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a b s t r a c t

Elucidating the local environment of the hydrogen atoms is an important problem in materials science.
Because 1H spectra in solid-state nuclear magnetic resonance (NMR) suffer from low resolution due to
homogeneous broadening, even under magic-angle spinning (MAS), information of chemical interest
may only be obtained using certain high-resolution 1H MAS techniques. 1H Lee–Goldburg (LG) CRAMPS
(Combined Rotation And Multiple-Pulse Spectroscopy) methods are particularly well suited for studying
inorganic–organic hybrid materials, rich in 1H nuclei. However, setting up CRAMPS experiments is time-
consuming and not entirely trivial, facts that have discouraged their widespread use by materials scien-
tists. To change this status quo, here we describe and discuss some important aspects of the experimental
implementation of CRAMPS techniques based on LG decoupling schemes, such as FSLG (Frequency
Switched), and windowed and windowless PMLG (Phase Modulated). In particular, we discuss the influ-
ence on the quality of the 1H NMR spectra of the different parameters at play, for example LG (Lee–Gold-
burg) pulses, radio-frequency (rf) phase, frequency switching, and pulse imperfections, using glycine and
adamantane as model compounds. The efficiency and robustness of the different LG-decoupling schemes
is then illustrated on the following materials: organo-phosphorus ligand, N-(phosphonomethyl)iminodi-
acetic acid [H4pmida] [I], and inorganic–organic hybrid materials (C4H12N2)[Ge2(pmida)2OH2]�4H2O [II]
and (C2H5NH3)[Ti(H1.5PO4)(PO4)]2�H2O [III].

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

1H is the most naturally abundant among the nuclear magnetic
resonance (NMR) observable nuclear spins in organic molecules
with high sensitivity, making it the most widely used nuclear
probe in solution state NMR. 1H chemical-shift ranges are well
known and they are used to ascertain the presence of functional
groups, yielding important information to chemists. In contrast,
1H NMR is not routinely used to characterize solids, mainly be-
cause it is not straightforward to record high-resolution spectra,
due to the strong 1H–1H homonuclear dipolar couplings, which
broaden the spectral lines up to the kHz range. However, solid-
state 1H NMR is a powerful and unique local probe of the intermo-
lecular interactions, such as strong and weak hydrogen-bonding
[1–3] and p–p stacking effects [4], which determine the self-
assembly of chemical species.

To remove the interactions which broaden the 1H spectra reso-
nances of solids, periodic multiple rf pulses and fast MAS (up to
70 kHz) have been used [5,6]. The latter consists in averaging out
ll rights reserved.
the space part of the 1H homonuclear Hamiltonian by mechanical
rotation of the sample, while the former entails the application
of periodic multiple rf pulses, resulting in an averaging in the spin
space. Considerable progress has been made in order to combine,
in an efficient way, these two complementary approaches in
CRAMPS schemes. Several strategies are available based on (i) win-
dowless pulse schemes MREV-8 [7,8], WHH-4 [9], CORY-24 [10],
BLEW-12 and -48 [11], MSHOT-3 [12], FSLG [13,14] or FFLG [15],
PMLGn [16–18], DUMBO-1/eDUMBO [19–21], and (ii) windowed
acquisition methods, BR-24 [22,23], wPMLGn [24,25], FSLG 240w
[26], wDUMBO-1 [27]. CRAMPS experiments may also be classified
according to the ratio between the rf multiple-pulse cycle time and
the rotor period. Traditional CRAMPS uses long rf multiple-pulse
periods and relatively slow spinning, while most recent CRAMPS
techniques, such as FSLG, PMLG, and DUMBO employ much shorter
rf cycle times, allowing higher spinning rates (up to 20 kHz). Other
methods (not based on a quasi-static approximation) based on
MAS synchronized sequences, using symmetry-based schemes,
have been reported recently and demonstrated at 20–30 kHz
MAS rate [28,29].

Lee–Goldburg based homonuclear decoupling schemes, are
probably the most used pulse sequences for 1H observation in
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Table 1
Example of experimental parameters used to record the 1D 1H–{CRAMPS}–13C MAS
NMR spectra of adamantane

1H{FSLG}–13C 1H{PMLG}–13C

MAS rate (kHz) 12 12
Number of scans 8 4
Recycle delay (s) 3 3
1H offset frequency (Hz) �2000 2000
90�(1H) pulse length (ls) 4 4.5
PMLG pulse unit (ls) — 1.96
FSLG pulse unit (ls) 9.8 —
Frequency switching time (ls) 0.6 —
PMLG decoupling power (kHz) — 86
FSLG decoupling power (kHz) 63 —
Positive LG offset frequency (+DLG) (Hz) 60925 —
Negative LG offset frequency (�DLG) (Hz) �56925 —
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materials characterization. The simple LG decoupling has been also
employed to aid in the measurement of 1H-X dipolar couplings and
to amplify the magnitude in the CSA of X nuclei [30,31]. FSLG and
PMLG blocks have been successfully inserted during the t1 evolu-
tion, in order to obtain a high-resolution 1H spectra in the indirect
dimension in 2D HOMCOR [16,32–34] and CP HETCOR [14,16,33–
37]. LG-CP and FSLG-CP (or SEMA) based schemes may also be used
to measure 1H-X heteronuclear dipolar couplings and have been
implemented in HOMCOR/HETCOR experiments to quench 1H–1H
diffusion during cross-polarization or other evolution times, allow-
ing to work in selective conditions [38–44]. In addition, Polarization
Inversion and Spin Exchange at the Magic Angle (PISEMA) are
experiments, consisting in a sensitivity enhancement method,
which has shown to provide precise measurement of chemical shift
and heteronuclear dipolar coupling interactions in strongly coupled
1H–1H systems [45]. The use of some of these techniques has been
illustrated on small molecules [5,35,46–55] biological materials
[27,56–68] photosynthetic pigments [69], inorganic materials
[70], inorganic–organic hybrid materials [33,34,71–74] catalysts
[75], nanoparticles [76], and pharmaceutical compounds [77].

Our aim for this work is both to provide a ‘tutorial guide’ for set-
ting-up high-resolution 1H LG-based NMR techniques using model
compounds, and to illustrate the application of these methods to
selected ‘real’ solids. The paper is, thus, divided in two parts.
Firstly, the practical aspects concerning the full optimization of
the LG-based CRAMPS, namely FSLG, PMLG, and wPMLG, se-
quences are presented and discussed step-by-step, using model
compounds adamantane and glycine. Secondly, we exemplify the
application of these techniques on selected organic molecules
and inorganic–organic hybrid materials, stressing their ability to
resolve crystallographically distinct 1H resonances given by com-
plex hydrogen-bonding networks, and to afford better resolution
than moderately fast MAS (33 kHz). The performance of several
LG-based decoupling methods will also be compared.

2. Principle of LG-based CRAMPS

2.1. FSLG (Frequency-Switched Lee–Goldburg) technique

Lee and Goldburg have shown that the application of an off-res-
onance rf field DmLG ¼ m1ffiffi

2
p induces an effective field meff ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðm2
1 þ Dm2

q
Þ inclined at the magic angle, hm ¼

arctan
ffiffiffi
2
p� �

¼ arctan m1
Dm

� �
, relative to the static magnetic field B0.

This effective field is parallel to a tilted rotating frame-z (toggling
frame) axis, resulting in an efficient 1H homonuclear decoupling.
By applying periodic LG irradiation (perturbation) the spins pre-
cess around the effective field or magic-angle axis (1,1,1), thus
canceling the dipolar Hamiltonian to first-order (it is zeroth-order
in the language of Haeberlen which is anyway zero under MAS)

over a period sLG ¼
ffiffiffiffiffiffiffiffiffiffi

2
3ðm1Þ2

q
, the time to complete a 2p rotation in

the toggling frame. By simultaneously switching the rf phase by
180� and the sign of the LG-offset frequency, the effective field
direction may be inverted ðmeff ¼ � DLG

cos hm
Þ producing a LG-type

experiment symmetric by reflection, named Frequency-Switched
Lee–Goldburg (FSLG). This experiment improves the dipolar trun-
cation to second-order by eliminating all odd-order terms [8] to
first-order, the homonuclear dipolar couplings are averaged out,
whereas shielding (isotropic and anisotropic parts) is scaled by
1ffiffi
3
p . In some consoles, this technique requires simultaneous

switching of both the phase and frequency DmLG ¼ � m1ffiffi
2
p

� �
at speeds

<1 ls.
The FSLG method performs well for a spinning rate mR in the

range of 10–16 kHz [35] with a further substantial improvement
being possible if the sample volume is restricted by the application
of a static magnetic field gradient and a selective pulse [78]. In
modern NMR spectrometers the FSLG pulse sequence is relatively
straightforward to implement, because the only adjustable param-
eters are the offset frequency DmLG and the LG pulse length, the se-
quence is robust and may easily be fine tuned, if necessary.

2.2. PMLG (Phase-Modulated Lee–Goldburg) technique

Vega and co-workers [16] have presented a new class of
CRAMPS experiments named Phase-Modulated Lee–Goldburg
(PMLG). PMLGn is a phase-modulated version of FSLG, achieving
line narrowing by the application of a series of discrete pulses
nearly on resonance with appropriate phases. PMLG is composed
of 2n pulses with the rf phase increment D/ = ±207.8/n and start-
ing with D//2 and 180 � (D//2), respectively. Although for a
smooth rf profile the number of pulses in the PMLG units should
be as large as possible, this will result in very short times for the
pulse width which may result in undesirable phase glitches. In
an ingenious reinterpretation of the LG concept, the zero-order or
first order terms in the average Hamiltonian can be shown to
vanish when the modulation of the pulse phase described by /
(t) = xPMLGt, satisfies the condition jxPMLGj ¼ x1=

ffiffiffi
2
p

[16].
A full PMLG unit, for symmetrization arguments [79,80], takes

either the form x�x (PMLG+) corresponding to a CRAMPS sequence
starting with the rf field along the +x direction and rotating counter
clockwise, or the form �xx (PMLG�), corresponding to a CRAMPS se-
quence starting with rf along �x and rotating clockwise (see Sec-
tion 3.1 for a better understanding).

3. Experimental

1H and 13C spectra were recorded on a 9.4 T Bruker Avance 400
WB spectrometer (DSX model) on a 4 mm double-bearing probe at,
respectively, 400.1 and 100.6 MHz. Samples were spun at the ma-
gic angle in 4 mm ZrO2 rotors. In some cases, the sample was re-
stricted to the center of the 4 mm rotor with the help of two
(upper and lower) plastic inserts to improve the rf field homogene-
ity over the whole volume of the sample. However, no significant
resolution enhancement was observed over the full-rotor acquisi-
tion. Quadrature detection in t1 was achieved by the States-TPPI
method. The correct 1H chemical shifts and the scaling factor k of
1H CRAMPS (1D and 2D) spectra were determined by comparison
with a 1H CRAMPS spectra of glycine, which has well-resolved
peaks allowing measurement of k for a given rf field strength.
Chemical shifts are quoted in parts per million (ppm) from tetra-
methylsilane (TMS).

The experimental parameters used for the different spectra are
reported in the Tables below (Tables 1–6).



Table 2
Experimental parameters used to record the 1D 1H wPMLG spectra of glycine

wPMLG5� wPMLG5+ wPMLG5þ wPMLG5�

MAS rate (kHz) 12
Number of scans 4
Recycle delay (s) 1
1H offset frequency (Hz) �5500 7000 7000 �5500
90�(1H) pulse length (ls) 4.2
PMLG pulse unit (ls) 1.7
hm pulse length (ls) 1
hm phase (degrees) 250
Acquisition window tw (ls) 6.4
External dwell-pulse px (ls) 0.1
90� (1H) and hm power (kHz) 75
PMLG decoupling power (kHz) 94
BLKTR (ls) 0.2
PHASPR (ls) 0.6 1 0.9 1
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3.1. Pulse sequences

The basic schemes for 1H homonuclear decoupling, are depicted
in Fig. 1a and b for the FSLG and PMLG blocks, respectively. The
FSLG block consists of two LG pulses separated by a delay ts for fre-
quency switching, between +DmLG and �DmLG offset frequencies,
Table 3
Experimental parameters used to record the 2D 1H{CRAMPS}–1H and 2D 1H{CRAMPS}–1H

1H{FSLG}–1H 1H{P

MAS rate (kHz) 12 12.5
Number of scans 8 8
Number of t1 points 170 256
Recycle delay (s) 0.8 0.8
1H offset frequency (Hz) �2000 �480
90�(1H) pulse length (ls) 3.2 3.35
PMLG pulse unit (ls) — 1.75
wPMLG pulse unit (ls) — —
FSLG pulse unit (ls) 9.2 —
Frequency switching time (ls) 0.6 —
hm pulse length (ls) 1.5 2.04
Acquisition window tw (ls) — —
External dwell-pulse px (ls) —
Mixing time tm (ls) — 10
PMLG decoupling power (kHz) — 84
FSLG decoupling power (kHz) 88 —
Positive LG offset frequency (+DLG) (Hz) 64,425 —
Negative LG offset frequency (�DLG) (Hz) �53,425 —

Table 4
Experimental parameters used to record the 2D 1H{CRAMPS}–1H and 2D 1H{CRAMPS}–1H

1H{FSLG}–1H

MAS rate (kHz) 14
Number of scans 8
Number of t1 points 512
Recycle delay (s) 2
1H offset frequency (Hz) �2000
90�(1H) pulse length (ls) 3.25
PMLG pulse unit (ls) —
wPMLG pulse unit (ls) —
FSLG pulse unit (ls) 9.2
Frequency switching time (ls) 0.6
hm pulse length (ls) 1.5
Acquisition window tw (ls) —
External dwell-pulse px (ls) —
Mixing time tm (ls) —
PMLG decoupling power (kHz) —
FSLG decoupling power (kHz) 85
Positive LG offset frequency (+DLG) (Hz) 65,925
Negative LG offset frequency (�DLG) (Hz) �51,925
BLKTR (ls) —
PHASPR (ls) —
and 180� rf phase switching. The PMLG block is also composed of
two LG units, each one divided into n = 5 discrete on-resonance
pulses, with an rf phase (/i) increment. As FSLG, PMLG requires
symmetrisation and, hence, the rf phases of the second LG pulse
must be shifted 180� relative to the phases of the first LG unit.
The evolution starts with 20.78� (D/i/2) and then each successive
angle is determined by a 41.56� (D/i = ±207.8/n) increment. Hence
for the PMLGn+ (with n = 5) unit, /i = 20.78� + (i � 1) � 41. 56�, for
pulses i = 1–5, and /i = 7.02� + (i � 6) � 41. 56�, for pulses i = 6–10.
Similarly, for PMLG�, /i = 159.22� + (i � 1) � 41.56�, for pulses
i = 1–5, and /i = 172.98� + (i � 6) � 41.56�, for pulses i = 6–10. The
/i values of PMLG5+, PMLG5�, PMLG5þ and PMLG5� are, respec-
tively (Fig. 1b), {20.78�, 62.34�, 103.90�, 145.56�, 187.02�, 7.02�,
325.46�, 283.39�, 242.34�, 200.78�}, {159.22�, 117.66�, 76.10�,
34.54�, 352.98�, 172.98�, 214.54�, 256.10�, 297.06�, 339.20�},
{200.78�, 242.34�, 283.39�, 325.46�, 7.02�, 187.02�, 145.46�,
103.90�, 62.34�, 20.78�} and {339.20�, 297.66�, 256.10�, 214.54�,
172.98�, 352.98�, 34.54�, 76.10�, 117.66�, 159.22�}.

The pulse sequences in Fig. 1c and d are used to perform a pre-
liminary optimization of the scaling factor, rf field strength, and
offset frequency for FSLG and PMLG blocks, via observation of
the 13C CH2 and CH3 J-multiplets. The pulse sequences depicted
in Fig. 1e and f correspond to 2D 1H{FSLG}–1H and 1H{PMLG5}–1H
{wPMLG} HOMCOR spectra of glycine

MLG}–1H 1H{FSLG}–1H{wPMLG} 1H{PMLG}–1H{wPMLG}

12 12
8 8
300 512
0.8 0.8

0 �6000 �7000
4.2 4.2
— 2
2 1.9
9.2 —
0.6 —
2.55 1.4
6.3–7.0 6–6.4
0.1 0.1
2–500 2–500
84 84
84 —
64,425 —
�53,425 —

{wPMLG} and 1D 1H{wPMLG} spectra of I
1H{wPMLG} 1H{PMLG}–1H 1H{FSLG}–1H{wPMLG}

14 14 14
32 8 8
— 256 256
2 2 2
�6500 �7500 �6500
4.2 3.35 3.25
— 1.9 —
1.7 — 2
— — 9.2
— — 0.6
1.4 1.5 2
6.3 — 6.1
0.1 — 0.1
— 10 —
94 84 84
— — 84
— — 64,425
— — �53,425
0.2 — —
0.6 — —



Table 5
Experimental parameters used to record the 2D 1H{CRAMPS}–1H and 2D 1H{CRAMPS}–1H{wPMLG} HOMCOR and 1D 1H wPMLG spectra of II

1H MAS 1H{wPMLG} 1H{FSLG}–1H 1H{FSLG}–1H{wPMLG} 1H{PMLG}–1H

MAS rate (kHz) 30 12.5–14 14 14 14
Number of scans 8 32 8 16 8
Number of t1 points — — 196 200 256
Recycle delay (s) 3 3 3 5 3
1H offset frequency (Hz) �5600 �6500 �2000 �6500 �7500
90�(1H) pulse length (ls) 3.5 4.2 4.2 4.2 3.35
PMLG pulse unit (ls) — — — — 1.9
wPMLG pulse unit (ls) — 1.7 — 2 —
FSLG pulse unit (ls) — — 9.2 9.2 —
Frequency switching time (ls) — — 0.6 0.6 —
hm pulse length (ls) — 1 1.5 2.25 1.5
Acquisition window tw (ls) — 6.3 — 6.1 —
External dwell-pulse px (ls) — 0.1 — 0.1 —
Mixing time tm (ls) — — 2 2 2
PMLG decoupling power (kHz) — 84 — 84 84
FSLG decoupling power (kHz) — — 85 84 —
Positive LG offset frequency (+DLG) (Hz) — — 64,425 64,425 —
Negative LG offset frequency (�DLG) (Hz) — — �53,425 �53,425 —
BLKTR (ls) — 0.4 — — 0.2
PHASPR (ls) — 0.6 — — 0.6

Table 6
Experimental parameters used to record the 2D 1H{CRAMPS}–1H{wPMLG} HOMCOR
spectra of III

1H{FSLG}–1H{wPMLG} 1H{PMLG}–1H{wPMLG}

MAS rate (kHz) 12.5 12.5
Number of scans 16 8
Number of t1 points 512 512
Recycle delay (s) 1 4
1H offset frequency (Hz) �6500 �7000
90�(1H) pulse length (ls) 4.2 4.2
PMLG pulse unit (ls) — 2
wPMLG pulse unit (ls) 2 1.9
FSLG pulse unit (ls) 9.2 —
Frequency switching time (ls) 0.6 —
hm pulse length (ls) 2.55 1.4
Acquisition window tw (ls) 6.1–6.3 6
External dwell-pulse px (ls) 0.1 0.1
Mixing time tm (ls) 2–500 2
90�(1H) and hm power (kHz) 75 75
PMLG decoupling power (kHz) 84 84
FSLG decoupling power (kHz) 84 —
Positive LG offset frequency

(+DLG) (Hz)
64,425 —

Negative LG offset frequency
(�DLG) (Hz)

53,425 —
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HOMCOR experiments, where Fig. 1a and b building blocks, respec-
tively, may be inserted during t1 evolution. In our spectrometer
best results are obtained when the pulse sequences start with a
p/2 + hm pulse that creates magnetization in the plane perpendicu-
lar to the direction of the effective rf field, the tilted z-axis [14].
Then, CRAMPS homonuclear decoupling is introduced and, at the
end of the t1 evolution, a p/2 � hm (=hc) pulse places the magneti-
zation along the rotating-frame z-axis. The last p/2 pulse brings
the magnetization back to the xy transverse plane for detection.
1H spin diffusion may be studied by adding a mixing time tm just
before the last p/2 pulse. It is worth mentioning that other authors
may perform these experiments in a slightly different way. For
example, the pulse sequence may be initiated by a single p/2 pulse
[81]; however the addition of a pre-pulse hm pulse may help opti-
mizing the 1H spectra in the t1 dimension. The influence of hm will
be discussed later.

Fig. 1g shows the pulse sequence used to record high-resolution
1D 1H NMR spectra, with windowed acquisition of the sampled
data points during signal detection (t2), i.e., the data sampling is
interrupted periodically (t2 windows, tW) for insertion of PMLG
blocks.

The pulse schemes (Fig. 1h and i) used in 2D
1H{FSLG}–1H{wPMLG} and 2D 1H{PMLG}–1H{wPMLG} afford
1H–1H spectra exhibiting high resolution t1 and t2 dimensions
using, respectively, windowless and windowed 1H–1H decoupling.
In such experiments, the t1 and t2 homonuclear decouplings are
optimized separately. The windowless decoupling (t1) may be opti-
mized using 1D (Fig. 1c and d) or 2D (Fig. 1e and f) pulse sequences.
The windowed PMLG decoupling (t2) is optimized by employing
the 1D 1H wPMLG sequence (Fig. 1g). The different optimizations
steps are now discussed.
4. Results and discussion

The optimization of, among others, the following parameters in
LG-based CRAMPS sequences will be discussed using model com-
pounds adamantane and glycine: LG rf field strength, 1H rf offset,
rotation frequency, and variation of the scaling factor.

Among the different PMLGn sequences, those with n = 3, 5 and 9
are the most commonly used. Here, we deal mainly with the
PMLG5 scheme because of its wide application at moderately high
spinning frequencies [17].

4.1. Optimizing FSLG and PMLG 1H–1H decoupling via 1D spectra

1D 1H–13C experiments (Fig. 1a,b) are very useful to optimize
the FSLG and PMLG unit blocks, and they consist in monitoring
the 13C JCH splitting values of CH2 and CH3 while changing the pulse
sequence parameters (1H rf field strength, and rf offset). The shape
and resolution of the 13C J-multiplets are very sensitive to the mis-
set of the parameters. For instance, through the direct observation
of the experimentally scaled J-coupling and comparison with the
solution NMR J-coupling values [82] the experimental scaling fac-
tors may be estimated.

4.1.1. LG rf field strength and 1H rf offset
These are the two critical parameters to be optimized in FSLG

and PMLG decoupling schemes. LG rf field strength is the power le-
vel to be applied during each LG unit. Keeping the rf offsets (±DmLG)
and LG pulse (sLG) length (see experimental section) fixed to their
theoretical values, one may easily tune the LG rf field strength until
a good-quality spectrum is obtained. Fig. 2a and b gives a plot of



Fig. 1. (a) FSLG and (b) PMLG5 decoupling blocks. Pulse sequences used for 13C observation employing (c) 1H{FSLG} and (d) 1H{PMLG} dipolar decoupling during t2. Pulse
sequences used for (e) 2D 1H{FSLG}–1H HOMCOR, (f) 2D 1H{PMLG}–1H HOMCOR, (g) 1D wPMLG5; (h) 2D 1H{FSLG}–1H{wPMLG5} HOMCOR and (i) 2D
1H{PMLG5}–1H{wPMLG5} HOMCOR 1H MAS NMR experiments. Phase cycling: (e) /1 = +y, �y; /2 = +x, +x, �x, �x, +y, +y, �y, �y ; /rec = +x, �x, �x, +x, +y, �y, �y, +y; (f)
/1 = +x, �x; /2 = +x, +x, �x, �x, +y, +y, �y, �y; /rec = +x, �x, �x, +x, +y, �y, �y, +y; (g) /1 = +x, +y, �x, �y; /rec = +x, +y, �x, �y; (h) /1 = +y, �y; /2 = +x, +x, �x, �x, +y, +y, �y, �y;
/rec = +x, �x, �x, +x, +y, �y, �y, +y; (i) /1 = +x, +y, �x, �y; /2 = +y, �x, �y, +x; /rec = +x, +y, �x, �y.
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the experimental scaling factors against the rf field strength for
FSLG and PMLG, respectively. Except at lower rf field strengths,
where FSLG performs better than PMLG, the curves are similar.
The best spectra (spectra 1 and 2, respectively, in Fig. 2a and b)
are obtained for scaling factor of ca. 0.6, close to the theoretical
1=

ffiffiffi
3
p

value. With all the other parameters unchanged, it is ob-
served that additional power must be delivered in PMLG
(m1 = 85.7 kHz), in comparison with FSLG decoupling
(m1 = 62.8 kHz) in order to obtain the best-resolved spectra. How-
ever, comparing both spectra (Fig. 2a and b) the best resolved spec-
trum is obtained using the PMLG block, which shows the better
resolution enhancement of PMLG compared to the FSLG scheme.

The 1H rf offset affects both the spectral resolution and the scal-
ing factor. The influence of the 1H rf offset on the scaling factor,
which is translated into spectral resolution, is depicted in Fig. 3a
for FSLG, showing that at the exact LG offset condition,



Fig. 2. Plot showing the scaling factor variation with the change of (a) FSLG and (b) PMLG5 1H rf decoupling strengths by monitoring the J-multiplets of adamantane –CH(�)
and –CH2 (}) 13C resonances, using pulse sequences of Fig. 1c and d, respectively.
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DmLG ¼ � m1ffiffi
2
p (i.e. without applying any asymmetric offset), the scal-

ing factor tends to 0 degrading the spectral resolution (spectrum 1
in Fig. 3a). Increasing the asymmetric offset (mlg) gives rise to better
spectra and a roughly constant scaling factor is obtained between
mlg = ±5 to mlg = ±10 kHz. Employing symmetric LG 1H offsets does
not lead to a constant scaling factor region (Fig. 3b). Thus, the addi-
tion of correct asymmetric offsets to the FSLG offset condition
(DmLG ¼ � m1ffiffi

2
p � mlgÞ is essential to obtain optimum results.

The influence of the 1H rf offset on the PMLG scaling factor val-
ues (Fig. 3c) is quite similar to that of FSLG (Fig. 3a), also showing a
constant scaling factor region between 1H rf offset values of ±5 and
±10 kHz.

4.1.2. Frequency switching time (ts) in FSLG experiments
To guarantee a correct inversion of the rf phase between con-

secutive LG pulses, an intermediate switching delay was intro-
duced between them (Fig. 1a) and optimized by observation of
the J-coupling multiplets of adamantane. The optimization of this
parameter (ts) is mandatory, at least in old spectrometer consoles,
to obtain highly resolved 1H spectra. If ts is too short or too long,
the resolution degrades rapidly (Fig. 4).

4.1.3. Influence of the rotation frequency (mR) in FSLG experiments
Applying a standard rf field strength of 83 kHz for LG pulses, the

resolution of the 13C J-muliplets deteriorates above 12 kHz (spectra
1 and 2 Fig. 5). This effect is expected because the FSLG perfor-
mance depends on the ratio between the FSLG cycle and rotor per-
iod, thus changing the rf field strength implies also changing the
MAS rate to achieve optimal results. The same effect is observed
in PMLG. Fig. 5 shows that although the spinning rate is altered
the scaling factor does not change significantly. Contrarily, the
spectral resolution may change at different MAS rates. It is, thus,
important to carefully choose a suitable rotation frequency for a gi-
ven 1H rf field strength.
4.2. Optimizing FSLG and PMLG 1H–1H decoupling via 2D homonuclear
correlation spectra

4.2.1. LG rf field strength and the PMLG unit pulse
Although the optimization of the rf field strength for FSLG and

PMLG, respectively, have been carried out by acquiring multiple
adamantane 1D spectra through 13C observation, the power level
derived from these experiments rarely corresponds to the best re-
sults obtained in a 2D experiment. Therefore, for optimum results,
the 1H CRAMPS decoupling efficiency must be checked in the indi-
rect dimension of 2D 1H {CRAMPS}–1H HOMCOR experiments on
glycine. The influence of the rf field strength on 2D FSLG and
PMLG-based spectra is shown in Figs. 6a–e and 7a–e, respectively.
For example, Fig. 7c and d, shows how the 1H resolution is modi-
fied by changing the PMLG rf field by 0.2 db (�2 kHz). We also
tested how sensitive the 1H spectra are to the changes in the PMLG
pulse unit (Fig. 8a–e). Best results are obtained using a pulse length
of 1.75 ls and mPMLG

1 ¼ 84 kHz (Fig. 8c). Altogether, Figs. 7 and 8
show that even slight changes in the setup parameters may consid-
erably affect the PMLG sequences.

4.2.2. The axial F1 artifact
In general, all 2D 1H{CRAMPS}–1H spectra display an artifact in

the center of the F1 dimension when FSLG and PMLG decoupling is
occurring during the t1 evolution. The axial artifact introduces
undesirable wiggles in the spectra, which may compromise seri-
ously the quality of the high-resolution 1H spectrum. For FSLG,
we show that by optimizing the rf field strength and the hm pulse
length it is possible to overcome this problem. The F1 artifact ap-
pears when the 1H magnetization is not perfectly perpendicular
to the effective field direction, arising from the creation of zero-or-
der coherence during the FSLG spin-lock pulses. It worsens as the rf
field strength increases (Figs. 9 and 10) and therefore it must be
minimized. Our experience indicates that best results, in terms of



Fig. 3. Dependence of scaling factor on the 1H offset irradiation frequency of (a–b)
FSLG (using 1H rf (a) asymmetric and (b) symmetric offsets) and PMLG5 decoupling,
by monitoring the J-multiplets of adamantane –CH(�) and –CH2 (}) 13C resonances
using pulse sequences of Fig. 1c and d, respectively.
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resolution, are obtained when the artifacts remain in the spectra,
with intermediate intensity. Although the minimization of the arti-
fact may be accomplished by reducing the FSLG rf field strength, a
simultaneous decrease in spectral resolution is observed (Fig. 6a–
e), hence, a compromise must be found between lowering the rf
field strength and minimizing the F1 artifact. Other approaches
to optimize the F1 artifact intensity and quadrature detection er-
rors consist in tuning the lengths and phases of the rf pulses imme-
diately preceding and following the FSLG block. For example, the
artifact may be significantly reduced after optimizing the hm pulse
length: when hm = 1.5 ls the artifact is almost completely sup-
pressed (Figs. 9d and 10b).

Although the CRAMPS 1H rf field strength and hm rf pulse adjust-
ment may, in some cases, lead to the complete absence of the F1
artifact, it may be difficult to achieve such condition in an afford-
able optimization time. This central artifact is, in general, always
present and thus the sample resonances must be moved out of
the center of F1 window. This means using a 2- or 3-fold F1 sweep-
ing width, leading to longer acquisition times, if one wants to avoid
such artifact.

4.3. Optimizing the windowed PMLG experiment

Windowed acquisition of 1H NMR spectra affords highly re-
solved 1H spectra in a single dimension, by direct stroboscopic
observation of the 1H signal. The ease of implementation of such
strategy is highly depend on the hardware specifications of the
spectrometer. In our old Bruker DSX console such experiments
were not trivial because several spectrometer time constants had
to be changed manually in order to record good quality spectra.
Even a very small mis-set of such default spectrometer constants
resulted in a total degradation of the 1H spectral resolution. One
of the main advantages of windowed acquisition schemes is the
possibility to calibrate all the parameters by the direct observation
of their influence on the 1H spectra in only a few scans. We now
discuss the influence of several experimental parameters on the
quality of 1D 1H wPMLG5 spectra.

4.3.1. Spectrometer constants
Although in more recent spectrometers such parameters are not

under the user’s control we think it is useful to show their effect in
1H spectra, especially for those researchers who are still using old-
er consoles. The relevant spectrometer default timings, for the
optimization of the wPMLG experiment are the transmitter blank-
ing time (BLKTR) and the phase presetting (PHASPR) [83]. The for-
mer consists in adding a blanking time just before the beginning
of the rf pulse and its optimization is still critically necessary in last
generation consoles. The principle of blanking is used in the Ampli-
tude Setting Unit (ASU) and transmitter. The ASU and transmitter
are blanked BLKTR ls before the pulse, i.e., their inputs are closed
to incoming signals, during intervals of BLKTR ls immediately fol-
lowing detection of each transmitted rf pulse, protecting the recei-
ver from noise during the intervals between incoming pulses. The
latter is related with the time needed for the phase switching in-
volved in a pulse program, where often several changes on the rf
pulse phases take place. Then, a PHASPR ls time is needed to insure
a stable phase when the pulse begins. Fig. 11a and b shows the
evolution of the spectra as BLKTR and PHASPR are changed. On gly-
cine, best results are obtained when BLKTR = 0.2 ls and
PHASPR = 0.6 ls.

4.3.2. PMLG pulse length, external dwell pulses and acquisition
window

In wPMLG experiments the basic unit consists of PMLG block
and the acquisition window, thus the cycle time is tC = tPMLG + tW

(Fig. 1g). The addition of tW will decrease the characteristic fre-



Fig. 4. Optimization of the FSLG frequency switching time ts (ls) using pulse sequence of Fig. 1c.

Fig. 5. Influence of the rotation frequency on the 13C spectra of adamantane, using
FSLG decoupling (m1 = 84 kHz).

C. Coelho et al. / Journal of Magnetic Resonance 194 (2008) 264–282 271
quency, mC, of the wPMLG sequence with respect to the windowless
PMLG sequence (Fig. 11e), which may need further optimization to
avoid interference between MAS and spin space modulations. tW is
composed of the external dwell-pulse, px used to acquire a complex
data point plus a given delay, tx, necessary before the upcoming
PMLG block. The sum of both refers to the acquisition window
(tW). To optimize the wPMLG5 window part, tW and px must be
tuned (Fig. 11c and d, respectively). Increasing px above a certain
limit yields more artifacts, although it does not affect the spectral
resolution. A px value as short as possible (0.1 ls in our case) is rec-
ommended. In the case of tW, an increase generally leads to cleaner
spectra, although the resolution is sacrificed. Optimum results
have been obtained at tW = 6.3 ls. but above and below this value
the quality of the spectrum degrades quickly (Fig. 11c). During
optimization we have noticed that the spectrum improves and
worsens in a more or less random way for a given tW. Indeed, a
slightly mistuned wobble curve may drastically affect spectral
quality and therefore a higher value of tW is necessary to compen-
sate it. The effect of the spectrometer mistuning on 1H spectra is
shown in Figure S1a–h.

4.3.3. Spinning rate
The spinning rate must be chosen in order to obtain the best re-

sults and to avoid obvious degeneracies where kmC = nmR values
(mC—characteristic frequency of the CRAMPS cycle; mR—rotation fre-
quency) with k and n = ±1, ±2, ±3, ±4 [17,25]. Destructive interfer-
ences between MAS and homonuclear decoupling due to the
crossing conditions typically happen when the integer ratio be-
tween the rotor period and the decoupling cycle time is sR/sC < 5,
leading to line broadening. Efficient decoupling is only obtained
if sR/sC > 3 but avoiding the resonance condition sR/sC = 4 [84].
For example at mR = 14.3 kHz (Fig. 11h), the resolution is worse be-
cause it is close to the condition mC (42.9 kHz) = 3mR. Best results are
obtained for a moderately high spinning rate (12–15 kHz) avoiding
interference between MAS and spin modulations [85].

4.3.4. Axial artifact
Alike 2D schemes, a hm rf pulse may also be inserted just after the

initial p/2 pulse to minimize the axial artifact. Adjusting the hm rf
pulse length and phase affords a spectrum free from the central arti-
fact. The effect of this optimization is shown in Fig. 11f and g. How-
ever, the application of an effective z-rotation [24] during the
homonuclear decoupling sequences present cleaner 1H spectra free
from zero frequency artifacts thus avoiding the need for using such
hm rf pulses.

4.3.5. Scaling factor
Fig. 12 shows the dependence of the effective off-resonance va-

lue DN (i.e., the difference between the irradiation offset frequency
and the on-resonance frequency selected by the user) on the mea-
sured chemical shift values (i.e., the difference between the offset
frequency corresponding to the peak position on 1H CRAMPS spec-
tra and the on-resonance frequency of this peak) for the different
offsets used, Dm on the different wPMLG phase variants. Measuring
DN as a function of Dm permits assessing the scaling factor s = DN/
Dm, ca. 0.69–0.70 in our spectrometer, which is different from other
reported values [24,25]. Either for DN > 0 or DN < 0 the DN value
has a linear relationship with respect to Dm.

4.3.6. Comparison of the different wPMLG variants
Fig. 13a–d shows the 1H high-resolution spectrum of glycine

obtained with wPMLG5�, wPMLG5+, wPMLG5+ and wPMLG5�,
respectively. The spectral resolution of the CH2 peaks using wPMLG
5+ for Dm = �7300 Hz is slightly lower that the resolution obtained
with wPMLG5� for Dm = +4110 Hz. The peaks closer to the carrier
frequency exhibit better resolution, as shown by Vega et al. [25],
which explains the difference in the CH2 resolution. No differences



Fig. 6. 2D 1H{FSLG}–1H HOMCOR spectra of glycine recorded with different rf field strengths for FSLG decoupling employed during the t1 dimension (Fig. 1e). The FSLG rf field
strengths used were: (a) 70 kHz, (b) 75 kHz, (c) 82 kHz, (d) 84 kHz and (e) 88 kHz.

Fig. 7. 2D 1H{PMLG}–1H HOMCOR spectra of glycine recorded with different rf field strengths for PMLG5 decoupling employed during the t1 dimension (Fig. 1f). The PMLG5 rf
field strengths used were: (a) 71 kHz, (b) 75 kHz, (c) 82 kHz, (d) 84 kHz and (e) 88 kHz.
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Fig. 8. 2D 1H{PMLG}–1H HOMCOR spectra of glycine recorded with different PMLG unit pulse lengths (Fig. 1f). The PMLG unit pulses used are: (a) 1.9 ls, (b) 1.8 ls, (c)
1.75 ls, (d) 1.7 ls and (e) 1.65 ls.

Fig. 9. 2D 1H{FSLG}–1H HOMCOR spectra of glycine recorded with different hm pulse lengths (Fig. 1e). The different hm pulse lengths used were: (a) 2.5 ls, (b) 2.1 ls, (c) 1.7 ls
and (d) 1.5 ls.
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Fig. 10. 2D 1H{PMLG}–1H HOMCOR spectra of glycine recorded with different hm pulse lengths (Fig. 1f). The different hm pulse lengths used were: (a) 2 ls and (b) 1.5 ls.

Fig. 11. The influence of the (a) transmitter blanking pulse (BLKTR), (b) phase presetting (PHASPR), (c) acquisition window tw, (d) external dwell-pulse px, (e) PMLG unit pulse
length, (f) hm pulse length, (g) hm pulse phase and (h) rotation frequency, mr (kHz) on 1D wPMLG–1H MAS spectra of glycine sample using pulse sequence of Fig. 2g.
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Fig. 12. The effective off-resonance values DN (kHz) as a function of the actual chemical shift Dm (kHz) for different 1H wPMLG5 decoupling schemes: (a) wPMLG5�, (b)
wPMLG5�, (c) wPMLG5�, wPMLG5�, (d) wPMLG5+, (e) wPMLG5+ and (f) wPMLG5+, wPMLG5+.

Fig. 13. 1H MAS NMR spectra of glycine obtained using the different 1H wPMLG5 varants: (a) wPMLG5�, (b) wPMLG5+, (c) wPMLG5+, (d) wPMLG5�. The linewidths (in ppm) are
depicted on the figures for comparison.

Fig. 14. 1H wPMLG5� spectra of glycine confined (a) or not (b) to the center of the
rotor (12 ll of sample volume). The linewidths (in ppm) of the strongly coupled
protons are indicated in the figures.
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are found between wPMLG5+ and its complementary variant
wPMLG5+ in terms of efficiency. Although it has been shown that
combining both variants in a supercycle scheme with the form
wPMLG5�wPMLG5±, improved 1H spectra in terms of artifacts,
which afford an effective z-rotation in the rotating frame [25].
Our DSX spectrometer does not allow such combination between
wPMLG5± and wPMLG5± because each one has distinct BLKTR and
sometimes PHASPR values precluding their use as a supercycle
(Figure S2a–e). Compared to wPMLG5 variant (Fig. 13a–d), com-
pletely optimized for all the experimental parameters, the
wPMLG5� decoupling scheme seems to offer an overall resolution
improvement.

4.3.7. Sample restricted to the central part of the rotor
Fig. 14 compares the glycine 1H MAS spectra obtained with

wPMLG5� and with the sample confined or not to the central part
of the rotor (12 ll of sample volume). As far as spectral resolution
is concerned, no significant differences are observed, though care-
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ful inspection of the NH3 line-shape shows that the resonance is
narrower at the baseline, i.e., a slightly better Gaussian shape is ob-
tained when the sample is restricted to the central part of the rotor
(Fig. 14, dotted line).

4.4. Comparing the 1H–1H decoupling performance of FSLG, PMLG and
wPMLG

Fig. 15 compares the fully optimized LG-based 1H CRAMPS gly-
cine spectra recorded with FSLG, PMLG5, and wPMLG5, employing
Fig. 15. 2D 1H MAS NMR spectra of glycine employing: (a) 1H{FSLG}–1H HOMCOR, (b)
1H{PMLG5}–1H{wPMLG5} HOMCOR (tm = 2 ls), (e) 1H{FSLG}–1H{wPMLG5} HOMCOR (tm
the same 1H decoupling power level (m1 = 84 kHz). The PMLG5
scheme affords better 1H resolution than FSLG (cf. Fig. 15a and b)
but the former shows not so clean baseline in comparison with
the latter. The same conclusion is reached when comparing the
2D 1H{PMLG5}-1H{wPMLG5} (Fig. 15c and d) and 2D
1H{FSLG}-1H{wPMLG5} HOMCOR spectra (Fig. 15e and f). Although
dependent on the spectrometer console, the FSLG experiments
seems to be easier to implement than the PMLG experiments in
older consoles not always able to change pulse phases with a given
1H{PMLG5}–1H HOMCOR, (c) 1H{PMLG5}–1H{wPMLG} HOMCOR (tm = 500 ls), (d)
= 500 ls) and (f) 1H{FSLG}–1H{wPMLG5} HOMCOR (tm = 2 ls).
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phase increment along n � 10 consecutive pulses (for the case of
PMLG5).

The windowed PMLG5 based 2D experiments have shown a
remarkable performance on both dimensions in terms of 1H resolu-
tion. PMLG or FSLG decoupling blocks may be easily placed during
t1, while a windowed acquisition using wPMLG5 may be applied
during t2. In such sequences (Fig. 1g–i) the wPMLG5 block must
be carefully optimized as discussed above, by running several 1D
wPMLG5 experiments. Essentially, the different 1H CRAMPS vari-
ants shown here may be chosen according to: (i) the 1H region to
be enhanced in terms of resolution (ii) the possibility to implement
them because such techniques are strongly depend on the
spectrometer console and probe characteristics since fast changes
in phase or frequency are required. For further details concerning
additional insights into homonuclear decoupling, a theoretical com-
parison between FSLG, PMLG, and DUMBO homonuclear decoupling
sequences was very recently reported [84]. In that work numerical
simulations applied on such decoupling schemes are used to
explore the interaction between the magic-angle spinning and rf
decoupling, the effects of tilt pulses in acquisition windows and
the effects of phase propagation delay on tilted axis precession.

4.5. Application of 1H CRAMPS techniques to organic and inorganic–
organic materials

In this second part, the aim is to demonstrate the robustness
and usefulness of 1H CRAMPS LG-based decoupling techniques
Fig. 16. Hydrogen-bonding environments of I emphasized with green dashed lines viewe
(blue); H (white). (For interpretation of the references in colour in this figure legend, th
for the study of ‘real’ systems, such as organic and inorganic–or-
ganic hybrid materials. Three compounds have been studied: com-
pound I (Fig. 16) previously used in the synthesis of interesting
materials, material II, which consists of a three-dimensional
mixed-metal framework (Fig. 17) incorporating I and 4,40-bipyri-
dine, and III an organically templated titanium phosphate
(Fig. 18). A simple structural description of such materials is re-
ported below followed by the study of the hydrogen bonding net-
works involved in such systems, by 1H CRAMPS. Our aim is not the
comprehensive attribution of the 1H resonances, which has been
discussed elsewhere [33,72], but to demonstrate and compare
the ability of the different 1H CRAMPS decoupling techniques to re-
solve 1H resonances in these systems.

4.5.1. H4 pmida (I) and the germanium binuclear complex (II)
FSLG, PMLG5 and wPMLG51H were tested on I (Fig. 19a–d) and

II (Fig. 20a–c). A maximum of six and four 1H resonances were re-
solved in I (Fig. 19a and b) and II (Fig. 20a–c), respectively. Some
similarity between the spectra of I and II are observed in the range
d = 3.0–5.5 ppm, attributed to CH2 groups. The resonances of the
protonated amine groups (+N–H) are easily resolved in the spectra
of I and II, at ca. 8.2 and 8.8 ppm, respectively. For I, the peaks at ca.
13.8 and 11.5 ppm are assigned to PO–H� � �OP and CO–H� � �OP/N+–
H� � �OP, respectively (Fig. 19b). For II, the 2D 1H{FSLG}–1H{wPMLG}
HOMCOR experiment shows a resolved peak at ca. 7.1 ppm tenta-
tively assigned to Ge–OH groups (Fig. 20b). All the three decou-
pling techniques afforded similar resolution, considerably better
d along (a) the a-axis and (b) b-axis. Colour codes are: P (pink); O (red); C (gray); N
e reader is referred to the web version of this article.)



Fig. 17. Crystal structure of II viewed along the [110] direction [33]. The green dashed lines emphasize the hydrogen-bonding network involving water, piperazinium cations
and the binuclear complex, Ge2[(pmida)2(OH)2]2�. The compound contains an anionic binuclear complex, Ge2[(pmida)2(OH)2]2�. The pmida4� ion appears as a polydentate
organic ligand, which completely traps the Ge4+ inside three distinct five-membered chelate rings formed by the two carboxylate and phosphonate groups connected in a
typical anti-unidentate coordinative fashion. Ge4+ center in the anionic [Ge2(pmida)2(OH)2]2� complex is coordinated to two pmida4� ligand and to a hydroxyl group Ge–OH.
The change of the anionic complex is compensated by the presence of piperazinedium cations, C4H12Nþ22, which, long with the two water of crystallization molecules, exhibit
strong and highly directional hydrogen bonds with the anionic [Ge2(pmida)2(OH)2]2� complex. Colour codes are: Ge (green polyhedra); P (pink polyhedra); O (red ball); C
(gray ball); N (blue); H (white ball). (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Crystal structure of III [72]. The (C2H5NH3)[Ti(H1.5PO4)(PO4)]2�H2O complex has been formed by the hydrothermal reaction between TiCl4, phosphoric acid H3PO4 and
ethylamine. This complex is constituted by elongated plates of homogeneous size. In this intercalation compound, individual two-dimensional anionic [Ti(HPO4)(PO4)]�

sheets formed by {PO4} tetrahedral and {TiO6} octahedral. The structure contains two kinds of phosphate groups: PO3�
4 sharing their oxygen atoms with titanium centers, and

HPO2�
4 having two bridging and two terminal oxygen atoms. These terminal HPO2�

4 groups are connected to the chains and point towards the interlayer region, directly
interacting with the protonated amine groups from neighboring n-hexylammonium cations through hydrogen bond. Colour codes are depicted in the figure. (For
interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 19. 2D 1H MAS NMR spectra of I employing (a) 2D 1H{FSLG}–1H HOMCOR, (b)
2D 1H{PMLG5}–1H HOMCOR, (c) 1D wPMLG5 and (d) 2D 1H{FSLG}–1H{wPMLG5}
HOMCOR experiments. 1H peak assignment is depicted in (b).

Fig. 20. 2D 1H MAS NMR spectra of II employing 2D (a) 1H{FSLG}–1H, (b)
1H{FSLG}–1H{wPMLG} and (c) 1H{PMLG}–1H HOMCOR experiments.
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than the simple 1H MAS spectra. The 2D wPMLG5 spectra (Fig. 19c
and d) display high resolution in both dimensions.

In the case of I, the 1H CRAMPS performance is put in evidence,
in particular, in the 3.0–5.5 ppm region. Using the conditions pre-
viously optimized on glycine and adamantane, all the 1H spectra
recorded with the three CRAMPS variants (Fig. 19a–d) allow the
clear distinction of the two distinct CH2 groups (which were barely
resolved in our original work [33]).
It is interesting to compare 1H CRAMPS and 1H fast MAS
(mR = 30 kHz) spectra. Whereas the latter (Fig. 21a) displays broad
and featureless peak the former (Fig. 21b and c) exhibit a signifi-
cant resolution improvement.

4.5.2. Intercalated layered c-titanium phosphate (III)
The 1H MAS spectrum of III (shown in [72]) consists of a broad

peak between 0 and 10 ppm. Fig. 22a–c shows the 2D spectra ob-
tained by 1H CRAMPS decoupling in both dimensions and reveals
that both FSLG and PMLG decoupling afford similar resolution
enhancement, with seven 1H peaks being observed. The resonances
at ca. 1.6, 3.2 and 6.8 ppm are attributed to CH3, CH2 and the NH of
the ethylammonium cation, C2H5NHþ3 . Two P-OH resonances at ca.
7.6 and 9.4 ppm are well resolved [33]. A third POH environment,



Fig. 21. Comparing the 1H resolution on II using (a) 1H fast MAS (mr = 30 kHz) and (b–c) 1H wPMLG5 [(b) mr = 12.5 kHz, (c) mr = 14 kHz] experiments.

Fig. 22. 2D 1H MAS NMR spectra of III employing (a) 1H{PMLG5}–1H{wPMLG5} HOMCOR, (b) 1H{FSLG}–1H{wPMLG5} HOMCOR (tm = 2 ls) and (c) 1H{FSLG}–1H {wPMLG5}
HOMCOR (tm = 500 ls).
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at ca. 16.2 ppm, is attributed to the strong PO� � �H� � �OP hydrogen
bond between two inorganic titanium-phosphates. In addition,
1H–1H decoupling allowed the discrimination of the two 1H reso-
nances from the CH2 group, which may be observed by the splitting
centered at ca. 3.2 ppm. It is worth mentioning that the F1 dimen-
sion, of the 1H spectrum recorded with PMLG5 (Fig. 22a), is noisier
than the corresponding spectrum recorded with FSLG decoupling
(Fig. 22b and c). Although all these 2D 1H spectra were recorded
using the best conditions derived from optimization on glycine,
PMLG needs further fine-tuning for best performance.

5. Conclusion

In this work, several practical aspects of the implementation of
LG-based 1H CRAMPS techniques have been addressed. We hope
that this will assist chemists and materials scientists in their efforts
to apply these very useful methods in the study of their samples.
The influence of parameters such as pulse lengths, rf offset, rf field
strength, spectrometer constants, among others, on 1D and 2D 1H
spectra have been discussed, involving windowless (FSLG and
PMLG5) and windowed (wPMLG5) 1H–1H decoupling techniques.
Special attention was given to the influence of the different param-
eters of 1H CRAMPS experiments on the 1H chemical shift scaling
factor because having the correct chemical shift scale is of para-
mount importance for resonance assignment.

The comparison between the three 1H homonuclear decoupling
schemes revealed that each one has its own advantages, depending
on the hardware specifications and on the pulse sequence used to
retrieve chemical information. Before carrying out 1H-X HETCOR
experiments it is very useful to first optimize the windowless
1H–1H decoupling block using a 2D 1H{CRAMPS}–1H HOMCOR
experiment, in order to obtain the best resolution possible and
the correct scaling factor. Such strategy helps tuning the HETCOR
variant because some 1H peaks may disappear in 1H-X HETCOR
experiments if no 1H nuclei are in close proximity of a given X nu-
clei, for example. This may complicate the chemical shift calibra-
tion. On the other hand, for routine analysis, wPMLGn is a very
useful experiment if a quick high-resolution 1H spectrum is re-
quired. This windowed technique allows a preliminary selection
of the desired samples before using more sophisticated 2D 1H
CRAMPS methods. The same idea may be is equally true for
wDUMBO [27].

In the near future, combining periodic rf multiple pulse se-
quences with already available ultra fast spinning (up to 70 kHz)
poses new challenges to 1H CRAMPS. This combination will be
especially useful for 1H–1H DQ recoupling experiments where high
spinning rates are needed to eliminate, as much as possible, 1H
dipolar couplings in order to recouple 1H spins with better perfor-
mance. In addition, 1H windowless multiple-pulse schemes may
help between the DQ excitation and reconversion steps, while win-
dowed 1H acquisition schemes in obtaining a highly resolved DQ
1H indirect dimension. This has already been successfully applied
for moderate spinning speeds, [27,77,86]. Windowed 1H acquisi-
tion schemes have the advantage of affording highly resolved 1H
spectra in a single dimension, thus opening the possibility to be
used during t2 evolution in other 2D pulse schemes where high-
resolution 1H detection may help performing insensitive experi-
ments by applying inverse detection experiments. A comparison
study applied between all the recent 1H–1H decoupling schemes
is underway on the most modern NMR consoles available nowa-
days at high magnetic fields.
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