RFDR�Þsexc

n o
ðA3Þ

where the operator Ry(h) = exp(�ihIy), with Iy = Ijy + Iky, performs a
rotation of I spins through the angle h about the y-axis. When the
[fp-RFDR] sequence is employed during the reconversion interval,
sexc has to be substituted by srec in Eq. (A3). The first-order average
Hamiltonian in the tilted rotating frame has the form

eHð1Þð½fp-RFDR�Þ ¼ Ry �
p
2

� �
Hð1Þðfp-RFDRÞRy

p
2

� �
¼

X
m

�xjk
2m20ðfp-RFDRÞ

 !
Ry �

p
2

� �
Tjk

2;0Ry
p
2

� �
ðA4Þ

Furthermore, the rotation properties of spherical tensor operators
entail

Ry �
p
2

� �
Tjk

2;0Ry
p
2

� �
¼ �1

2
Tjk

20 þ
1
2

ffiffiffi
3
2

r
Tjk

2;2 þ Tjk
2;�2

� �
ðA5Þ

where Tjk
2;�2 ¼ I�j I�k =2 are 2Q spherical tensor operators. Eqs. (A4)

and (A5) indicate that the [fp-RFDR] sequence achieves both 0Q
and 2Q dipolar recoupling. Nevertheless, only the 2Q terms ineHð1Þð½fp-RFDR�Þ can excite 2QC from longitudinal polarization and
are involved in 1D 2QF and 2D 2Q–1Q D-HOMCOR experiments.
Thus, we only keep the 2Q part of eH ð1Þð½fp-RFDR�Þ in the following,
i.e.,

eHð1Þ2Q ð½fp-RFDR�Þ ¼ 1
2

ffiffiffi
3
2

r X
m

�xjk
2m20ðfp-RFDRÞ

 !
Tjk

2;2 þ Tjk
2;�2

� �
ðA6Þ

The scaling factors, j2m2±2 ([fp-RFDR]), of the recoupled 2Q dipolar
interaction in the case of [fp-RFDR] sequence can be defined in the
same way as in the case of symmetry-based pulse sequences (see
Eq. (47) in Ref. [43]). Hence, from Eqs. (A2) and (A6), we obtain

j2m22ð½fp-RFDR�Þ ¼ j2m2�2ð½fp-RFDR�Þ

¼ 1
2

ffiffiffi
3
2

r
j2m20ðfp-RFDRÞ ðA7Þ

The corresponding rms scaling factor, jrms
DD2Q ð½fp-RFDR�Þ, can be cal-

culated from Eq. (4). Finally, using Eq. (A7), Eq. (4) is equivalent to
Eq. (5).
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