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We describe dipolar recoupling methods that accomplish, at high magic-angle spinning (MAS) frequen-
cies, the excitation of double-quantum (DQ) coherences between spin-1/2 nuclei. We employ rotor-syn-
chronized symmetry-based pulse sequences which are either y-encoded or non-y-encoded. The
sensitivity and the robustness to both chemical-shift anisotropy and offset are examined. We also com-
pare different techniques to avoid signal folding in the indirect dimension of two-dimensional double-
quantum « single-quantum (DQ-SQ) spectra. This comprehensive analysis results in the identification
of satisfactory conditions for dipolar ®F—'°F recoupling at high magnetic fields and high MAS frequen-
cies. The utility of these recoupling methods is demonstrated with high-resolution DQ—SQ NMR spectra,
which allow probing '°F—'°F proximities in powered fluoroaluminates.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

One of the frontiers in solid-state NMR is the development of
recoupling and decoupling methods, compatible with high magic-
angle spinning (MAS) frequencies of 30 kHz and greater. Recently,
the reduction of rotor diameter has led to a considerable increase
of sample spinning frequency. For instance, ultra-fast MAS frequen-
cies, larger than 60 kHz, can now be reached easily by employing
commercial rotors with outer diameters (o.d.) of 1.2-1.3 mm.

One of the key advantages of high MAS frequencies is the better
average of large dipolar interactions. This leads to a gain in resolu-
tion, sensitivity per spin and transverse relaxation time, especially
in the case of 'H and '°F nuclei, which are submitted to large dipo-
lar interactions [1-3]. Furthermore, ultra-fast MAS (i) minimizes
spinning sidebands arising from chemical-shift anisotropy (CSA),
(ii) allows low-power radio frequency (rf) decoupling schemes,
and (iii) increases the spectral width (SW;) in the indirect dimen-
sion of rotor-synchronized experiments. Last, small rotor o.d. leads
to the ability of generating very high rf magnetic fields. These spec-
ifications are advantageous for isotopes, such as '°F, which exhibit
large CSA and extended ranges of isotropic chemical shifts (Avis).

In the presence of MAS, dipolar recoupling sequences are re-
quired to reintroduce the dipole-dipole couplings, which are aver-
aged out by MAS. These methods allow probing the inter-nuclear
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proximities [4-22]. In particular, they are essential when efficient
coherence transfers through the J-couplings are precluded, as in
the case of 'H, '°F and quadrupolar nuclei [19,21,22]. In the follow-
ing, we will focus on double-quantum (DQ) homonuclear dipolar
recoupling sequences, which allow the excitation of DQ coherences
(DQC)between isotopes with the same atomic number. These recou-
pling methods can be incorporated into two-dimensional (2D) NMR
experiments, which correlate DQC with single-quantum coherences
(SQC) within each homonuclear spin pair. Compared to SQ-SQ
homonuclear correlation (HOMCOR) experiments, DQ-SQ HOMCOR
spectroscopy benefits from the possibility to probe proximities be-
tween sites with identical or close resonance frequencies [23].
However, at high spinning frequencies, the use of well-estab-
lished homonuclear dipolar recoupling methods, such as symme-
try-based pulse sequences [11-13,15-18], is limited by the
requirement of high-power rf field, which is proportional to the
MAS frequency, vg. The Back-to-Back (BABA) scheme, which
emerged in the mid-1990s [8,9], is presently one of the most pop-
ular DQ homonuclear dipolar recoupling sequences under fast and
ultra-fast MAS (vg > 30 kHz). This technique has been used mainly
to observe '"H—'H and '°F—'°F correlations [8,9,24-26]. Neverthe-
less, it suffers from two major drawbacks. First, it is not robust to
CSA and to large differences in resonance frequencies (Avjso). Sec-
ond, it does not display the property called “y-encoding” since the
recoupled dipolar Hamiltonian is amplitude-modulated by the
Euler angle, ypg, which is one of the three angles defining the
orientation of the molecule in the rotor-fixed frame [10,15,17].
The presence of “y-encoding” leads (i) to a ~20% increase of
theoretical maximum efficiency of DQ-filtered (DQF) experiments
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in powder samples, and (ii) to larger oscillations of this DQF signal
as function of the recoupling periods, which allows determining in-
ter-nuclei distances with greater accuracy [10,15,17]. Furthermore,
for non-y-encoded recoupling sequences, the interval between the
excitation and reconversion parts has to be an integer multiple of
the rotor period. Therefore, in usual DQ—SQ NMR experiments,
the spectral width in the indirect dimension (SW;) is restricted
to submultiples of vg.

Recently we have proposed an alternative to BABA recoupling
by introducing the Sandwiched PI pulse (SPIP) scheme [19,22]
The SPIP method is a super-cycled version of the R2) symmetry-
based pulse sequence. We have demonstrated that this sequence
is compatible with ultra-fast MAS. Furthermore, it displays higher
robustness to CSA and offset than BABA. This allows the observa-
tion of ®F—19F proximities, although these nuclei are submitted
to large magnetic shielding. Yet the SPIP recoupling is not y-en-
coded. In the meantime, it was shown that R125 and R14; symme-
try-based sequences accomplish 'H—'H dipolar recoupling at
vg =67 kHz [18]. These y-encoded methods provide higher DQF
efficiency than BABA but their robustness to offset and CSA has
not been investigated so far.

The present article provides a comprehensive comparison of y-
encoded and non-y-encoded DQ homonuclear dipolar recoupling
methods at high MAS frequencies. In particular, we analyze their
DQF efficiency as well as their robustness to offset and CSA. Robust
v-encoded recoupling sequences compatible with ultra-fast MAS
are introduced by combining symmetry principles and appropriate
composite pulses. These novel recoupling methods are employed
to obtain high-resolution °F—!°F DQ—SQ spectra of inorganic flu-
oroaluminates. Different techniques to avoid signal folding in the
DQ indirect dimension are also examined.

2. Pulse sequences
2.1. Symmetry-based DQ dipolar recoupling sequences

A DQ dipolar recoupling sequence compatible with high MAS
frequencies should ideally possess the following properties: (i)

a

! Texc
d e
Ty T, T, T,
mimmlmmlaalw
2Ty m

the rf-power requirements are below the usual probe specifica-
tions, (ii) the sequence provides the highest achievable DQF effi-
ciency, (iii) it is robust to offset, CSA and rf imperfections and
(iv) the magnitude of the recoupled dipolar interaction is much
lower than the inverse of the recoupling cycle time, i.e. the maxi-
mal sampling frequency of the DQC build-up curve. In particular
the criterion (iii) is critical when the recoupling sequence is ap-
plied to nuclei exhibiting large CSA as well as a large spread of res-
onance frequencies. This will be illustrated in the present article by
dipolar '°F—°F recoupling in inorganic fluoroaluminates. In that
case, the CSA is typically in the order of 100 ppm, while the isotro-
pic chemical shifts (dis0) can span over more than 100 ppm [22].
Therefore, at large static magnetic fields, e.g. Bo = 18.8 T, the mag-
nitude of CSA and offset interactions can reach at least 75 kHz,
whereas the largest '°F—'°F dipolar coupling constants are about
bjk/(Zrc) = -7 kHz (djk =250 pm)

The interferences of unwanted interactions can be limited by
employing symmetry arguments for the design of the recoupling
sequences [11-13,15-18]. These symmetry-based methods com-
prise both CN} and RN classes. We will only consider, in this arti-
cle, recoupling sequences deriving from RN, symmetries, which
benefit from more restrictive selection rules than CN, sequences
and hence are usually more robust [12]. The RN, pulse sequences,
depicted in Fig. 1f, are composed of N/2 Ry,/nR'_ /v inversion cycle
pairs, spanning n rotor periods. The prime indicates a change in the
sign of all phases internal to the basic inversion element R. The Rg
element rotates the resonant nuclear spins by an odd multiple of
about the x-axis of the rotating frame. It may be a single or a com-
posite 7 pulse or a suitable amplitude, phase and/or frequency
modulation scheme, lasting nTg/N.

The spin dynamics during RN, pulse sequences can be described
in the framework of average Hamiltonian theory (AHT) [15]. For a
homonuclear spin pair, I; and I, the first-order average Hamilto-
nian of homonuclear dipolar DQ recoupling must contain terms
proportional to the DQ operators Ifl,f. The magnitude of these
DQ recoupled dipolar interactions governs the optimal recoupling
time. The choice of the RN, symmetry and of the basic element
affects the magnitude of the recoupled dipolar interactions by

/2
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Fig. 1. (a-c) General DQ-SQ pulse schemes. (a) This scheme can be used either for y-encoded sequences or non-y-encoded sequences if the evolution time is rotor-
synchronized: t; = kTg. In the present article, the excitation and reconversion delays are identical, Texc = Trec = 7. (b and c) Schemes that can be used with non-y-encoded
sequences if the F; spectral width is insufficient to avoid foldings. In both cases, the delay between the excitation and reconversion periods must be rotor-synchronized (kTg),
and a 7 pulse has been added. There are either (b) two evolution periods qt; and (1 — q)t;, or (c) only one evolution period t; and two short delays I" sandwiching the 7 pulse
and calculated according to Eq. (6). (d-f) Homonuclear recoupling sequences: (d) SPIP, (e) BR2;, and (f) RN} .
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modifying the scaling factors Ky, of symmetry-allowed terms
[15]. For homonuclear dipolar DQ recoupling, the quantum num-
bers {I, m, 4, u} are restricted to {2, m, 2, £2} with m=+1 and 2.
The strength of the recoupled DQ interaction can be assessed by
calculating the root mean square (rms) of the scaling factors:

1/2
KB5ag = (Z [Kanaal” + sz”ZD (1)

m

where the sum is taken over m =1 and + 2. Formulae for scaling
factors are given in Ref. [27]. They were determined by employing
the ‘C and R symmetries’ Mathematica package which takes into ac-
count the possible super-cycle [12,13,27-29]. The optimal recou-
pling time, leading to maximal DQF efficiency, decreases with
increasing kjp,, scaling factor (see Eq. (5)). Therefore, large xff,
values allow reducing the irreversible losses during the recoupling
times and hence enhance the DQF efficiency, provided the recou-
pled dipolar interaction remains lower than the sampling frequency
of the DQC build-up curve.

2.2. Non-y-encoded recoupling sequences

Two non-y-encoded recoupling methods were employed, SPIP
and BR2) [19,20]. Both of these methods, depicted in Fig. 1d and
e, respectively, derive from Rzé symmetry. The basic Rz; scheme
spanning two rotor periods, accomplishes both 0Q and 2Q dipolar
recoupling [30]. However, it does not eliminate the unwanted CSA
and offset terms in the first-order average Hamiltonian. We have
shown that the robustness to CSA and offset is increased by apply-
ing an overall phase shift of 180° from the middle of the recoupling
sequence [19,20]. These block-super-cycled methods spanning 4p
rotor periods may be written explicitly as follows:

(R2})"(R2;")" = R2PE R2P;? 2)

The only difference between SPIP and BR2, schemes lies in the
basic inversion element, R. SPIP and BR2) sequences are based on
R=0018000150 and 7—1800—7, respectively. Here, ¢, indicates a
rectangular, resonant rf pulse with flip angle ¢ and phase ¢, and
T is a window delay during which no rf field is applied [15]. In
the SPIP sequence, the use of spin-lock periods with flip-angles 0
allows decreasing the irreversible losses, when the T;, relaxation
time is much larger than the T, constant time [19]. The perfor-
mances of SPIP and BR2} depend on the relative durations of the
7 pulse, 7, and the rotor period, Ty, i.e. the pulse fraction f= 1,/
Tr. Globally, the use of low f fraction, i.e. strong 7 pulses, increases
the robustness to offset and CSA, but decreases the kg, scaling
factor [20]. Therefore, the optimal pulse fraction (f~ 0.2-0.3) re-
sults from a compromise between the irreversible losses and the
CSA and offset interferences. Typical values of kjp,, parameters
for SPIP and BR2} schemes are reported in Table 1.

2.3. y-Encoded recoupling sequences and composite 1 pulses

For ideal y-encoded DQ recoupling sequences, if the homonu-

clear J-coupling is disregarded, the first-order average Hamiltonian
of an isolated spin pair J; and I, must contain only pure DQ terms
o —ik —jks -
HY = @0l I + Oyl i 3)
where m =21 or £ 2, depending on the pulse sequence symmetry.
For y-encoded recoupling, the complex amplitudes, W, and
@k, depend on the Euler angle, yyg, through their arguments
(called phases) but not through their amplitudes.

A large number of RN, sequences achieve y-encoded DQ recou-
pling. A selection of RN, symmetries with n < 10 and N < 30 was
given in Ref. [31]. However, not all the types of symmetry can be

Table 1
Properties of the homonuclear dipolar DQ recoupling sequences employed in this
article.

Scheme vy (kHz)? Ky Tt (ps)?
SPIP 73¢ 0.047

1034 0.028
BR2) 37.5¢ 0.080

609 0.114
R1 zge 3vg 0.246 126
R145¢ 1.75vk 0.237 131
R143¢ 4.1vg 0.173 180
R102c" 2.9k 0.158 197
R143c" 2.0vg 0.127 244
R183c 2.6k 0.150 207
R18%c" 2.1vg 0.126 246

2 The v, nutation frequency is defined as v% = (1:5)’1 jo“ v%(t)dt, where ¢ = n'Tr/N
is the duration of a basic element.

> The Tope Values are calculated according to Eq. (5) using by /(27) = —9135 Hz.

€ vg=33kHz. For SPIP and BRZ%, the nutation frequency of 7 pulses is
V1 = 85 kHz, and for SPIP, that of spin-lock is vqs. = 70 kHz.

4 vg =66 kHz. For SPIP and BR2}: vi,=111kHz, and for SPIP: v;s =100 kHz.
These parameters are those employed for the numerical simulations of Fig. 2a and b
(vg =33 kHz) or Fig. 2c and d (vg = 66 kHz).

¢ These sequences use a 180, pulse as basic element.

 These sequences use a Ry = 604300,5060, pulse as basic element.

employed at high MAS frequencies owing to the limited probe per-
formances in terms of rf field. For instance, an o.d. 2.5 and 1.2-
1.3 mm MAS probe can reasonably deliver, during the recoupling
interval, '°F nutation frequencies, v;, up to 160 and 230 kHz,
respectively. Therefore, when the rotor with o.d. 2.5 mm (resp.
1.2-1.3 mm) spins at vg~32 (resp. 65kHz), only recoupling
schemes requiring v; /v ratios lower than 5 (resp. 3.5) can be em-
ployed. The v, parameter depends upon the RN} symmetry and the
basic element, R. For instance, for RN} sequences based on the ele-
ment R=180y, the required rf nutation frequency is equal to
v1(180) = Nvg/(2n). Recently, it was demonstrated that R12; and
R14; pulse sequences using R = 180, achieve efficient "H-'H DQ
recoupling at vg = 67 kHz [18]. However, we show below that the
DQF efficiencies of these sequences are greatly affected by offsets
larger than 5 kHz. Therefore, R125 and R14; schemes may not be
suitable for isotopes, such as '°F, 13C or 3'P, which exhibit a large
range of shifts.

The robustness to offset of y-encoded recoupling sequences can
be improved by the use of broadband composite pulse as basic ele-
ment [15,32]. The gain in robustness is achieved at the cost of a lar-
ger rf-power requirement. The increase in rf nutation frequency
between R =180y and a composite pulse is

iRy _>§
v1(1180) ‘Wo] “)

where ¢; is the flip angle of the jth pulse of the composite pulse and
the sum is over all the pulses constituting the R element. The seven
tested composite R, (p=1-7) elements and their v;(R)/v;1(180) ra-
tios are listed in Table 2. These composite elements cannot be incor-
porated into R125 and R14; schemes at vg = 65 kHz owing to the
limited rf field delivered by the probe. At such high MAS frequen-
cies, the only solution consists in combining these composite pulses
with RN} symmetries displaying lower v,(180) /vy rf requirements,
i.e. lower N/(2n) ratios. In the present article, we concentrate on the
use of R143, R18} and R18%, symmetries, which correspond to
v1(180)/vg ratios of 0.875, 1.125 and 0.9, respectively. Given the
rf-power limitation, at vg = 65 kHz composite pulses R; to Rg can
be combined with these three symmetries, whereas R; element is
only compatible with R14; and R187; .

In order to identify good y-encoded recoupling sequences, we
performed analytical AH calculations up to the second-order. For
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Table 2
Selection of composite pulses employed in this article.

Notation Composite pulse v1(R)/v1(180)*
R1 900270150 2

R2 909018039099 2

R3 180120180240180120 3

R4 600300150600 2.3

R5 9092409090, 2.3

R6 9045901359045 1.5

R7 9002251503150 35

@ The ratio is calculated according to Eq. (4).

v-encoded DQ recoupling sequences, the first-order AH is given by
Eq. (3), and Eq. (1) becomes kpf,, = V2|Kam22|, where m=1 or 2.
The calculation of first-order kfj,, scaling factors allows assessing
the optimum recoupling time. If the irreversible losses, the homo-
nuclear J-coupling and the interferences arising from offset and
CSA are disregarded, the maximal DQF efficiency for an isolated
spin pair is reached for an excitation and reconversion intervals
equal to [17]:

ot _qopt _qoe _ 126 126v2
T Kamaa b KEphqbik

()

where by is the dipolar coupling constant in rad s~1. Furthermore,
in the frame of AHT, the interferences of offset (resp. CSA) for '°F
nuclei mainly result from 6;s, x diso (resp. CSA x CSA) cross-terms
in the second-order AH. Therefore, we also determined the rms scal-
ing factors of diso x diso and CSA x CSA terms [33]. A comparison of
first- and second-order scaling factors for various y-encoded DQ
recoupling is given in the Supplementary Information (SI, Fig. S1).
This AHT approach predicts that Ry, R4 and R; composite pulses pro-
vide the highest robustness to offset and CSA, especially when com-
pared with that provided by the R = 180 element.

RN! symmetries, such as R102, which achieve a simultaneous y-
encoded SQ and DQ recoupling, were also investigated. Compared
to ideal y-encoded DQ-only recoupling sequences, they display
similar robustness to offset and CSA but slightly smaller on-reso-
nance DQF efficiency. The results obtained for R1 Oﬁ are also pre-
sented in the article. This symmetry corresponds to a v;(180)/vg
ratio of 1.25.

2.4. 1D DQF and 2D DQ-SQ NMR experiments

The typical scheme of DQ-SQ dipolar homonuclear correlation
(D-HOMCOR) experiments is described in Fig. 1a. A first excitation
sequence is applied for an interval ey in order to transform the
longitudinal magnetization into DQC. A second reconversion period
of duration 7, followed by a 7/2 pulse, transforms the DQC into
SQC corresponding to observable transverse magnetization. Signals
passing through DQC are selected by a four-step phase cycle of the
pulses used for exciting or reconverting the DQC. In this article, we
use equal excitation and reconversion intervals: T = Texc = Trec. FOTI
one-dimensional (1D) DQF sequences, there is no evolution period,
t; = 0, whereas for 2D DQ-SQ experiments, the t; delay is incre-
mented. Hence, the evolution of DQC during t; is correlated with
that of SQC during t, and the resulting 2D spectra display DQ-SQ
correlations.

v-Encoded and non-y-encoded homonuclear dipolar recoupling
sequences can be applied during t periods. When using y-encoded
DQ recoupling, the phase modulation of DQF signal by the angle
27vrt; can be compensated by adjusting the overall rf phase of
reconversion sequence [15,34]. This procedure allows varying
freely the t; period in DQ-SQ experiments and hence the spectral
width SW; in the indirectly-detected dimension. If the recoupling
sequence is non-y-encoded, a shift in the rf phase does not

eliminate the amplitude modulation of the DQF signal by 2mvgt;.
Therefore, the reconversion period must start mandatory an inte-
ger number of rotor periods after the end of excitation period.
The excitation and reconversion intervals are then said to be ro-
tor-synchronized. As a consequence, in typical 2D DQ-SQ experi-
ments, SW; is thus limited to vg.

Nevertheless, different methods allow avoiding the signal fold-
ing in the F; dimension. A first possibility is the use of a shearing
transformation with a factor of two in order to convert the DQ-
SQ spectrum into a SQ-SQ representation. This shearing transfor-
mation reduces the spread in resonance frequencies by a factor
of two in the F; dimension. In addition, it is possible to scale down
along F; the isotropic chemical shifts by introducing a © pulse dur-
ing the evolution of DQC. This variant of DQ-SQ experiment is de-
picted in Fig. 1b [35]. The = pulse is bracketed by two unequal
incremented time periods, qt; and (1 — q)t;. Therefore, the scaled
DQC frequency is (1-2q)(v; + vk), where v; and vy are the SQ fre-
quencies of the dipolar coupled nuclei, j and k. For instance, when
q =1/3, this method allows reducing the range of v;s, shifts by a
factor of 3. The last technique is depicted in Fig. 1c. Prior to the
t; period, a 7 pulse refocuses DQC evolution under vjs, shifts during
the adjustable delay, 2I". The At; increment time is chosen freely
according to the desired spectral width and for each t; step, the
I value is calculated so as to maintain rotor-synchronization of
the excitation and reconversion recoupling. In other words, I" de-
lay is chosen in such way that

Tp+ 2+t =kTyg with 0< 71, +2I <Tg (6)

where 1, is the length of the 7 pulse and k is an integer. The method
described above is derived from that introduced for DQ-SQ experi-
ment using zero-quantum dipolar recoupling [36]. We show that it
can be employed for all DQ-SQ sequences incorporating non-y-en-
coded recoupling. The pros and the cons of these different tech-
niques to avoid signal folding in the F; dimension are discussed in
Section 4.

3. Numerical simulations

Numerical simulations were performed to assess the efficiency
and the robustness of y-encoded and non-y-encoded recoupling
sequences at high MAS frequency. These simulations were per-
formed using SIMPSON [37] software for an isolated pair of '°F nu-
clei denoted I; and . The inter-nuclear distance was fixed to
dy. =226 pm, which corresponds to a dipolar coupling constant
by /(2m) = —9135 Hz. We consider two nuclei with either identical
chemical shift (Fig. 2a and c) or with two symmetrical chemical
shifts with respect to the irradiation frequency (Voffset = AViso/2,
Fig. 2b and d). The powder averages were calculated using 320
(o, B) orientations, selected according to the REPULSION algorithm
with 15 y-angles [38]. We detected the magnetization transferred
from J; to I, during the DQF experiment. It corresponds to one of the
two cross-peaks between [; and I transitions on the 2D DQ-SQ
spectrum. These simulations were done starting from I; longitudi-
nal magnetization, i.e. the operator I;,, and detecting only the —1Q
coherence of spin Iy, which corresponds to the operator I,. The
transferred magnetization was normalized to that of I, spin after
a /2 pulse in order to calculate the DQF efficiency. For a spin pair,
the above definition results in DQF efficiencies, which are twice
smaller than those given by Levitt et al. [16,17].

We performed numerical simulations at various magnetic field
strengths and MAS frequencies. In order to simplify the compari-
son between simulations, the ratio between By and vg was kept
constant, and the range of vyger Was proportional to By. The
numerical simulations were thus performed either for (Bo, vg) =
(9.4T, 33 kHz) or (18.8 T, 66 kHz).
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Fig. 2. Numerical simulations of the DQF efficiency versus offset that can be obtained for all allowed sequences, with and without R4 composite pulse. by/2m = —9135 Hz,
CSA = 0. (a and c¢) auto-peaks, (b and d) cross-peaks with irradiation in the middle of the two peaks: Vogtset = AViso/2. (@ and b) vg = 33 kHz and By =9.4 T (M, R]Of,c; o. R14Zc: A,
R10Z; ¥, R123; «, R14;; b, BR2}; @, SPIP; with 7 =242, 242, 121, 121, 121, 606, 1212 s, respectively). SPIP: v;, = 85 kHz, vy = 70 kHz; BR2}: vy, =85 kHz. (c and d)
vg = 66 kHz and B, = 18.8T (M, R10;c; @, R14;c; A, R18],c; b, R18;c; ¥, R12]; <, R14;; 4, BR2); i, SPIP; with © = 182, 242, 152, 242, 121, 121, 424, 1333 ps, respectively).

SPIP: v, =111 kHz, v;5. = 100 kHz; BR2§: viz =111 kHz.

Using numerical simulations, we calculated the DQF efficiency
as function of vgrser. We first compared the performances of the ba-
sic elements Ry to R; when incorporated into R14;, R10%, R143,
R18; and R18}, symmetries. The results are presented in the SI.
Whatever the RN, symmetry and the MAS frequency, R; composite
pulse leads to the highest robustness to offset. However, due to rf
limitation, R; element can only be used with R14; and R18, sym-
metries. Except R;, R4 and R; to a lesser extent, are the only com-
posite m pulses which increase the robustness with respect to
offsets of nearly all sequences at vg =33 and 66 kHz. This agrees
with the prediction of first- and second-order AHT (see Section 2
and Fig. S1). Furthermore, the simulation of DQC build-up curves
(not shown) indicates that in the case of '°F-'°F distances shorter
than 312 pm for one isolated spin pair (i.e. |bj|/(27) > 3.5 kHz), the
R14}, R18 and R18j, symmetries cannot be employed at
Vg = 33 kHz, since the maximum of their DQC build-up curves can-
not be sampled properly owing to their long cycle time, larger or
equal to 8Tk (242 ps). This minimum distance is still increased in
case of losses and/or three-dimensional '°F networks, as in our test
samples. Therefore, at moderate MAS frequency (vg ~ 30-35 kHz),
it is only useful to analyze the robustness to offset of R103 and
R14; y-encoded sequences with R; and R, composite 7 pulses.

In summary, the robustness to offset of all investigated RN
recoupling sequences can be improved by employing Ry, R4 or R;
composite pulses. In the following, we will concentrate on the

use of R4 element, since contrary to Ry, it is compatible with both
investigated MAS regimes (vg ~ 30 and 65 kHz) and it results in
slightly higher robustness to offset and CSA than R;. In the article,
recoupling sequences will be denoted RN}, if they employ a simple
180, pulse as basic element and RN} c if they employ R4 composite
basic element. With the R4 composite pulse, the rf amplitude re-
quired for the RN} c sequences is equal to:

v1(Rq) = 7Nvg/(6n) (7

Fig. 2 displays the DQF efficiency of diagonal and cross-peaks as
function of the carrier frequency offset at vg = 33 and 66 kHz. The t
intervals were fixed to the multiple of their cycle time leading to
maximal DQF on-resonance efficiency. For vogser = 0, the DQF effi-
ciencies of y-encoded sequences R12} and R14; at 9.4 and 18.8 T,
and R14;c, R10%c, and R18;c at 18.8 T, are about the theoretical
maximum of 0.365 (i.e. 0.73 using Levitt’s convention [16,17])
since the t delays are close to their optimal values, 7°, calculated
from Eq. (5) (see Table 1). Other on-resonance efficiencies of y-en-
coded sequences display lower values owing to the deviation of the
delays from t°P', As expected, the on-resonance efficiencies of non-
y-encoded sequences, SPIP and BR2J, are approximately 20% lower
than the theoretical maximal efficiency of y-encoded methods. The
long recoupling times employed for SPIP and BR2) sequences are
consistent with their small kfjE;,, scaling factors (see Table 1).
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Fig. 3. Numerical simulations of the DQF efficiency versus the deviation in rf
nutation frequency for on-resonance auto-peak, for all investigated DQ recoupling
sequences, with and without R; composite pulse. The nominal rf nutation
frequencies are given in Table 1. (a) vg =33 kHz and By = 9.4T (M, R12}; @, R14;;
A, R145c; ¥; R10%c; <, R10%; with t =121, 121, 121, 242, 121 s, respectively), (b)
vg =66 kHz and By = 18.8T (M, R12; @, R14;; A, R18],c; b, R18ic; « R14ic; V,
RlOﬁc; with 7=121, 121, 304, 242, 242, 182 ps, respectively). by/2n = -9135 Hz.
CSA=0.

These small scaling factors allow sampling properly the maximum
of their DQC build-up curves.

Furthermore, the numerical simulations of Fig. 2 permit to
assess the robustness to offset of the investigated recoupling meth-
ods. The most robust sequences are R14ic and SPIP at vg =33 kHz
and R18§c and SPIP at vg = 66 kHz. SPIP sequence suppresses offset
interferences without the use of composite pulses and hence it
benefits from much lower rf-power requirements, especially at
vg = 66 kHz (Table 1). It must be reminded that none of the com-
posite pulses can be used with R123, which is too much rf
demanding.

The improved robustness to offset introduced by the use of
composite pulses is partly counter-balanced by the increased sen-
sitivity of these methods to rf-inhomogeneity (Fig. 3). This sensitiv-
ity to rf-inhomogeneity can be largely avoided by using restricted
samples, at the expense of a decreased signal to noise ratio. This
means that composite 7 pulses, which require larger rf fields than
single © pulses, should be used preferentially with samples pre-
senting large chemical-shift ranges.

4. Experimental results
4.1. Samples and experimental conditions

The investigated broadband DQ dipolar recoupling sequences,
were tested for three different samples (o-CaAlFs, B-BaAlFs and
BasAl,F;,) corresponding to small, moderate and large spreads in
19F chemical shifts, respectively. For '°F sites in these three sam-
ples, the magnitudes of anisotropic chemical de-shielding con-
stants (|daniso|)» determined from spinning sideband patterns, are
comprised between 75 and 110 ppm. In this article, the lines
(noted L) are numbered starting from the right side of the spectra,
and the peaks are described in the figures according to this line
notation. We have used the same notation as that used in Ref.
[26] to define the fluorine species (noted F). The assignment of
the lines has been done for the three samples by simultaneous
NMR experiments and DFT calculations [22,26,39]. All inter-nucle-
ar fluorine-fluorine distances up to 375, 473 and 466 pm have been

T T T T
-20 -40 -60 -80

T T T T
-100 -120 -140 -160 ppm

Fig. 4. BasALF;,. '°F MAS spectra recorded at: (a) 9.4 T and vg = 30 kHz, (b) 18.8 T and vg = 30 kHz, (c) 18.8 T and v = 67 kHz. The most important spinning sidebands are

indicated with .
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given for a-CaAlFs, B-BaAlFs and BasAl,F,,, respectively, in the SI of
Ref [22].

The structure of a-CaAlFs is built-up from isolated infinite
chains of Ang’ octahedra sharing opposite corners [40]. It involves
three inequivalent fluorine sites: one shared F1 and two unshared
F2 and F3, of multiplicity 4, 8 and 8, respectively. The '°F MAS
spectrum exhibits three lines in the small chemical-shift range of
Adiso = 18 ppm, at —164, —154 and —146 ppm, for L1, L2 and L3,
respectively (Fig. S9), with relative intensities 1:2:2. The structure
of B-BaAlFs is built-up from isolated infinite chains of octahedra
sharing adjacent corners [41]. This structure involves ten inequiv-
alent sites (two shared F1 and F5, and eight unshared) of same
multiplicity. The '°F chemical-shift range of the 10 resonances is
moderate: Adiso =55.6 ppm, which means a moderate frequency
spread of Aviso =21 kHz at 9.4 T (Fig. 9, Fig. S10). The most difficult
sample is BasAlyF;,, for which the chemical-shift range is very
large and equal to Adiso = 122.8 ppm, which represents a large fre-
quency spread of Avi,=46.25kHz at 9.4T. The structure of
BasAl,F;, is built-up from rings formed by four Ang’ octahedra
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sharing adjacent corners [42]; which involve eight inequivalent F
sites: two shared (F1,F2), two free (F3,F4) and four unshared
(F5-F8) of multiplicity 4, 4 and 8, respectively (Fig. 4).

All NMR experiments have been performed on Bruker Avance-II
spectrometers using wide-bore 9.4 T and narrow-bore 18.8 T mag-
nets. We have employed double resonance MAS probes with rotor
o.d. of 1.3 mm at 18.8 T and double or triple resonance MAS probes
with o.d. of 2.5 mm at 9.4 T. For all 2D experiments, phase sensitive
detection in the indirect dimension was obtained using the States
procedure [43]. The 'F chemical shifts were referenced to CFCls.

The relevance of high magnetic field and high MAS frequency
for 19F solid-state NMR is illustrated by Fig. 4. Increases in mag-
netic field and MAS frequency both contribute to enhance spectral
resolution. Large strength of magnetic field spreads the resonance
frequencies, when the sample is well crystallized and does not dis-
play a continuous distribution of surrounding. High MAS frequen-
cies better average out homogeneous '°F—'°F dipolar couplings.
For instance, at 18.8 T and vg = 67 kHz, the L1 and L2 lines are re-
solved in the '°F MAS spectrum of BasAlLF;, (see Fig. 4c), whereas

2*
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Fig. 5. o-CaAlFs. Experimental DQF spectra versus offset irradiation, recorded at 18.8T and vk = 67 kHz. (a) SPIP, (b) BRZ;, (c)R1 2;, (d) R14Z7 (e) R]Oic, (f) R14§c, (g) Rlsgc,
and (h) R18%,c, with t =240, 120, 60, 60, 60, 120, 120, 150 ps, respectively. In (e-h) the R4 composite pulse has been used. All spectra, except those in (c and d) have been

scaled up by the factor 2. SPIP: vi, =111 kHz, v;s. = 100 kHz; BRZQ: Viz =111 kHz.
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Fig. 6. BasAlyF,,. Experimental DQF RN spectra recorded at 18.8 T and vg = 67 kHz. (a) SPIP, (b) BR2, (c) R123, (d) R143, (e) R103c, (f) R14;c, (g) R185c, and (h) R187,c, with
T =240, 120, 60, 60, 60, 120, 120, 150 ps, respectively. In (e-h) the R, composite pulse has been used. The rf-irradiation was done at —93 ppm. SPIP: vy, =111 kHz,

vis. = 100 kHz; BR2}: vy, =111 kHz.

they are not at 9.4 T and vg = 30 kHz (see Fig. 4a). A still more ad-
vanced solution would be to combine ultra-fast rotation and multi-
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Fig. 7. BasAl,F;,. Rotor-synchronized DQ-SQ spectra recorded at 18.8 T and
Vg = 66.6 kHz, with sequence of Fig. 1a. Two recoupling sequences were used:
Rlsgc with Ry and 7 =120 ps (red) and SPIP with v, = 113 kHz, vy, = 100 kHz and
7 =180 ps (black). The rf-irradiation was done at —86 ppm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

ple pulse sequences. This type of homonuclear dipolar decoupling
techniques has been developed for protons, which are submitted to
small shielding [44-46]. However, the existing decoupling se-
quences cannot cope with the large shielding of nuclei, such as '°F.

Besides enhancement in spectral resolution, high MAS frequen-
cies result in longer T', transverse relaxation times [3], larger spec-
tral width in F; dimension of rotor-synchronized 2D experiments
and larger sampling frequency for the DQC build-up curves. The
enhanced resolution observed with high magnetic field and ul-
tra-fast MAS frequency is still emphasized in 2D experiments,
and for example it allowed observing relayed negative peaks in
the DQ-SQ spectrum of o-CaAlFs (Fig. S9).

In practice, NMR experiments were performed either at
(Bo, VR) =(9.4 T, 30-32 kHz) or (18.8 T, 65-67 kHz). For both exper-
imental conditions, the ratio between CSA magnitude and MAS
frequency is approximately constant and identical numbers of
CSA spinning sidebands are observed in the NMR spectra. The only
difference between the two series of experiments lies in the mag-
nitude of offset and effective homonuclear dipolar couplings.

4.2. DQF efficiency and robustness to offset

InFig. 5 are represented the DQF signals of a-CaAlFs recorded ver-
sus offset (—45 to 45 kHz) at By = 18.8 Tand vg = 67 kHz. At this field,
the chemical frequency range of this sample is moderate (Avjso =
13.6 kHz) and the behaviors of the three lines are globally identical.
Fig. 5 allows assessing the robustness to offset of the different inves-
tigated recoupling sequences compatible with vg = 67 kHz. In agree-
ment with numerical simulations, the y-encoded R12} and R14;
sequences result in the largest on-resonance sensitivity. The other
y-encoded recoupling methods, R10%c, R143c, R183c and R183%,c,
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provide lower DQF efficiency. First, these sensitivity decreases stem
from their smaller k7, values (Table 1), which lead to longer opti-
mum recoupling times t°P* and thus larger losses. The contact time
used for R10%c was smaller than its optimum value. Second, owing
to their large cycle times ( >4Tg), the maximum of DQC build-up
curves cannot be sampled properly. The on-resonance DQF efficien-
cies of non-y-encoded SPIP and BR2) sequences are comparable with
those of RN} ¢ schemes. However, the main differences between all
these sequences lie in their robustness to offset. The y-encoded
R12; and R14; sequences built from R = 180, element are quite sen-
sitive to offset. They can only be employed in the case of nuclei with
limited Avi,, range, such as 'H [18]. Whereas the schemes displaying
highest robustness are SPIP and R18;c, and BR2, to a lesser extent.
For very large offsets, SPIP and R18§c provide approximately the
same DQF efficiency. However, the rf-power requirement of SPIP is
2.9 lower than that of R183c (Table 1).

The key advantage of high robustness to offset for °F solid-state
NMR is illustrated by the DQF spectra of BasAl,F;, at 18.8 T and
Vg = 67 kHz (Fig. 6). The limited robustness of R12} and R14; se-
quences does not allow the simultaneous excitation of DQC for
shielded and de-shielded 'F resonances. The other recoupling
techniques allow obtaining significant simultaneous DQF signals
for resonances separated by 92.5 kHz. The R18§c recoupling se-
quence benefits from the highest on-resonance efficiency. How-
ever, the variation of DQF efficiency with offset for this sequence
modifies the relative intensity of the '°F lines. Such an effect is less
pronounced in the case of SPIP. The very good robustness of SPIP
with respect to offset has also been observed in the DQF spectra
of B-BaAlFs recorded at 9.4 T with vg = 30 kHz (Fig. S10).

The higher robustness to offset of SPIP compared to R18;¢c was
confirmed by recording at 18.8 T and v = 66.6 kHz the '°F DQ-SQ
spectra of BasAl;Fi> with either SPIP or R18§c as recoupling se-

quence (Fig. 7). In order to limit the differences between the two
experiments, the excitation and reconversion recoupling intervals
were rotor-synchronized for both y-encoded and non-y-encoded
recoupling schemes. SPIP sequence allowed the observation of
auto-peak L8-L8 and cross-peak L7-L8 between de-shielded reso-
nances, whereas these correlations are missing in the 2D spectrum
obtained by using R183c .

We also investigated the robustness to offset of DQ recoupling
sequences at vg =30 kHz with By =9.4T. Fig. 8 displays the DQF
efficiency of a-CaAlFs as function of the offset. The highest on-
resonance DQF efficiency is obtained for R1 2; sequence. The
losses and the numerous homonuclear dipolar couplings lead to
an optimal recoupling time, approximately divided by two com-
pared to the numerical simulations of Fig. 2 for an isolated spin
pair. The lower DQF efficiency of R14; arises from its longer cycle
time and its large kjjp,, scaling factor, which prevent from reach-
ing the maximal DQF efficiency. Owing to its smaller kfp,, scal-
ing factor, R14;c method provides on-resonance sensitivity close
to that of R123. The non-y-encoded sequences SPIP and BR2; dis-
play on-resonance DQF efficiencies lower than R125 and R14;c. It
must be noted that the BR2) sequence is more modulated by the
offset at 9.4 T than at 18.8 T (compare Fig. 5b and Fig. 8b). At
vg = 30 kHz, the highest robustness to offset is obtained for SPIP
and R14jc. The R14;c sequence benefits from higher on-reso-
nance sensitivity but requires 2.8 times larger rf-power than SPIP
(Table 1).

4.3. Avoiding signal folding in the F; dimension
Fig. 9 displays two HOMCOR spectra of B-BaAlFs recorded at

9.4 T and vg =30 kHz. The SPIP scheme was employed as recou-
pling method in the pulse sequence of Fig. 1a and, as SPIP is not

SPIP

° MMNMMWWWMMMWMMMMM BR2,

]
]
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Fig. 8. a-CaAlFs. 1D '°F experimental DQF spectra versus offset (—30 to 30 kHz) at 9.4 T with vg = 30 kHz. The DQ recoupling schemes are (a) SPIP, (b) BR2}, (c) R1 2;, (d) R14§,
(e) R14;c, and (f) R10%c, with ©=266.7, 133.3, 66.7, 133.3, 133.3, 133.3 s, respectively. The other sequences, R18;, R143, R18%,, R185c, R14;c, and R187c, could not be
optimized correctly owing to too long recoupling periods (8Tg or 10Tg). SPIP: v, = 85 kHz, v, = 78 kHz; BR2;: v1z = 85 kHz. RN} c sequences have used R4 composite pulses.
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v-encoded, the excitation and reconversion intervals were rotor-
synchronized. Therefore, the spectral width in the F; dimension
is limited to SW; = vg. Even if the chemical-shift range Adis, =
55.6 ppm, and the strength of magnetic field are moderate, the
spread in resonance frequencies of DQC reaches 42 kHz and thus
exceeds SW; = vg. Consequently, in the usual DQ-SQ representa-
tion (shown in Fig. 9a), six peaks are folded along F;: L1-L1, L1-
L2, L1-L3, L2-L3, L9-L10, and L10-L10. However, as in that case

Resonance 203 (2010) 113-128

the spread in resonance frequencies of SQC, Aviso = 21 kHz is lower
than vg, this signal folding can be avoided by doing a shearing pro-
cessing with a factor of two. After such a shearing, the slope of the
auto-peaks becomes equal to one, and the spectrum is then pre-
sented in a symmetrical way (Fig. 9b), as a SQ-SQ spectrum. How-
ever, this shearing is useless when Avjs, is larger than vg. This is
illustrated by the 2D '®F—!F HOMCOR spectra of BasAlF;, at
9.4 T, for which the frequency spread (Av;s, = 46.25 kHz) is larger
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Fig. 9. B-BaAlFs. Experimental SPIP DQ-SQ spectrum recorded at 9.4 T with vg = 30 kH.

z and the sequence of Fig. 1a. The rf-irradiation was done at —129 ppm. The nutation

frequencies of SPIP were: vy, = 85 kHz, vi5. = 78 kHz, and 7 = 267 ps. (a) Un-sheared spectrum. Due to the folding along F;, the vertical scaling is only correct for the central
part of the resonances. For the four other resonances, the correct F; value can be obtained by adding either + 80 ppm for (10, 10) and (10, 9), or —80 ppm for (2, 1) and (1, 1)
correlation peaks (80 ppm = vg/Vvo). (b) Sheared spectrum; the vertical scaling is correct for all peaks.
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than vg = 30 kHz (Fig. 10). Indeed, the sheared spectrum shown in
Fig. 10b is much more difficult to interpret than that shown in
Fig. 10a. The only difference with respect to the un-sheared spec-
trum recorded with a sufficient spinning speed (vg > 2Av;s,) is that
the auto-correlation line is parted in several pieces of lines in
Fig. 10a.

For samples with large spread in resonance frequencies (Avjs, >
vg), the signal folding in F; dimension for non-y-encoded recoupling

schemes can be avoided by inserting a 7 pulse during the evolution
period of DQC (Fig. 1b and c). However, when the delays between
central 7 pulse and the recoupling intervals are not multiple of the
rotor period, this 7 pulse reintroduces the CSA during one rotor per-
iod at the maximum. This unwanted dephasing may be non negligi-
ble in case of large CSA, as with '°F nuclei. Fig. 11 shows that the non-
refocused CSA affects the sensitivity of DQF experiments. The varia-
tion in DQF efficiency with the de-synchronization delay I" differs
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Fig. 10. BasAl,F;,. Experimental 2D SPIP DQ-SQ spectrum recorded at 9.4 T with vg = 30 kHz and the sequence of Fig. 1a. The nutation frequencies of SPIP were: v, = 85 kHz,
v1sL = 78 kHz, and 7 = 267 ps. The rf-irradiation was done at —93 ppm. (a) Un-sheared spectrum. Due to the folding along F;, the vertical scaling is only correct for the central
part of the resonances. For the other resonances, the correct F; value can be obtained by adding +80 ppm (80 ppm = vg/vy). (b) Sheared spectrum. The right (resp. left) vertical

scaling concerns the right (resp. left) peaks.
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between BR2) and SPIP. As the spin dynamics created by first-
order AH terms is identical with BR2) and SPIP recoupling, the
discrepancy in DQF efficiencies for de-synchronized n pulse must
arise from different recoupled CSA terms in the second-order AH.
This is supported by the fact that BR2) sequence is more robust to
CSA than SPIP [20]. Fig. 11 demonstrates that practically BR2;
scheme has to be preferred over SPIP for the pulse sequences of
Fig. 1b and c.

The DQ-SQ experiments of Fig. 1b and c were compared with
SW; =3w in the case of BasAl,F;; at 94T and vg=30kHz
(Fig. 12). Both methods allow avoiding signal folding in F; dimen-
sion. The method of Fig. 1b scales the chemical shifts along F; by
the factor (1 — 2q). The total evolution time on DQC must thus be
(1 —2q) times longer than that related to methods described in
Fig. 1a and c, to observe the same resolution. However, the homo-
geneous line broadening is not affected by the central 7 pulse and
this longer evolution time on DQC thus leads to a decreased reso-
lution. This effect can be observed by comparing spectra shown in
Fig. 12a and b and recorded with methods described in Fig. 1b and
¢, respectively.

An alternative to the method of Fig. 1c consists in incorporating
v-encoded recoupling schemes in the pulse sequence of Fig. 1a. For
instance, the R14ic sequence was used at vg =30 kHz to acquire
the DQ-SQ spectrum of BasAl,Fi, (Fig. 12c). The increment
At = Tr/3 allowed avoiding the signal folding along the F; dimen-
sion and the spectral resolution was similar to that of Fig. 12b.
However, spinning sidebands along F; dimension appeared. These
sidebands always exist in case of large CSA and non rotor-synchro-
nized excitation and reconversion recoupling. Their intensities de-
pend on the recoupling sequence, and as an example, they are
larger with the R14; ¢ sequence than with the BR2) sequence (com-
pare Fig. 12b and c).

T

Experiments similar to those of Fig. 12b and c were performed
at 18.8 T and vg = 65 kHz, with SW; = 3vg. The y-encoded and non-
y-encoded recoupling schemes were R185c and BR2), with the
pulse sequences of Fig. 1a and c, respectively. The corresponding
2D spectra, presented in Fig. 13a and b, show that DQ—SQ spectra
without any signal folding can be acquired even if the spread in
resonance frequencies of DQC covers 185 kHz. Compared to
Fig. 12¢, the spectrum of Fig. 13a displays a larger number of CSA
spinning sidebands owing to the different recoupling sequence.
These spinning sidebands complicate the spectrum analysis. The
intensity of these sidebands is much lower when using BR2} recou-
pling (compare Fig. 13a and b-1). The spectrum of Fig. 13b can be
compared with that of Fig. 13c, which was obtained by using SPIP
recoupling incorporated into the pulse sequence of Fig. 1a. The
spectrum of Fig. 13b benefits from the absence of signal folding
along the F; dimension. However, the rotor-synchronized SPIP se-
quence is more robust to offset than the non-rotor-synchronized
BR2;. Consequently, the L1-L1, L8-L3 and L4-L2 correlations can
be easily observed in Fig. 13c but not in Fig. 13b. Furthermore,
the 2D spectrum of Fig. 13c was acquired in three-times less exper-
imental time than that of Fig. 13b.

5. Conclusions

We have presented, analyzed and compared several homonu-
clear dipolar double-quantum recoupling methods for nuclei sub-
mitted to large homonuclear dipolar interactions, such as 'H and
19, These rotor-synchronized and symmetry-based methods are
the non-y-encoded SPIP and BR2) sequences, and several y-en-
coded RN, sequences. The main criteria of choice are related to:
(1) the spinning speed, (2) the rf-power limitation of the probe,
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Fig. 11. Effect of an additional 7 pulse on 1D DQF spectra of a-CaAlFs at: (b and c) By =

9.4 T and vg =32 kHz or (d and e) By = 18.8 T and vg = 60 kHz. The DQF signals were

acquired by employing the pulse sequence depicted in (a) using non-y-encoded schemes: BR2} in (b and d) and SPIP in (c and e). The delay I" was varied from O to Tg. At

I' =Ty, the CSA is refocused. SPIP: vy, = 105 kHz, vy5. = 97 kHz, T = 266.7 ps; BRZ%: Vig =

105 kHz, T=133.3 ps.
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Fig. 12. Ba3Al,F;,. Experimental DQ-SQ un-sheared spectra recorded at 9.4 T with vk = 30 kHz and the same spectral width of SW; = 3. (a and b) Spectra obtained with BR2;
and the pulse sequence described either: (a) in Fig. 1b with At; = Tz and q = 1/3; the spectrum has been re-scaled along F; or (b) in Fig. 1c with At; = Tg/3. (¢) Spectrum
recorded with Rl4f,c sequence with R4 and the pulse sequence described in Fig. 1a and At = Tg/3. Regions which are circled in (c) are small sidebands along F; of the cross-
peaks. They are hardly observable in (a and b). BR2,: v, =85 kHz, 7 =133.3 ps. R14f,c: T=133.3 ps.

(3) the spread in resonance frequency Avis, (4) the optimum
recoupling time (for loss reasons) and (5) the requirement of high
sensitivity. It must be noted that 'H and '°F are two very NMR sen-
sitive nuclei, and that the on-resonance sensitivity of the methods
is thus generally not the main criterion of choice.

When the frequency range is small, Avig, < 0.5vg, such as °F in
o-CaAlFs or 'H in general, there is no offset limitation. The criteria
of choice in between SPIP, BR2), R123, R14, R103, R143, R183, and
R18%, sequences are thus only related to the required rf field and
the optimum recoupling time. R1z§, which benefits from a small
cycle (2Tg) and a short optimum recoupling time, thus leading to
easy sampling of the built-up curve and weak losses, is the se-
quence of choice if the probe can provide a sufficient rf field, espe-
cially at ultra-fast MAS (v, = 3vg). Furthermore, it benefits from
larger DQF efficiency than SPIP. If R12] is not compatible with
the rf-power limitation of the probe, alternatives consist in using
SPIP or R14;. However, SPIP should then be preferred owing to
its shorter cycle time (2Tg) and smaller required rf-field, especially
at ultra-fast MAS.

When the frequency range is moderate, 0.5vg < Avjso < Vg, such
as '°F in p-BaAlFs, the sequence must be selected according to

the same previous criteria, but a shearing processing by a factor
of two may be used to avoid the folding of the resonances along F;.

When the frequency range is large, Avis, > Vg, such as '°F in
BasAlF;,, y-encoded sequences, such as R123, built from single
1800 pulse have a too limited offset robustness. A possible solution
consists in employing broadband composite © pulses (e.g. Ry4:
600300,50600) as basic element. This method enhances the robust-
ness to offsets of RN} sequences but also their rf requirement. We
show that R145c and R183c recoupling methods allow acquiring
DQ-SQ spectra of BaszAlyF;, at vg ~ 30 and 65 kHz, respectively. If
these y-encoded methods allow avoiding the signal folding, they
create significant spinning sidebands along F; dimension. The
DQ-SQ spectra of BasAl,F;5 can also be obtained by using non-y-
encoded methods, such as SPIP and BR2). The introduction of a
pulse during the evolution period of DQC allows avoiding the sig-
nal folding. In that case, we show that BR2; has to be employed.
The 2D spectra acquired by this method display small spinning
sidebands, which simplify the spectral interpretation. Finally the
super-cycled SPIP sequence benefits from the highest robustness
to offset and allows the observation of homonuclear correlation be-
tween sites displaying large differences in isotropic chemical shifts.
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3):(a)R1 SZC with R4 and sequence of Fig. 1a (t = 120 ps), and (b-1) BR2; with sequence of Fig. 1c (7 = 120 ps and vy, = 120 kHz). (b-2) Expansion of the right upper part of (b-
1), in order to obtain the same spectral widths as the right part of (c). (c) Rotor-synchronized (SW; = vg) SPIP spectrum with: v, = 120 kHz, v15; = 100 kHz, and 7 = 240 ps. The
full spectrum has been acquired in a single experiment but for the sake of readability, only the spectral regions displaying correlation peaks are presented. Due to the folding
along Fy, the vertical scaling on the right is only correct for the pairs of correlation peaks both situated in the right square of the spectrum. The vertical scaling on the left,
which is correct for the pairs of correlation peaks with one peak in the left part and one peak in the right part, has been obtained by adding 86.3 ppm (vg/vo) to the right
vertical scaling. For the three other peaks ((8, 8), (8,7), (7, 7)), the correct F; value can be obtained by adding 86.3 ppm to this left vertical scaling.

As SPIP scheme is not compatible with the introduction of a central
7 pulse, the absence of signal folding has to be sacrificed for the
sake of greater robustness. In summary, in the case of very large
frequency spread for the resonances, our preferred choice is to
introduce rotor-synchronized SPIP recoupling into the usual DQ-
SQ experiment (Fig. 1a). This method provides the highest robust-
ness to offset, requires low rf field, minimizes the experimental
time and eliminates sidebands along the F; dimension. If the inter-
pretation of the SPIP DQ-SQ spectrum with folded peaks appears
difficult to the scientist, our second choice is then the non-rotor-
synchronized BR2) scheme with a 7 pulse during the evolution
period. Folded resonances along F; are avoided, but the sensitivity
is largely decreased with respect to rotor-synchronized SPIP.

It must be noted that experimental relative efficiencies of the
various sequences do not always correspond to those obtained
with simulations. These differences of relative efficiencies are re-
lated to the sparse sampling of the built-up curves and to the irre-
versible losses. Practically, the best way to sample correctly the

built-up curves may thus be: first to find with a fast spinning speed
the best number of recoupling cycles, and second to optimize the
spinning speed, while keeping the same number of cycles. Obvi-
ously, these problems of sparse sampling and irreversible losses
decrease with increasing field and spinning speed.

It is also very important to note the great advantage of using the
highest available spinning speed and magnetic field for resolution
purpose. The use of small sample volumes for ultra-fast spinning
speed is indeed most of the time not a problem for these very sen-
sitive nuclei.

Last, it must be reminded that all double- and zero-quantum
dipolar recoupling sequences intrinsically suffer from dipolar trun-
cation effects [47,48] meaning that medium- or long-range spatial
proximities between two nuclei cannot be directly probed when
one of these is also involved in a short-range correlation with a
third nucleus. However, this important limitation may be now
partly overcome by some new advanced recoupling methods
[49,50].
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