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Abstract

Under fast MAS conditions, techniques for 1H signal selection and suppression, which have originally been developed for so-

lution-state NMR, become applicable to solids. In this work, we describe how WATERGATE and DANTE pulse sequences can be

used under MAS to selectively excite or suppress peaks in 1H solid-state spectra. As known from the liquid-state analogues, signal

selection and/or suppression is supported by pulsed-field gradients which selectively dephase and rephase transverse magnetisation.

Under MAS, the required field gradients are provided by a simple pair of coils which have been built into a standard fast-MAS

probe. PFG-assisted techniques enable efficient selection or suppression of 1H peaks in a single transient of the pulse sequence

without the need for phase cycles. Therefore, these tools can readily be incorporated into solid-state MAS NMR experiments, which

is demonstrated here for 1H–1H double-quantum NMR spectra of supramolecular systems. In the examples presented here, the 1H

signals of interest are relatively weak and need to be observed despite the presence of the strong 1H signal of long alkyl sidechains.

PFG-assisted suppression of this strong perturbing signal is shown to be particularly useful for obtaining unambiguous results.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction: DANTE and WATERGATE techniques

In modern high-resolution NMR, techniques for se-

lective excitation [1–4] and/or suppression [5,6] of peaks

belong to the standard tools and are routinely available

on spectrometers. Many variants of such techniques

have been developed on the basis of frequency-selective

pulses in Fourier transform NMR [7,8]. In principle, the
excitation bandwidth of such pulses is deliberately re-

duced by extending the time of application, because the

pulses� excitation spectrum is reflected by the Fourier

transform of the pulse envelope. Thus, in the simplest

form, frequency-selective pulses are long rectangular or

Gaussian-shaped pulses [7] with the transmitter being set

to the resonance frequency of interest. To efficiently

select the wanted signals and, at the same time, remove
the unwanted ones from the spectrum, pulsed field-
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gradients (PFGs) have been introduced to the experi-

ments, [9–11] which dephase coherences of unwanted

spin signals, while the signals of the wanted coherences

are constructively refocused.

Frequency-selective excitation can also be accom-

plished by combining ‘‘hard’’ non-selective pulses with

nutation delays, during which the spins effectively pre-

cess with a frequency DxðiÞ ¼ xðiÞ � x0, where xðiÞ and
x0, are the resonance frequency of the spin i and the

carrier frequency of the pulses, respectively. In the sim-

plest case, two p/2 pulses separated by a delay of

s ¼ 2=ðpDxðiÞÞ can be used to select or suppress the sig-

nal of the spins i [12,13]. In a more elaborate form, the

same principle forms the basis for DANTE-type selective

pulses introduced by Bodenhausen, Freeman andMorris

[14,15]. Due to its simplicity and robustness, we have
used DANTE-type p-pulses for frequency-selective in-

version of spins in the solid state (see below). In essence,

the selective inversion pulse is part of a spin–echo

sequence of the form ðp=2Þ � s� ðpÞDANTE �s� acqu:
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where two identical PFGs are applied during the two
echo delays s. In this way, the PFGs refocus only the

signal of the spins that are inverted by the selective p-
pulse, while the signal of all other spins is removed from

the spectrum.

A particularly successful variant of this experimental

scheme is represented by the WATERGATE technique

introduced by Piotto, Saudek and Sklenar [16,17]. The

frequency-selective inversion pulse consists of a sequence
of six pulses with durations of 3a� 9a� 19a� 19a
�9a� 3a with 26a ¼ p, which follows the concept of

binomial pulses [18,19] and is usually referred to as a ‘‘3–

9–19 pulse’’ [17,20]. Effectively, this binomial sequence

inverts all resonances within the spectrum except for the

frequencies xðkÞ ¼ 2pk=sa, where k is an integer (includ-

ing zero) and sa is the delay between two pulses of the

binomial sequence. In combination with two identical
PFGs applied before and after the 3–9–19 pulse, WA-

TERGATE efficiently suppresses the signal located at

the carrier frequency of the pulse train as well as all

signals at xðkÞ ¼ 2pksa, because all these signals are

dephased twice by the PFGs, while all other signals are

refocused. In principle, any selective p-pulse, together
with an appropriate combination of two PFGs, would

serve the same purpose, but experimentally the 3–9–19
pulse has proven to be particularly robust and tolerant

with respect to slight misadjustments.

Apart from the approaches mentioned above, nu-

merous frequency-selective pulse schemes have been

developed, which employ, for example, shaped pulses

[21] or amplitude- and frequency-modulated pulses that

are optimised via numerical simulations [22,23]. In

comparison to DANTE-type sequences, they are usually
more demanding and rely more strongly on experi-

mental conditions typically encountered in liquid-/solu-

tion-state NMR. Therefore, they cannot be adapted to

solid-state NMR and fast-MAS conditions as straight-

forwardly as the DANTE and WATERGATE tech-

niques, which merely consist of a small number of hard

pulses plus PFGs for signal dephasing and rephasing.
2. Technical requirements: pulsed-field gradients in fast-

MAS probes

While the DANTE and WATERGATE pulses pro-

vide frequency-selective inversion of signals, PFGs are

required to efficiently suppress NMR signals by de-

phasing and rephasing. In high-resolution NMR, PFGs
are well-established tools for selection of coherence

transfer pathways in general [9,10]. Their particular

advantage over pulse phase cycling schemes is that they

develop their effect within a single transient of the pulse

sequence. Consequently, signal averaging over a number

of consecutive transients—as commonly performed in

the course of pulse phase cycling schemes—can be
avoided, which helps to reduce experiment time re-
quirements and, moreover, allows the dynamic range of

the signal receiving unit to be optimally adjusted to the

incoming signal of interest.

In solid-state NMR, however, PFGs are relatively

rarely used [24–27] because their usual application times

are in the order of 1 ms and, thus, relatively long as

compared to transverse relaxation times of solids.

Transverse spin states, which are required for PFGs to
take effect, tend to be subject to strong spin–spin re-

laxation so that the signal largely disappears before a

dephasing/rephasing cycle is completed. Hence, PFGs

need to be combined with decoupling techniques that

efficiently average the interactions responsible for the

relaxation mechanisms, i.e. predominantly dipole-dipole

couplings in spin–1/2 systems. In heteronuclear 1H–X

systems, conventional 1H decoupling pulses would serve
this purpose, but due to the action of the field gradient

the decoupling bandwidth has to be correspondingly

broad, which is usually beyond the capabilities of

available decoupling pulse schemes. In addition, radio-

frequency pulses and field gradient pulses would have to

be applied at the same time, which also makes high

demands on the NMR probe electronics; in particular,

coupling phenomena between the individual circuits
need to be prevented.

Magic-angle spinning (MAS), in contrast, does not

give rise to such interference problems with PFGs, and

therefore appears as the method of choice to overcome

transverse relaxation problems and, in particular, provide

spectral resolution. Since MAS also averages effects

arising from sample inhomogeneity, such as susceptibility

gradients, it has recently been introduced into high-res-
olution NMR spectroscopy of partially mobile and

heterogeneous systems. The combination of standard

high-resolution NMR experiments with MAS is often

referred to as ‘‘high-resolution MAS’’ (HRMAS) [28–30]

and has attracted considerable interest [31–33] e.g., for

the on-bead characterisation of peptides in solid-phase

synthesis or for investigations of tissue samples inmedical

applications. Of course, for such high-resolution NMR
experiments PFGs are an indispensable tool, so that in the

meantime HRMAS probes have become commercially

available with a pair of PFG coils wrapped around the

MAS stator. Typically, rotors of around 4mm outer di-

ameter are used for HRMAS experiments, because usu-

ally the partially mobile character of the materials

requires only moderate MAS frequencies (<10 kHz).

In order to make PFGs and PFG-based experiments
available for solid-state NMR spectroscopy, it appears

obvious to follow the HRMAS approach and to extend

it to higher MAS frequencies. Therefore, we have built a

pair of PFG coils into a Bruker fast-MAS probe (of

standard-bore size) supporting rotors of 2.5mm outer

diameter. The principal design of PFG coils in MAS

probes is known from the work of Maas et al. [34].



Fig. 1. (a) Pair of field-gradient coils attached to the top and the bottom of a Bruker 2.5mm fast-MAS stator in a commercial 1H–X double-res-

onance probehead with a standard bore diameter (54mm). (b) Circuit including the pair of field-gradient coils (arranged in an anti-Helmholtz

fashion) and a frequency filter that avoids coupling of the gradient circuit with the RF circuits of the probe. The details of the gradient coils are given

in the inset (n, number of windings; 2r, coil diameter; d, separation of the two coils; L, inductance).
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Ideally, the gradient should be oriented such that (i) the

z component of the magnetic field increases along the

spinning axis and (ii) the z component of the field gra-

dient is uniform in the planes perpendicular to the

spinning axis. To meet these criteria, however, a special
coil geometry is required, which includes modifications

to the MAS stator. To reduce the technical efforts to a

minimum and to keep the MAS stator unaltered, a less

elaborate design is used in the work presented here. Two

ring-shaped coils (consisting of 14 windings each) are

attached to the top and the bottom of the MAS stator

with the rotor axis perpendicular to the coils (see pho-

tograph and circuit diagram in Fig. 1). The windings are
arranged in an anti-Helmholtz fashion, resulting in a

field gradient over the sample volume. Due to the simple

coil design, the resulting field gradient is not perfectly

oriented along the rotor axis. However, since the coils

are used for basic dephasing and rephasing purposes,

they only need to provide a reproducible field gradient

which is sufficiently strong to dephase NMR signals on

the timescale of fast MAS experiments.
From a practical point of view, it is relatively simple

to attach the gradient coils to the top and the bottom of

the MAS stator, but this arrangement comes at the price

of considerable coupling between the two gradient coils

and the RF coil in the center of the stator, as all three

coils induce parallel magnetic fields. Without further

precautions taken, this would in particular lead to sig-

nificant energy losses of the high-power pulses applied
on the RF circuit, because the pulsed RF fields would be

taken up to a considerable extent by the gradient coils.

Therefore, frequency filters need to be built into the

gradients� circuit, which prevent the reception and dis-

sipation of pulsed RF fields. The full gradients� circuit
diagram is shown in Fig. 1b. In the filter part, the two
strongly coupled coils together with the three capacitors

effectively constitute a standard low-pass filter which

removes all frequencies >1MHz and thus allows sine-

shaped gradient pulses as short as 1 ls to pass. The two

other non-coupled coils act as an additional support for
suppressing high frequencies. As a whole, the filter en-

sures an attenuation of >40 dB between the gradient

circuit and the RF circuits.

Under MAS conditions, the gradient pulses need to

be applied on the time scale of rotor periods, tR ¼ 1=mR.
For solid-state 1H NMR, MAS frequencies of mR > 25

kHz are desirable, and in the experiments presented in

this work mR was set to 30 kHz. Therefore, gradient
pulses of durations pG ¼ 1; . . . ; 10tR, corresponding to

pG ¼ 33; . . . ; 333 ls, need to be available at sufficient

strengths. With the gradient circuit detailed above, sine-

shaped gradient pulses with pG P 100 ls and field gra-

dients of DB6 50 G/cm could be achieved, applying

currents of up to 5A. Before recording the NMR signal

after such gradient pulses, a ring-down delay of �100 ls
is required. As the coil geometry used in this work is not
perfectly adapted to MAS conditions (see above), the

gradient strength and, thus, the dephasing effect as ex-

perienced by a volume fraction of the sample might

slightly vary in the course of the rotation. To partially

compensate for this imperfection, the gradient pulses

should be applied for at least two rotor periods dura-

tion, i.e. pG P 2 tR ¼ 66 ls at 30 kHz MAS.
3. Experimental schemes for solid-state MAS NMR

In the following, three PFG-assisted pulse sequences

will be described in detail (see Fig. 2), which provide

selective suppression or excitation of 1H signals in



Fig. 2. PFG-assisted pulse sequences applied for selective excitation or suppression of 1H resonances in 1H NMR spectra under fast MAS. (a)

WATERGATE sequence for selective peak suppression, using a 3–9–19 inversion pulse and a pair of pulsed field gradients. (b) Sequence for selective

excitation using a DANTE inversion pulse and a pair of pulsed field gradients that only refocus the inverted resonance. At 30 kHz MAS, typical

timings and settings for the WATERGATE and DANTE sequences are dG ¼ 33 ls, pG ¼ 100 ls, d 0G ¼ 100 ls, dW ¼ 33 or 67 ls, DB ¼ 20; . . . ; 30 G/

cm. (c) Heteronuclear 1H–X dipolar filter sequence consisting of two REDOR-type dipolar recoupling blocks that are separated by a period of

transverse X-spin magnetisation. During this period, PFGs dephase 1H–X correlations which are, before detection, rephased on the 1H side. In this

way, the signal of protons attached to a X nucleus (13C or 15N) is selected. The experiment is based on 1H–X dipole–dipole couplings, but works

analogously to gradient-selected HSQC-type experiments known from high-resolution NMR.
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solid-state MAS spectra. The two homonuclear se-

quences are based on the concepts of WATERGATE

[16,17] and DANTE, while the heteronuclear variant

employs a dipolar 1H–X filter based on REDOR-type

recoupling [35–37] for selection of protons directly at-

tached to isotopically labelled heteronuclei, such as 13C

or 15N.

The performance of the pulse sequences is demon-
strated on a sample of imidazolium-methylsulfonate, the

chemical structure of which is depicted in Fig. 3. Under

MAS at 30 kHz, this material shows four clearly re-

solved 1H resonance lines (the assignment is given in

Fig. 4a). The nitrogen positions are fully 15N-enriched in

order to demonstrate the selection performance of the

heteronuclear 1H–15N filter. The experiments were per-

formed on a Bruker Avance spectrometer operating at
Larmor frequencies of 700.1 and 70.9MHz for 1H and
Fig. 3. Chemical structure of imidazolium-methylsulfonate with

the four distinguishable types of protons being indicated by super-

scripts a–d.
15N, respectively. All RF pulses were applied at a

transverse B1 field of 100 kHz, corresponding to a

p/2-pulse width of 2.5 ls. During 1H acquisition, no

additional 15N RF decoupling was required due to the

decoupling performance of 30 kHz MAS.

3.1. WATERGATE-type peak suppression

To accomplish selective peak suppression, the WA-

TERGATE sequence with a 3–9–19 pulse is adapted to

fast MAS conditions. According to the chosen RF

power level, the segments of the 3–9–19 pulse are 0.58,

1.73 and 3.65 ls long. The separation of the pulses (dW
in Fig. 2a) determines the frequency bandwidth of the
suppression. Experimentally, an approximate synchro-

nisation of these delays with the rotor period has turned

out to be advantageous, but not necessary. Depending

on the linewidth of the peak to be suppressed, dW is

typically varied between tR/2 and 2tR, which corre-

sponds to 16:7; . . . ; 66:7 ls, when a MAS frequency of

30 kHz is used.

In Fig. 4a, the suppression efficiency of the MAS-
adapted WATERGATE sequence is shown for the 1H

spectrum of imidazolium-methylsulfonate. Each of the

four peaks (with the assignment given on top of Fig. 4a)

can individually be suppressed without significantly

distorting the rest of the spectrum. Best selectivity was

achieved with a pulse spacing of dW ¼ 2tR ¼ 66:7 ls.
Gradient pulses of pG ¼ 200 ls were applied, bracketed

by delays of dG ¼ 100 ls and d 0G ¼ 33:3 ls. Using cur-
rents of 2; . . . ; 3A, signal dephasing occurred in the

presence of field gradients of DB ¼ 20; . . . ; 30 G/cm.



Fig. 4. Single-transient 1H MAS spectra of imidazolium-methylsulfonate. (a) Selective suppression of 1H resonances by the PFG-assisted WA-

TERGATE sequence depicted in Fig. 2a. From the top to the bottom, each of the four peaks is selectively suppressed. (b) Selective excitation of 1H

resonances by the PFG-assisted DANTE spin–echo sequence depicted in Fig. 2b. From the top to the bottom, each of the four peaks is selectively

excited. For comparison, the full 1H spectrum is given at the bottom and as a red dotted line behind all other spectra.
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Most importantly, it is to be noted that each spec-

trum shown in Fig. 4 is the result of a single transient of

the pulse sequence. The PFGs ensure practically com-

plete dephasing of the selected signals and remove the

unwanted peaks, leaving a noise level on the order of 1%

of the original signal intensity. No further phase cycling
is needed to obtain clean spectra, which allows the se-

quence to be readily incorporated into other experi-

ments without the need for extending their phase cycle.

3.2. Selective excitation using a DANTE pulse

After presenting a PFG-assisted technique for peak

suppression, we now turn to its counterpart, i.e. a se-
quence for selective excitation of individual peaks. For

this purpose, a gradient spin–echo sequence with a se-

lective DANTE p-pulse was adapted to 30 kHz MAS

conditions. Best results were obtained for a DANTE

pulse consisting of eight segments (each of 0.63 ls du-

ration) separated by delays of dW ¼ tR ¼ 33:3 ls. The
gradient pulses were applied identically to the WA-

TERGATE sequence described above, i.e., pG ¼ 200 ls,
dG ¼ 100 ls, d 0G ¼ 33:3 ls and DB ¼ 20 G/cm.

In Fig. 4b, resulting 1H spectra of imidazolium-

methylsulfonate are shown, in which each of the four

peaks is separately excited. Again, the spectra result

from single transients of the PFG-assisted DANTE se-
quence. The intensity of the unwanted peaks is effec-

tively reduced to less than 5% of the original peak

intensity. This suppression efficiency is sufficient for

most applications, but a bit less than what was obtained

by the WATERGATE technique discussed above. This

shows that the simple DANTE approach employed here
still has potential for further optimisation and en-

hancement, for example by implementing more sophis-

ticated inversion pulse schemes [38].

3.3. Selective excitation using a heteronuclear dipolar
1H–X filter

The homonuclear schemes for peak-selective excita-
tion and suppression discussed so far are based on fre-

quency-selective pulses and their narrow-band signal

inversion. An alternative means of selection are heter-

onuclear 1H–X correlations which pick out protons that

are directly attached to the chosen NMR-active het-

eronucleus. In principle, this gradient selection proce-

dure is identical to the one established for heteronuclear

single-quantum correlation (HSQC) experiments in
high-resolution NMR [10]. It starts with the formation

of heteronuclear 1H–X correlations, which are then

dephased by applying PFGs on a transverse state of the

X spins (while the 1H spins adopt longitudinal states in

the 1H–X correlation and are thus insensitive to the



Fig. 5. 1H peak selection in 15N-enriched imidazolium-methylsulfonate

by the heteronuclear dipolar 1H–15N filter sequence depicted in Fig. 2c.

Full filter efficiency is achieved when PFGs are combined with a two-

step pulse phase cycle that alternates the phase of one of the p/2 pulses

applied to 15N (top spectrum). The two-step phase cycle without the

PFGs, however, would not provide sufficient selection (middle spec-

trum). The full 1H spectrum is given at the bottom and, for compar-

ison, as a red dotted line behind the spectra.

I. Fischbach et al. / Journal of Magnetic Resonance 165 (2003) 102–115 107
PFGs). After reconverting the 1H–X correlations to 1H

magnetisation, the signals are rephased by a PFG (now

acting on 1H transverse magnetisation) before detection.

The PFG durations and amplitudes need to be chosen

such that the integral over all gradient pulses applied on

X-spin transverse states is by a factor of c1H/cX larger

than the integral of the gradient pulse applied on the
detected 1H transverse magnetisation.

In high-resolution NMR of mobile solubilised mole-

cules J -couplings are commonly used to generate such

‘‘through-bond’’ 1H–13C or 1H–15N correlations,

whereas in solids dipole–dipole couplings exceed the J -
couplings by roughly two orders of magnitude and,

thus, appear to be the first choice. Under MAS, dipolar
1H–X correlations are conveniently produced by re-
coupling the dipole–dipole coupling in a REDOR-type

fashion [35–37]. A variety of experiments including

REDOR- or TEDOR-type [39] dipolar recoupling have

been proposed, including dipolar 1H–13C or 1H–15N

HSQC spectra [40–42], which are largely analogous to

their solution-state counterparts. Even the concepts of

sensitivity enhancement by inverse, i.e., 1H, detection
schemes have already been adapted from high-resolu-
tion conditions to solid-state NMR under fast MAS

[43–45]. In these solid-state experiments, the wanted

signals and coherence transfer pathways have been se-

lected by means of RF pulse-phase cycles and dephasing

pulses [44]. Recently, 1H–15N CP-TEDOR and other

dipolar 1H–15N correlation experiments have been in-

troduced [46,47], which realise inverse (1H) detection in

the solid state under fast MAS with the aid of the PFGs
described in this work.

In this context, the PFG-assisted dipolar 1H–X filter

is mentioned here as an alternative means of 1H peak

selection. The results obtained on 15N-enriched imi-

dazolium-methylsulfonate are shown in Fig. 5. In

contrast to the homonuclear WATERGATE and

DANTE procedures, a single transient of the sequence

does not yet yield a satisfactory suppression of the
unwanted 1H peaks. The selection performance of the

PFGs alone is obviously not sufficient and needs to be

supplemented by a two-step phase cycle in which the

phase of one of the two p/2 pulses on 15N is alternated

together with the receiver. This phase alternation pro-

vides cancellation of 1H signal contributions that did

not pass through a 1H–15N correlation. However,

without the help of the PFGs, the two-step phase cycle
alone would not yield clean spectra either (see Fig. 5,

middle spectrum). Only the combination of PFGs with

a two-step RF pulse-phase alternation provides suffi-

cient suppression of the unwanted 1H signals, leaving

residual signals of <3% of the original signal intensities

(see Fig. 5, top spectrum).
4. Incorporation into 2D 1H–1H double-quantum NMR

Having demonstrated the selection or suppression

efficiency of PFG-assisted WATERGATE and DANTE

sequences, we now turn to examples that show how

simply and efficiently these techniques can be incorpo-

rated into existing solid-state 1H NMR experiments. For

this purpose, two-dimensional 1H–1H double-quantum
(DQ) NMR spectra have been chosen, but any other
1H–1H (or 1H–X) correlation experiment performed

under fast MAS would be equally well suited.
1H–1H DQ NMR spectroscopy is based on the gen-

eration of 1H–1H DQ coherences via homonuclear di-

pole–dipole couplings [48]. Consequently, the intensity

of a DQ signal sensitively depends on the coupling be-

tween the respective pair of nuclei. Therefore, DQ sig-
nals are indicative of internuclear distances as well as

molecular motions. Under MAS conditions, dipolar

recoupling pulse sequences are applied to excite DQ

coherences and, subsequently, to reconvert them back

into observable magnetisation. In this work, we have

used the simple back-to-back sequence [48,49] (depicted

in Fig. 6a) which proved to be extremely robust under



Fig. 6. (a) Back-to-back pulse sequence for 1H–1H double-quantum MAS NMR spectroscopy. Homonuclear dipolar recoupling is applied for

exciting double-quantum coherences involving two dipolar-coupled protons, and subsequently for reconverting the coherence back to observable

magnetisation. In this way, a 1H–1H double-quantum dimension (t1) is correlated with a usual 1H single quantum dimension (t2). (b)–(d) Modified

pulse sequences for 1H–1H double-quantum spectroscopy with (b) selective suppression or (c) selective detection of signals in t2, or with (d) selective

suppression or (e) selective excitation of double-quantum coherences.
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fast MAS. Two nested phase cycles consisting of four

steps each are used to select the coherence transfer

pathway 0!� 2! 0!)1 with an overall 16-step phase

cycle. With the experimental conditions applied (MAS

at 30 kHz, DQ excitation and reconversion for one rotor

period), 1H–1H DQ signals are expected in a solid ma-

terial for all proton pairs with a distance of less than

�0.35 nm. In the resulting two-dimensional DQ spectra,
a DQ dimension is correlated with a conventional single-
Fig. 7. Two-dimensional 1H–1H double-quantum NMR spectra of imidazo

quences depicted in Figs. 6a–e, respectively. The shaded spots indicate whe

selection procedure.
quantum (SQ) dimension. In the DQ dimension, the

chemical shift of the signals corresponds to the sum of

the chemical shifts of the two nuclei involved in the DQ

coherence: xAB ¼ xA þ xB. In the SQ dimension, the

signal splits up into the two single-spin resonances, xA

and xB, so that for xA 6¼ xB pairs of signals located at

(xA þ xB, xA) and (xA þ xB, xB) are observed in the

DQ spectrum, while for xA ¼ xB a single peak is found
at (2xA, xA) on the so-called DQ ‘‘diagonal’’.
lium-methylsulfonate, recorded under MAS by applying the pulse se-

re DQ peaks are completely removed from the spectrum due to the
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In Fig. 7a, the 1H–1H DQ spectrum of imidazolium-
methylsulfonate is shown. Peaks corresponding to all

possible DQ coherences are observed in the spectrum.

This is expected for small molecules in a crystalline en-

vironment, because all types of protons are located in

the vicinity of a given proton within an distance range of

< 0:35nm. Only the signals of the Hd–Hd and Hc–Hc

coherences are significantly weaker, because there is

only one Hc and Hd proton per molecule, so that the
coherences rely on intermolecular (and, thus, slightly

more remote) 1H–1H contacts.

PFG-assisted WATERGATE and DANTE filters

were incorporated into the DQ pulse sequence depicted

in Fig. 6a. Two positions were chosen for inserting ei-

ther a WATERGATE peak-suppression sequence or a

DANTE selective peak–excitation sequence: (i) before

detecting the signal in the t2 dimension, and (ii) before
exciting the DQ coherences. In case (i) only those DQ

signals are detected/suppressed which are located on the

resonance position of the selected proton species in the

second (SQ) dimension, while in case (ii) only those DQ

coherences are excited/suppressed in which the selected

proton species is involved. In the latter case, full exci-

tation/suppression is achieved when the DQ coherences

involve only the selected protons species, whereas for
mixed coherences partial excitation/suppression is ob-

served (see below). The four variants of the pulse se-

quence are schematically displayed in Figs. 6b–d, while

Figs. 7b–d show the experimental 1H–1H DQ spectra

recorded with the respective pulse sequence. In Fig. 7b–

d, the frequency selection was placed on the methyl (Ha)

peak, but the experiments performed equally well on all

four 1H resonances. As the peak selection is efficiently
achieved in a single transient of the PFG-assisted WA-

TERGATE and DANTE sequences, the overall pulse

sequence is applied with the same phase cycle as the

non-selective DQ experiment (Fig. 6a). The filtering se-

quence is simply inserted into the pulse sequences, and

the frequency-selective pulse is phase-cycled together

with the pulses in which it is embedded.

The selective suppression and observation of a single
1H resonance in the SQ dimension is readily accom-

plished by the WATERGATE and DANTE filter, re-

spectively, and the spectra (Figs. 7b and c) are

straightforward to understand: In Fig. 7b, all DQ peaks

disappear from the spectrum at the suppressed SQ res-

onance frequency, while in Fig. 7c only those DQ signals

are visible which are located at the selectively detected

SQ resonance frequency. As the spectra in Fig. 7b and c
are complementary to each other, their sum corresponds

to the ‘‘full’’ DQ spectrum shown in Fig. 7a.

The selective excitation of DQ coherences by selecting

or suppressing a peak immediately before the DQ exci-

tation period works equally well, as can be inferred from

Fig. 7d and e. For interpreting the spectra, it should be

noted that a DQ coherence of a spin pair A–B can
equally be generated starting from spin A and spin B.
Consequently, when spin A is suppressed, A–B DQ co-

herences are still excited via spin B, but they lack about

half the signal intensity. Analogously, when spin A is

selectively excited, A–B type DQ coherences will also be

observed, but again with only half the intensity as

compared to the ‘‘fully excited’’ DQ spectrum. Only A–A
type DQ coherences are completely removed from the

spectrum (or present at full intensity), when spin A is
suppressed before excitation (or selectively excited).

With this in mind, the DQ spectra in Fig. 7d and e can

be easily understood, and the experimental spectra in-

deed resemble all features that are expected when the

filtering procedures are applied.

Thus, the two-dimensional 1H–1H DQ spectra nicely

demonstrate that PFG-assisted WATERGATE and

DANTE filters can straightforwardly and efficiently be
used under fast MAS to remove unwanted signals or to

selective excite signals of interest.
5. Examples: applications to supramolecular systems

In this section, two examples are given where the

PFG-assisted WATERGATE filter is applied for sup-
pressing a strong aliphatic 1H signal. The materials

under investigation are supramolecular systems which

self-assemble into well-defined structures by means of

non-covalent interactions, which are in our cases hy-

drogen bonds and p–p stacking. Solid-state 1H NMR

spectroscopy has proven to be very powerful and ver-

satile for studying these types of interactions [50–53]. In

the case of hydrogen bonds, the 1H chemical-shift can be
directly correlated with the strength of the bond [54].

For the investigation of p–p stacking phenomena, 1H

chemical shifts can serve as probes for p-electron den-

sities nearby the respective proton, because the p-elec-
trons have significant influence on the effective shielding

experienced by the proton [55]. In this way, protons can

be located relative to p-electron systems, and the ar-

rangement of p–p stacks can be elucidated.
To be able to use 1H chemical shifts for studies of

hydrogen bonds and p–p stacks, 1H resonance lines need

to be spectrally resolved in the range of �5. . .10 ppm for

p-electron shifts and �9. . .15 ppm for hydrogen bonds.

Typically, the protons of interest for such studies con-

stitute only a very minor fraction of the overall proton

content of the material. In many organic systems, long

alkyl sidechains are present, whose intense NMR signal
strongly perturbs the observation of weaker resonances

at higher frequencies in the spectra. When such alkyl

chains are, in addition, significantly mobile, the situa-

tion is exacerbated in two-dimensional NMR spectra

because motionally induced relaxation effects and co-

herence losses lead to intense noise (so-called t1 noise)

along the indirect dimension of the spectra. Such strong



Fig. 8. (a) Two hexabenzocoronene derivatives with alkyl sidechains and a single carboxylic acid function at the end of one chain. The two materials

only differ in the length of the chain carrying the carboxylic acid function. (b)–(e) 1H MAS spectra of (a) recorded under MAS at 30 kHz. Regular

spectra (b) and (d) are dominated by the intense alkyl 1H signal, which can be suppressed by a PFG-assisted WATERGATE sequence (Fig. 2a) to

yield spectra (c) and (e), in which the weaker aromatic and acidic 1H signals of interest are much more pronounced.

Fig. 9. 1H–1H double quantum spectra of the hexabenzocoronene acid derivatives depicted in Fig. 8a. The spectra are recorded under 30 kHz MAS,

using the back-to-back sequence in Fig. 6a for (a) and (c) and the WATERGATE-assisted sequence in Fig. 6b for (b) and (d). With the strong alkyl

signal being suppressed, the aromatic and acidic signals of interest are more conveniently accessible. The weak acidic 1H–1H double-quantum co-

herence in spectrum (b) is only observed when the strong alkyl signal is removed.
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peaks, in particular in the combination with their noise,
tend to obscure weaker resonances and to hamper the

interpretation of the spectra. Problems of this kind can

readily be solved by a peak-selective suppression tech-

nique, such as the PFG-assisted WATERGATE filter

described above.

5.1. Hexabenzocoronene alkyl acid derivatives

As a first example, we consider 1H NMR spectra of a

two alkylated hexabenzocoronene (HBC) derivatives

whose structure is depicted in Fig. 8a. The disc-shaped

HBC cores are known to form solid discotic phases with

two types of columnar stacks that differ in the angle

between the disc-shaped molecule and the columnar axis

[56,57]. The discs are either oriented perpendicular to

the column (planar stack) or inclined at a tilt angle
(herringbone-type stack). In addition, the carboxylic

acid function enables the molecules to form hydrogen-

bonded dimers [52]. The two materials investigated here

differ only in the length of the n-alkyl chain that links the

carboxylic acid function to the HBC core. Both hydro-

gen-bond formation and p–p stacking can be investi-

gated by 1H–1H DQ NMR spectroscopy. When the

discs stack in a herringbone fashion, a characteristic
three-peak pattern is expected in the aromatic region of

the DQ spectra [51,55] and when the molecules dimerise

through hydrogen bonds, DQ signals will prove the

existence of hydrogen-bonded pairs of acidic protons

[52].

In Figs. 8b–e, 1H MAS spectra of the two materials

are shown, recorded at a spinning frequency of 30 kHz.

In Figs. 8c and e, the intense signals of the C11H23 alkyl
sidechains are reduced by the PFG-assisted WATER-
Fig. 10. (a) Chemical structure of a large discotic trisamide, which forms a

temperature. (b) 1H MAS spectra of (a). The single-pulse spectrum (top) is do

assisted WATERGATE sequence, the alkyl peak can be efficiently removed

peaks remain unaffected, as can be seen from comparing the WATERGATE s

for slight transverse relaxation effects occurring during the echo delays.
GATE technique (see Fig. 2a with dG ¼ 33 ls, pG ¼ 100
ls, d 0G ¼ 100 ls, dW ¼ 16:7 ls, DB ¼ 20 G/cm) with an

experimental efficiency of �95–98%, meaning that only

�2–5% of the initial alkyl intensity is left. With the alkyl

signals being suppressed, the receiver unit can be prop-

erly adjusted according to the signal intensities of the

aromatic and acidic protons. DQ spectra were recorded

without and with alkyl peak suppression using the pulse

sequences depicted in Fig. 6a and b, respectively. As
shown in Fig. 9, the DQ signals of interest can better be

accessed and interpreted once the dominating alkyl peak

is removed or, at least, largely reduced. In the case of

HBC–C3COOH, the DQ coherence of two acid protons

(i.e. the peak located at 24/12 ppm), which serves as a

clear evidence for the existence of hydrogen-bonded

pairs of carboxylic acid groups, becomes only visible

after alkyl signal suppression. Note that for HBC–
C10COOH, such a DQ coherence involving two acidic

protons is not observed, which indicates that no stable

hydrogen-bonded dimers are formed.

In the aromatic region, the DQ signals become much

more prominent in the WATERGATE DQ spectra (see

Figs. 9b and d), although it is, in principle, possible to

identify and interpret them in the conventional DQ

spectra (Fig. 9a and c). The characteristic pattern of
three aromatic DQ peaks observed for HBC–C10COOH

shows that the HBC cores stack in a tilted herringbone-

type fashion, while the broad and featureless aromatic

DQ peak found for HBC–C3COOH indicates a planar

stacking. Obviously, the presence of strongly hydrogen-

bonded dimers prevents the HBC cores in the columns

from tilting. A complete study of these materials by

solid-state NMR and X-ray scattering will be published
elsewhere [58].
liquid crystalline phase with hexagonally ordered columns at room

minated by the intense signal of the long alkyl sidechains. Using a PFG-

in a single transient (bottom spectrum), and the intensities of the other

pectrum with a MAS spin–echo spectrum (dotted line), which accounts



Fig. 11. 1H–1H double quantum spectra of the discotic trisamide de-

picted in Fig. 10a. The spectra are recorded under 30 kHz MAS, using

the back-to-back sequence (shown in Fig. 6a) for (a) and the WA-

TERGATE-assisted sequence (shown in Fig. 6b) for (b). In the regular

DQ spectrum, the long alkyl chains give rise to intense t1 noise due to

motionally induced relaxation processes occurring during the pulse

sequence. By use of WATERGATE peak suppression, the alkyl signal

and its noise can be removed, so that the weak DQ signals of interest

become conveniently accessible. The red and blue lines connect peaks

that belong to DQ coherences between one of the two amide-NH

protons and different aromatic–CH protons.
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5.2. Discotic trisamides

As a second example, we turn to another system that

also associates into supramolecular stacks via p–p in-

teractions [59]. It consists of C3-symmetrical molecules

with intramolecular hydrogen bonds (see Fig. 10a) and

forms a discotic liquid–crystalline phase at room tem-

perature with hexagonally ordered columns. At the pe-

riphery, nine n-C12H25 sidechains are attached which
give rise to an intense alkyl peak in 1H NMR spectra

(see Fig. 10b, top spectrum). Moreover, in the liquid–

crystalline phase the alkyl chains are very mobile, in

particular towards their dangling ends, so that coher-

ence losses due to motionally induced relaxation pro-

cesses and, thus, strong t1 noise in 2D NMR spectra are

to be expected. To study aspects of molecular confor-

mation and columnar stacking by NMR, however, the
small signals of the aromatic CH- and amide NH-pro-

tons need to be accessed.

In Fig. 10b, two 1H MAS spectra of the material are

compared. Under MAS at 30 kHz, the 1H resonance

lines can nicely be resolved, but the conventional 1H

spectrum (top) is dominated by the intense alkyl peak

that exceeds the other signals by more than a factor of

20. Applying a PFG-assisted WATERGATE sequence
(depicted in Fig. 2a with dG ¼ 33 ls, pG ¼ 100 ls,
d 0G ¼ 100 ls, dW ¼ 67 ls, DB ¼ 20G/cm), the alkyl peak

can efficiently be suppressed, while all other signals are

virtually unaffected, as can be seen from comparing the

WATERGATE spectrum (bottom of Fig. 10b) to a

normal MAS spin–echo spectrum (shown above as a

dotted line). The PFG-WATERGATE spectrum was

obtained from a single transient of the experiment and
conveniently provides the 1H signals of interest, in-

cluding the NH resonances at 12.9 and 13.7 ppm. These

high-frequency shifts clearly indicate the presence of

strong N–H� � �N hydrogen bonds. As a side aspect, it

should be noted that, when comparing the WATER-

GATE spectrum to a single-pulse spectrum, there are

slight intensity distortions observed among the CH ar-

omatic resonances due to transverse relaxation effects
occurring during the echo delay.

Turning to 1H–1H DQ spectra (shown in Fig. 11),

which aid the assignment of the various aromatic peaks,

it becomes obvious that the strong t1 noise arising from

the intense signal of the mobile alkyl chains means a

considerable disruption to the normal 2D spectrum

(Fig. 11a), recorded using the back-to-back pulse se-

quence depicted in Fig. 6a. The t1 noise is quite widely
spread around the alkyl resonance and occurs at an in-

tensity level which is comparable to that of the DQ

signals of interest, so that a few of them are distorted or

even completely obscured. By applying the pulse se-

quence depicted in Fig. 6b instead, the alkyl signal, to-

gether with its noise, can efficiently be removed from the

spectrum (Fig. 11b) and the contacts between NH and
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CH as well as among the CH protons can cleanly be
identified and analysed.

Just to briefly explain the DQ coherences between

NH and CH protons, it is found that the 13.7 ppm NH

protons are involved in three such DQ coherences

(marked red in Fig. 11b), while the 12.9 ppm NH pro-

tons form only one type of DQ coherence with the CH

protons at 5.8 ppm. From this observation, the 12.9 ppm

NH resonance can be assigned to the inner N–H� � �N
hydrogen bonds in the structure (Fig. 10a), because at

the inner NH location only the CH protons of the

central phenyl ring are close enough in space to give rise

to a NH–CH DQ coherence. At the outer NH location,

in contrast, more CH protons are available in close

proximity. A full analysis of the 1H solid-state NMR

spectra of this material is underway and will be pre-

sented elsewhere.
6. Conclusion and outlook

Techniques for frequency-selective excitation and

suppression of 1H NMR signals were adapted from li-

quid-/solution-state conditions to solid-state fast-MAS

experiments. Frequency selection is accomplished by
narrowband inversion pulses that are based on the well-

established DANTE concept. Fast MAS is an essential

requirement for such frequency-selection procedures to

be applied in 1H solid-state NMR, because they inher-

ently rely on spectral resolution and, thus, on homo-

nuclear dipolar decoupling. The efficiency of the

selection or suppression can be drastically enhanced by

PFGs, which in particular provide clean spectral selec-
tion in a single transient of the pulse sequence. In con-

ventional fast-MAS probes, such gradients can be built

by attaching a pair of coils to the top and the bottom of

the MAS stator. From a practical point of view, coils of

this design can easily be installed in MAS probes with-

out significant modifications, but the coil geometry is

not perfectly adapted to MAS conditions [34]. The se-

lection efficiency achieveable with this simple coil design
is in the order of 1%, which is perfectly sufficient for the

homonuclear 1H experiments demonstrated here. WA-

TERGATE- or DANTE-type filter sequences can be

readily incorporated into multidimensional 1H NMR

experiments, as we have demonstrated here for 1H–1H

DQ spectroscopy on a crystalline model system and two

supramolecular materials. In addition, Chevelkov et al.

recently reported the use of PFGs in a fast-MAS probe
for solvent suppression in biological materials [60].

Further improvements of gradient efficiency can be ex-

pected when a more elaborate coil design is used.

With the simple gradient design used in this work,

heteronuclear 1H–X dipolar filter techniques can not

solely rely on PFGs for signal selection, but require

assistance by a two-step pulse phase cycle. Nevertheless,
fully PFG-based 1H–X correlation techniques are ap-
proaching the performance required for experiments on
13C or 15N in natural abundance. There is potential to

develop such PFG techniques under fast MAS further

towards 1H-detected two-dimensional 1H–X HSQC ex-

periments that would significantly benefit from en-

hanced signal sensitivity, as could already be shown for
1H-detected 1H–15N correlation experiments [46,60].

Thus, more methodological progress can be expected
from the gradual convergence of solution- and solid-

state NMR spectroscopy.
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