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Heteronuclear spin decoupling pulse sequences in solid-state NMR have mostly been designed and
applied for irradiating 'H as the abundant nucleus. Here, a systematic comparison of different methods
for decoupling '°F in rigid organic solids is presented, with a special emphasis on the recently introduced
frequency-swept sequences. An extensive series of NMR experiments at different MAS frequencies was
conducted on fluorinated model compounds, in combination with large sets of numerical simulations.
From both experiments and simulations it can be concluded that the frequency-swept sequences SWyp-
TPPM and SW;-SPINAL deliver better and more robust spin decoupling than the original sequences
SPINAL and TPPM. Whereas the existence of a large chemical shift anisotropy and isotropic shift disper-
sion for '°F does compromise the decoupling efficiency, the relative performance hierarchy of the
sequences remains unaffected. Therefore, in the context of rigid organic solids under moderate MAS fre-
quencies, the performance trends observed for '°F decoupling are very similar to those observed for 'H

decoupling.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Application of heteronuclear spin decoupling provides signifi-
cant assistance in improving the resolution of solid-state NMR
spectra [1,2]. Along with magic angle spinning (MAS), it helps to
reduce the line broadening of NMR spectral lines due to dipolar
interactions. Initially, continuous wave (CW) irradiation [3-5]
was used on the abundant spins (such as 'H), facilitating an
improvement in resolution of the signals from the rare spin (such
as 13C). Bennett et al. [6] were the first to introduce a multi-pulse
sequence for spin decoupling in solid-state NMR, namely Two
Pulse Phase Modulation (TPPM), which resulted in much improved
decoupling performance compared to CW irradiation. The TPPM
sequence consists of repeating units of two RF pulses with alternat-
ing phases 7(.4)7(_s) Where 7 is the pulse duration (with a flip an-
gle usually between 160° and 180°) and ¢ is the phase angle.
Although the sequence has been used widely since its invention,
it shows considerable sensitivity towards changes in NMR param-
eters like flip angle and phase angle. An alternative was suggested
by Fung et al., with the Small Phase Incremental ALteration
(SPINAL) sequence [7], which includes phase increments within a
certain train of pulses Q of the form T(y)T(¢)T(g+o)T(—o—)T(p+p)
T(—p— pT(p+a)T(—p—o)- The most efficient phase increments usually
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are o=5° and B=10° A super-cycled sequence with eight such
blocks of pulses arranged as QQQQ QQQQ, thus constitutes a
SPINAL-64 sequence. Although SPINAL-64 was initially designed
for liquid crystal NMR, it also works well for crystalline solids
and has been shown to outperform TPPM in many instances [7-
9]. Several other multi-pulse decoupling sequences were intro-
duced later. Detken et al. published a scheme with repeating units
of two rotor-synchronised pulses with 180° phase shift, known as
X-inverse-X (XiX) [10], which was based on an earlier suggestion
by Tekely [11]. Other approaches for efficient heteronuclear decou-
pling include symmetry-based sequences [12,13], Cosine Modu-
lated (CM) TPPM [14], Hahn-Echo trains [15] and Phase-Wiggled
(PW) TPPM [16]. A theoretical analysis of phase-modulated se-
quences was presented recently by Ernst and co-workers [17].

A new approach, SW-TPPM [18-23], was introduced recently,
and was found to have better decoupling efficiency than both
TPPM and SPINAL. In SW;-TPPM, the durations of the pulse pairs
are changed in a controlled manner over a block of typically 11
pulse pairs, by multiplying the pulse durations with a series of fac-
tors which range from values below unity to values above unity in
a symmetrical manner (see Fig. 1). The change of pulse duration of
the phase-modulated pulse pairs leads to a change (a ‘sweep’) of
the frequency generated by the phase modulation, as can be shown
by Fourier transformation [18,24]. The sequence of pulse multipli-
cation factors defines a sweep profile. Initially, SWTPPM was intro-
duced with a tangential sweep profile [18]. Later linear sweeps
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Fig. 1. Schematic representation of the decoupling sequences (a) TPPM, (b) SW/TPPM, (c) SPINAL, and (d) SW;-SPINAL.

were found to be equally good-performing, with one optimizable
parameter less than the tangential sweeps, making implementa-
tion and optimization easier [20,22]. The SWTPPM method was
found useful for dipolar decoupling in many systems including li-
quid crystals [19], crystalline organic solids [18,20,22,23] and inor-
ganic materials with quadrupolar nuclei [21,25]. The decoupling
performance of SW-TPPM methods was also analysed using bimo-
dal Floquet theory [20]. In SW/TPPM, only the pulse duration is
modulated. It is however possible to simultaneously modulate
both pulse durations and phases, leading to doubly modulated se-
quences. The phase modulated version of SW-TPPM is known as
SWg,-TPPM [26] and has been shown to add a few percent to the
performance of SW-TPPM. Another doubly modulated sequence
is the frequency-swept SPINAL sequence, named SW;-SPINAL
[27]. It was found that incorporation of a pulse duration sweep
generally improves the decoupling performance of SPINAL,
although not always to the quality of SWy- or SW,-TPPM.

A major cause of line broadening in solid-state NMR is the dipo-
lar interaction. For nuclei with high gyromagnetic ratio and/or in
close proximity, this interaction is only scaled down, but not fully
eliminated at moderate MAS frequencies [28]. Another reason for
line broadening are chemical shift effects. The full chemical shift
Hamiltonian of a spin system in an external magnetic field B, is gi-
ven by:

?%\éc_g:*'ygo-(s-g (])

Here 6 is the chemical shift tensor, the principal values of which
determine the isotropic value of the chemical shift:
- 1 - -
iso = 3 (011 + 022 + 033) (2)
Setting the decoupler frequency exactly on the abundant spin
resonance is an easy procedure in the case of narrow spectral lines,
but is not so obvious for broad and featureless lines often encoun-
tered in solid-state NMR. Similarly, for a sample with a spread of
isotropic chemical shifts for the abundant nuclei, on-resonance con-

ditions cannot be met simultaneously. This effect of isotropic shift
spread may be termed isotropic dispersion [29], and here we desig-
nate the magnitude of this dispersion by dd;s. In solids, an addi-
tional difficulty arises because of the orientation-dependent
chemical shift anisotropy (CSA), which can be gauged by the
quantity

AS = (833 — Biso) 3)

with an associated asymmetry parameter,

(022 — 011)
n= T AS (4)

This standard convention is valid for shielding tensors with the
condition |d33 — diso| = |22 — Jiso| = 611 — diso| according to the [U-
PAC rules [30]. In principle, the chemical shift anisotropy (CSA)
may be averaged out by MAS, if the spinning speed exceeds the
magnitude of the CSA interaction. For 'H, both dd;, and Ad are
comparatively small, namely up to tens of ppm. The situation is
different for the nucleus '°F, which is otherwise — in terms of
NMR response - very similar to 'H: '°F possesses spin I = 1/2, a nat-
ural abundance of 100%, and a gyromagnetic ratio close to that of
H. But even when placed in a similar chemical environment, the
chemical shift effects experienced by '°F are much larger than
those of 'H, due to a larger electron cloud. As may be seen from Ta-
ble 1, the dispersion of '°F isotropic shifts dd;, tends to be much
larger than that of protons, whereas the magnitude of As of !°F
may reach hundreds of ppm. Under MAS conditions, dd;s, will be
not affected at all, whereas for slow to moderate spinning speeds,
AS will not be averaged completely. This adds to the challenge of
performing efficient spin decoupling for '°F nuclei. This raises the
question of how spin decoupling techniques, usually designed
and tested for 'H decoupling, perform when applied to '°F.

The necessity for efficient decoupling of '°F occurs frequently in
solid-state NMR, as fluorine is present in many important materials
like polymers, minerals and ceramics. Consequently, a large num-
ber of examples may be found in the literature where a rare spin
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Table 1

Comparison of isotropic chemical shift (5is, =% [611 + 622 + 033]) and the chemical shift anisotropy (Ad = 633 — dis0) for 'H and '°F nuclei in similar chemical environments. The
acquisition temperatures (T) and the corresponding references from which the data have been taken are also listed.

Compound H Compound EE

Siso/PPM Ad[ppm T/K Ref. Siso/PPM Ad/ppm T/K Ref.
CHCl; 24 8.6 RT? [31] CFCl3 190 51 RT? [32]
NHs 312 15.61 = [33,34] NF; 749 390.0 RT® [35,36]
CeHs 7 53 263 [37] CeFs 033 149.5 201 [38]
1,3,5-tribromobenzene - —6.95 - [39] 1,3,5-trifluoro-tribromobenzene 81.0 -112.0 - [39]
4,4'-difluorobiphenyl -6.5, -7.5 5.0, 2.0 RT [40] 4,4'-difluorobiphenyl -52.5 51.77 RT [40]
2,6-dichloro 4-fluorophenol 7.04 4.45 RT [41] 2,6-dichloro 4-fluorophenol —127.02 87.86 RT [41]

2 Determined from solution in liquid-crystalline media.
> Determined from molecules trapped in clathrates.

has been observed under 'F decoupling [42-62]. Whereas in many
cases, only CW decoupling has been used [42-53], there is also evi-
dence of application of multi-pulse techniques. In analogy to the
results obtained for 'H, it was attempted to improve spectral reso-
lution by decoupling '°F using TPPM [54-58], SPINAL [59,60] and
also XiX [61,62]. We are however not aware of any work where
the respective performances of different '°F decoupling techniques
have been systematically compared. Therefore, in the present
work, a systematic comparison of °F-decoupling efficiencies of dif-
ferent composite pulse decoupling sequences performed in rigid
perfluoro-organic systems is presented, with a special emphasis gi-
ven to the new frequency-swept sequences. TPPM, SPINAL, SW-
TPPM and SWSPINAL (Fig. 1) are the methods which are being
compared, in decoupling experiments conducted on potassium
nonafluoro-1-butanesulfonate (NFBS-K) and sodium pentafluoro-
propionate (PFP-Na). These model compounds may be classified
as “rigid organic solids” on the NMR time scale. Also, the rare spin
13C is observed in the presence of '°F only, and we restrict our-
selves to such systems in the work presented here. Another exper-
imentally important situation is the simultaneous presence of 'H
and '°F. For isolated (or very dilute) H-X-F pairs, offset-robust
decoupling on 'H only may be sufficient for good resolution [63].
For systems that are abundant in both 'H and '°F, however, triple
resonance experiments need to be performed in order to decouple
both nuclides [64-71]. We have also not looked at polymers in this
work, as these are conceptually different from rigid organic solids,
and are known to respond differently to RF decoupling [70-76].
Since all the experiments were performed at comparatively moder-
ate spinning speeds (below 20 kHz), XiX [10] and the recently sug-
gested PISSARRO [77,78] were not considered, as they work well
only at high spinning speeds. We also conducted SpiNEVOLUTION
[79] numerical simulations to evaluate the performance of the var-
ious decoupling schemes. Both in experiment and in simulation,
the frequency-swept sequences always outperformed TPPM and
SPINAL by a consistent margin, with an enhanced robustness to-
wards parameter changes.

2. Experimental

Potassium nonafluoro-1-butanesulfonate (NFBS-K, Sigma Al-
drich) and sodium pentafluoropropionate (PFP-Na, Acros Organics)
were purchased and used without further purification. The '°F
spectrum of NFBS-K in D,0 solution was recorded on a Bruker
AVANCE-II 400 spectrometer. It showed multiplet structures cen-
tred at —81.42 ppm for the CF; group (J carbon), and for the CF,
groups at —115.17 («), —122.40 (), and —126.52 ppm (p). The
19F _, 13C Cross Polarization Magic Angle Spinning (CPMAS) spectra
of NFBS-K and PFP-Na were acquired on a Bruker AVANCE-II 400
spectrometer, at a '3C Larmor frequency of 100.58 MHz and a '°F
Larmor frequency of 376.13 MHz, using a 2.5 mm double channel
MAS probe (NMR Service, M. Braun) at different spinning frequen-

cies (10, 15, and 20 kHz). A CP contact time of 5 ms was used for
both model compounds with a recycle delay of 5s for PFP-Na
and 7 s for NFBS-K, with 128 transients collected for each spec-
trum. All decoupling sequences used were coded in the standard
BrRUKER CPD format and are available from the authors upon request.
The parameters governing the decoupling sequences were opti-
mized by sequentially changing pulse durations, phase angles
and sweep profiles while searching for the maximum intensity of
the 13C signal. More details on optimization may be found in earlier
works [22,25,27]. Since the linear and the tangential sweep profiles
produced similar decoupling efficiency, only results from the linear
profiles are shown in the comparison plots. All the experiments
were done at a decoupling field strength of ~120 kHz.

The performance of the various decoupling schemes was also
investigated by SeiNevoLution [79] numerical simulations. The spin
system under analysis for simulations was a '>C nucleus dipolar-
coupled with four '°F nuclei, arranged in a glycinyl backbone struc-
ture. All the calculations were run with the '°F-'F homonuclear
dipolar interaction enabled and with a range of '°F chemical
shielding anisotropies. A line broadening factor of 5 Hz was used
for all calculations. MAS frequencies for the simulations of se-
quences with TPPM and SPINAL basic blocks, were chosen to be
8.0808 kHz and 8.3333 kHz respectively for the 2D plots shown
in Fig. 5. This helped to avoid interference effects of the cycle time
of the decoupling sequence. A matrix of RF strength v; and phase
angle ¢ was scanned for each simulation, where v; varies from
80 to 120 kHz in steps of 1 kHz, and ¢ changed from 0° to 30° in
1° step width. The values for the phase settings were identical
for TPPM and SW;-TPPM, but for SPINAL and SWSPINAL phase
increments of o = 5° and = 10° were included.

For '°F decoupling of PFP-Na, the best performing phase angles
(¢) for TPPM, SW;-TPPM and SW-SPINAL were found to be 12.5°,
but 15° for SPINAL-64. In the case of NFBS-K, the TPPM phase angle
was optimized to be 7.5° and for SPINAL-64, SW~TPPM and SWj-
SPINAL, it was 12.5°. For SWy-SPINAL, the sequence SW}""(32)-
SPINAL-32 [27], with a single linear sweep over 32 SPINAL pulses
from 0.90 to 1.10 was found to be superior in decoupling of
NFBS-K, whereas SW}i”(64)—SPINAL—64 with the identical sweep
window (0.90-1.10) proved best for decoupling of PFP-Na. The best
sweep for SWTPPM was found to be from 0.78 to 1.22 in the case
of PFP-Na and from 0.69 to 1.31 for NFBS-K. In all the cases, the flip
angles (pulse durations) were optimized experimentally.

3. Results and discussion
3.1. Fluorine decoupling in rigid organic solids

PFP-Na (Fig. 2, top row) and NFBS-K (Fig. 2, bottom row) were
used to study the decoupling performance of different decoupling
methods. In particular, NFBS-K, with four fluorinated carbon
groups, and an isotropic '°F shift dispersion of déi, ~ 45 ppm
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(see Section 2), appears to be a good candidate for testing decou-
pling efficiency. As shown in Fig. 2, the frequency-swept TPPM
and SPINAL sequences outperform the non-swept sequences by a
considerable margin for both samples. PFP-Na shows three re-
solved carbon resonances, the most de-shielded one being the car-
bonyl carbon. Since the effect of decoupling on the carbonyl signal
intensities is weak, only the difluoromethylene (CF,) and trifluoro-
methyl (CF;) carbon signals of PFP-Na are evaluated in the '°F-
decoupled '3C CPMAS spectrum. NFBS-K has four different carbon
resonances with the a-carbon (115.3 ppm) being the most de-
shielded one, since it is closest to the sulfonate group. Following
are the carbon signals of the CF; (d-carbon, 112.5 ppm) and
remaining CF,’s (8 at 112.5 ppm and y at 107.1 ppm). The quality
of '°F decoupling can be judged from the intensity and the separa-
tion of the carbon lines in Fig. 2, with SW~TPPM and SW-SPINAL
delivering best intensities and concomitant resolution.

The '°F off-resonance effects on decoupling performance are
shown in Fig. 3. Here, the decoupler frequency was deliberately
moved away from the position judged to best represent on-reso-
nance. (A good criterion for on-resonance condition is to take the
maximum of the parabolic intensity curve displayed by '3C on
changing the 'F frequency [29].) The off-resonance effects were
more prominent in NFBS-K than in PFP-Na, and therefore the for-
mer is used here-onwards for the discussion. The comparison of
decoupling efficiencies of the various methods was done through
the analysis of '3C intensities of the CF, and CF; resonances of
NFBS-K. In Fig. 3, the response of the different carbon atoms in
NFBS-K to changing the '°F frequency offset by +12 kHz is shown.
Plotted are the data for the three CF, carbons (, f and 7) and the
CF3 carbon (4), acquired at 10 kHz MAS frequency. It can be seen
from Fig. 3 that small offset changes do not have much effect, prob-
ably due to the large '°F shielding anisotropy and the presence of

TPPM

SPINAL
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homonuclear couplings. The intensity of the carbons 8, y and &
shows the expected parabolic dependence [29], even though the
curvature is only weak. For all data, the frequency-swept se-
quences outperform SPINAL and TPPM by a consistent margin.

The dependence of decoupling efficiency as a function of MAS
frequency was also explored. The results are shown in Fig. 4 for
all four '3C signals of NFBS-K under on-resonance conditions. Here,
we plot the full-width-half-height of the '3C lines, instead of the
intensities used in all other plots. This was done to exclude possi-
ble variations of cross-polarization efficiency with changed MAS,
which would affect the intensities. The parameters of the decou-
pling sequences were optimized at 10 kHz MAS and then kept un-
changed for the higher MAS frequencies. It can be seen from Fig. 4
that SW-TPPM and SW/-SPINAL sequences outperform TPPM and
SPINAL over all the spinning frequencies analyzed, for the (a) «
(b) 6, (c) B and (d) y-carbons. The relation between MAS frequency
and decoupling efficiency will be discussed in more detail below, in
the context of numerical simulation results.

3.2. Numerical simulations using SPINEVOLUTION

The line intensities resulting from the experimentally best-per-
forming SWy-SPINAL and SW/TPPM decoupling sequences were
also evaluated by numerical simulations with the SpiNEvoLUTION
[79] program. The 2D landscapes shown in Fig. 5 portray the abso-
lute intensity of the '3C signal, from a system of a carbon-13 nu-
cleus dipolar-coupled with four '°F nuclei. For the fluorines, a
CSA (Ad) of 16 kHz and a dispersion of °F chemical shifts (dd;s,)
of 30 kHz were assumed (see Section 2 for more calculation de-
tails). The '3C signal intensity is shown as a function of the RF
strength (v;) applied and the phase angles (¢) used. In Fig. 5c, it
may be seen that the SWy-TPPM sequence produces a series of

SW-TPPM  SW-SPINAL

UL L

FF F FQ0
8 Y ]'30(.

FFFF

R

\o

LY.

5 (°C)/ ppm

Fig. 2. '9F decoupled '*C CPMAS spectra of (top row) CF, and CF; groups of sodium pentafluoropropionate (PFP-Na) and (bottom row) potassium nonafluoro-1-
butanesulfonate (NFBS-K). Decoupling performance of TPPM, SPINAL, SW~TPPM and SW;-SPINAL are compared for both model compounds. All the spectra were collected at

an MAS frequency of 10 kHz, with the decoupler frequency being on-resonance.
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Fig. 3. The '°F off-resonance effects are shown for the '3C CPMAS spectra of NFBS-K for the signals from (a) o, (b) 4, (c) # and (d) y-carbons. Decoupling performance of TPPM,
SPINAL, SW;-TPPM and SW;-SPINAL are compared based on the 19F offset dependence at a MAS frequency of 10 kHz.
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Fig. 4. The decoupling performance at different MAS frequencies are compared here by plotting the full-width-half-height (FWHH) of the '*C CPMAS signals from (a) o, (b) 4,
(c) p and (d) y-carbons of NFBS-K for different decoupling sequences, namely TPPM, SPINAL, SW-TPPM and SW-SPINAL at 10, 15 and 20 kHz MAS. Here, in contrast to
intensity plots, lower values (i.e., narrower lines) indicate better decoupling.

vertical high-intensity bands which represent the areas where the
so-called decoupling condition (see below) is met [20]. The location
of these bands in the 2D landscape is determined by the ratio of se-
quence cycle time and rotor period. For SWy-SPINAL, a large spread
of moderately good decoupling conditions is visible (see Fig. 5d),

albeit without the pronounced band structure observed for SWy-
TPPM. For the sake of comparison, numerical simulations of TPPM
(Fig. 5a) and SPINAL-64 (Fig. 5b) on the same system are also pre-
sented, which exhibit only comparatively small areas of good
decoupling efficiency. Thus, also in numerical simulations, the
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Fig. 5. The 2D representation of SpiNevoLution simulations [79] of (a) TPPM, (c) SW}"’—TPPM (both with 8.0808 kHz MAS); and (b) SPINAL-64, (d) SW}‘"—SPINAL (both with
8.3333 kHz MAS) being plotted as the absolute intensity of the '>C resonance as a function of RF strength (v;) and the phase angle (¢). A structural unit of 4 fluorines ('°F, with

Ad =16 kHz) dipolar-coupled with a >C (Ad = 0 kHz) was used for the calculations.

frequency-swept sequences are found to be better performing and
more robust than both SPINAL and TPPM.

As explained above, the main difference between decoupling
protons or fluorines as abundant spins is the fact that both the
chemical shift anisotropy, Ad, and the isotropic dispersion, dé;s,
of '°F is much larger. As in numerical simulations, these parame-
ters may be changed at will, we explored the effect of increasing
A for '°F on the decoupling efficiency. In order to do so, full 2D
landscapes (such as shown in Fig. 5) were calculated for the
investigated decoupling sequences, with the chemical shift
anisotropy Ad of the '°F being varied between 8 and 64 kHz.
(By defining the Ad in kHz, the results are rendered independent
of the applied magnetic field.) To handle the information of the
2D plots in a concise manner, we plotted both the maximum
intensity found over the 2D grid, as well as the normalized overall
intensity summed over the entire grid. These quantities were
then plotted over the varying AJ, as depicted in Fig. 6. The result-
ing dependence for both approaches looks very similar (Fig. 6a
and b), showing that the effect on maximum and overall intensity
are almost identical. Comparing the different sequences, SWy-
TPPM performs best in '°F decoupling, slightly outperforming
SW-SPINAL, with both being well ahead in performance to
SPINAL-64. With increasing AJ, the relative differences between
the decoupling sequences diminish. The classification of se-
quences by performance, however, remains the same and is very
much identical to that observed in the case of proton decoupling
[27]. So although large '°F chemical shift anisotropy tends to have

AR B AR AL BURRLALLL IULRAALAL B 400 e
—{— SPINAL-64
r 1 L —@— SW-lin-TPPM |
—l— Sw32-1in-SPINAL-32
60 1 300 -
; I
2 4o 1 200 1
>
2 I
9
E
201 1 100 -
0-(a) 4 0 i
il saaaaal " Losaaaaaal
8 16 32 64
Ad | kHz A8 [ kHz

Fig. 6. SeinevoLutioN [79] simulations showing the decoupling performance of (i)
SPINAL-64, (ii) SW{"-SPINAL and (iii) SW{"-TPPM sequences plotted as a function of
(a) the highest intensity values in the 2D plot and (b) the collapsed (summed)
intensities of the 2D landscapes, normalized by the matrix size. The decoupling
performance was calculated for different chemical shielding anisotropies, Aé =8,
16, 32, and 64 kHz.

a deleterious effect on the decoupling efficiency, the frequency-
swept methods are always superior to the non-swept multi-pulse
decoupling sequences.
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fluorine in the structural units were: (a) Aé =0 kHz; dd;s, = 16 kHz (with d;5, = —8,
-8, +8, +8 kHz) and (b) Ad =16 kHz; dé;s, = 0 kHz (with d;5, =0, O, 0, 0 kHz). The
exact MAS frequencies used were 8.0808, 11.1111, 13.1313, 16.6666 and 20.0000
kHz for SW/"-TPPM simulations, while for SPINAL-64 and SW;"-SPINAL those were
8.3333,11.4583, 13.5415, 16.6666 and 20.8333 kHz, to avoid interference effects of
7. and t,.

The main effect of the chemical shift tensor of the abundant nu-
clei (e.g., '9F) on the linewidth of the observed nuclei (e.g., 13C) is
known to be the second-order cross term between chemical shift
and heteronuclear dipolar coupling [1,20,80,81]. The numerical
simulation results shown in Fig. 6 are consistent with the concept
of this cross term being the dominant contribution to the residual
linewidth. With increasing Aé (and correspondingly larger cross-
term magnitude), the 13C lines are broadening. In the Floquet anal-
ysis of Ref. [20], this cross term can be assigned to an effective
Hamiltonian, which possesses a residual field component along
the (arbitrarily chosen) y-direction. The decoupling condition men-
tioned above is then defined as follows: The effect of the applied
decoupling sequence must be such as to eliminate the I, coeffi-
cients of this effective Hamiltonian. For the TPPM and SPINAL se-
quences, the regime where the decoupling condition is met was
shown to be fairly narrow [20]. The frequency sweep performed
by the SW-TPPM sequence, however, widens the region where
the decoupling condition holds [20], which accounts for the im-
proved decoupling performance.

The second-order cross term between the chemical shift and het-
eronuclear dipolar coupling tensors consists of a sum of a zeroth-
rank, a second-rank and a fourth-rank tensor [80], and only the sec-
ond-rank contribution can be averaged out by MAS rotation. Thus,
similar to the isotropic shift dispersion, which is entirely unaffected
by MAS, the deleterious effect of the °F shift anisotropy on the line-
width should not disappear even at faster MAS. This is evident from
Fig. 7, where we investigated the influence of Aé and dd;, on the
decoupling efficiency. For an assumed chemical shift anisotropy of
Ad = 16 kHz, no beneficial effects of MAS can be observed even at
20 kHz spinning (cf. Fig. 7b). This again points to the fact that the
main effect of the chemical shift anisotropy on the residual '3C line-
width is via the second-order cross term [1,20,80,81].

4. Conclusions

In this work, we have systematically compared different meth-
ods for decoupling '°F in rigid organic solids, with a special empha-

sis on the recently introduced frequency-swept sequences. Most of
the existing heteronuclear spin decoupling pulse sequences in so-
lid-state NMR have been designed and applied for irradiating 'H as
the abundant nucleus. However, decoupling of '°F spins is espe-
cially demanding due to the existence of large chemical shift ef-
fects. For the comparison, an extensive series of NMR
experiments at different MAS frequencies on fluorinated model
compounds, as well as large sets of numerical simulations were
carried out.

From both experiments and simulations it can be concluded
that the frequency-swept sequences SWpTPPM [18] and SWp-
SPINAL [27] deliver better and more robust spin decoupling than
the original sequences SPINAL and TPPM. Although the existence
of a large chemical shift anisotropy (Ad) and isotropic dispersion
(déis,) for 1F does compromise the decoupling efficiency, the rela-
tive performance hierarchy of the sequences remains unaffected.
From our numerical simulations of decoupling efficiency for
increasing AJ, it can be seen that the deleterious effect of the '°F
shift anisotropy on the '3C linewidth does not disappear even at
faster MAS. This can be attributed to the previously described pres-
ence of a second-order cross term between chemical shift and
dipolar coupling, which averages only partly under MAS [80]. Sim-
ilarly, the isotropic shift dispersion dé;s, is entirely unaffected by
MAS rotation. Since the size of dd;s, is roughly a magnitude smaller
than that of As for '°F, the anisotropy Ad is expected to have over-
all larger influence on the decoupling performance.

In summary, for NMR of fluorine-containing rigid organic solids
under moderate MAS conditions (<20 kHz), decoupling sequences
that work well for proton decoupling should also exhibit good per-
formance for fluorine decoupling.
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