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Abstract

Spin-state selection in solid-state NMR is demonstrated, using similar pulse sequences as used in liquid-state NMR. The different

transitions of all three carbon resonances in fully 13C-labeled LL-alanine are separated in different spectra. By selecting spin-states, the

contribution of the J-coupling to the linewidth is removed, leading to a considerable enhancement in resolution. The spin-state-

selective technique is demonstrated for magic-angle spinning frequencies from 6 to 35 kHz. Other experimental conditions affecting

the sensitivity of the experiments are discussed. Sensitivity losses due to the introduction of the spin-state-selective filter are shown to

be acceptable. Finally, spin-state selection was used to experimentally confirm the differential broadening expected for the two

transitions of the CH3 resonance.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

During the last decade much progress has been made

in the NMR spectroscopy of fully isotopically enriched
materials (notably carbon-13 and nitrogen-15). This

progress has been largely motivated by applications to

peptides and proteins, culminating recently to the

complete or partial assignment of different biomolecules

[1–9] and to the first complete protein structure by solid-

state NMR [10].

One of the major problems to extend the range of

systems that could be studied remains the resolution of
the spectra. To this end significant efforts have been

made to improve sample preparation [11], to increase

the quality of heteronuclear decoupling [12,13], or to

develop partial labeling schemes. The dilution of spins

has the additional advantage of reducing dipolar trun-

cation effects that interfere with the determination of

long-range distances necessary for structure determina-

tion [10,14,15].
In fully labeled carbon-13 compounds such as pro-

teins, the homonuclear 13C–13C J-coupling represents a
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significant contribution to the linewidth in standard

magic-angle spinning (MAS) methods [1,16,17]. By

analogy with widely used techniques in liquid-state

NMR, Straus et al. [16] proposed in 1996 to use selective
pulses for homonuclear J-decoupling in solid-state MAS

NMR to improve resolution. This idea was recently

taken up by Igumenova and McDermott [16,18]. How-

ever, homonuclear J-decoupling is limited to indirect

dimension(s). In this article we demonstrate the possi-

bility of spin-state selection in solids, which results in the

removal of the broadening due to the J-coupling in both

the direct and indirect detection dimensions, through
selecting only one component of the multiplet.

Spin-state-selective experiments are well known in li-

quid-state NMR spectroscopy, and are used mainly for

the measurement of scalar and residual dipolar coupling

constants [19–25] or in the context of transverse relaxa-

tion optimized spectroscopy (TROSY), where the selec-

tion of the slowly relaxing doublet component leads to

improved resolution and sensitivity in heteronuclear
correlation experiments of biomolecules [26]. Techniques

for spin-state selection can basically be separated into two

categories. In the first, a direct-selective excitation of a

single spin state is obtained, either through single-quan-

tum coherences (SQC) in the S3E (Spin-State-Selective
erved.
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Fig. 1. (a) Pulse sequence using the IPAP spin-state-selection filter. 90 �
and 180 � RF pulses are represented by filled and open bars for hard

pulses and shapes for semi-selective pulses, respectively. For optimal

performance of the IPAP spin-state-selection filter, the delay s has to be

adjusted to ð21JISÞ�1. Two data sets (A) and (B) are recorded using the

following settings: (A) � ¼ s=4, / ¼ x and (B) � ¼ 0, / ¼ y [23,24].

The resulting spectra are schematically given next to the pulse sequence.

The sum and difference of the (A) and (B) experiments yield two

spectra, each of them containing only one of the doublet components of

the I-spin. (b) Double IPAP experiment to separately measure the four

spin-states of an I-spin coupled to two spins, S and K. As for the IPAP

experiment in (a), the delays sIS and sIK of the consecutive IPAP block

filters are set to ð21JISÞ�1 and ð21JIKÞ�1, respectively, in order to ensure

an optimal spin-state selection. Four experiments are recorded with

the parameters �IS, �IK, /1, and /2 set as described in Table 1. The

obtained I-spin resonances are again schematically depicted close to

the pulse sequence. The phase cycle for both sequences was: /1 ¼ x–x;
/2 ¼ xxyy–x–x–y–y; /rec ¼ x–x–xx. The pulse programs used in

this work are available from the authors upon request, or from our

website [56].
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Excitation) experiment [20], or through zero- or dou-
ble-quantum coherences (ZQC or DQC) as in S3CT

(Spin-State-Selective Coherence Transfer) [22]. In the

second category, spin-state separation is achieved by

linear combination of experiments containing in-phase

or anti-phase signals. These sequences are known as

IPAP (for In-Phase-Anti-Phase) [23,24] and DIPSAP

(for Double-In-Phase-Single-Anti-Phase) [25]. All these

sequences were developed in liquid-state NMR for
heteronuclear spin pairs using non-selective pulses.

The INADEQUATE-CR (Composite Refocusing)

experiment introduced in 1995 by Nielsen et al. [27] has

been applied previously in solids, where it was shown

to work for two-spin systems [28]. This sequence was

developed to enhance the sensitivity of the basic

INADEQUATE experiment [29–33]. Tailored for ho-

monuclear spin pairs, this sequence uses non-selective
pulses to excite and efficiently reconvert the double-

quantum coherences to only one component of the J

doublet. It is however limited specifically to the homo-

nuclear double-quantum–single-quantum correlation

experiment.

In this article, we show that spin-state selection can

be achieved in solid-state NMR in a general manner,

even when the J-coupling is not resolved in the spec-
trum. Using selective pulses we measure all the different

homonuclear spin-states of all three carbon resonances

in fully 13C-labeled LL-alanine using a sequence based on

IPAP. The resulting resolution and sensitivity obtained

with the spin-state-selection filter are discussed. Besides

the obvious enhancement in resolution of the carbon

spectra obtained with the technique, it allowed us to

further investigate the experimental carbon lineshapes of
fully labeled compounds, and verify some recently made

predictions concerning differential broadening in solids

[17].
2. The IPAP filter in solid-state NMR experiments

The pulse sequence we used for spin-state-selective
excitation is given in Fig. 1a. The filter for spin-state

selection is based on the IPAP sequence [23,24], adapted

for a homonuclear spin pair by the use of semi-selective

pulses. The sequence including the IPAP spin-state-se-

lective filter is adapted to make it compatible with

conventional solid-state NMR building blocks allowing

polarization transfer, magic-angle spinning, and heter-

onuclear dipolar decoupling. We consider the evolution
of two J-coupled carbon-13 nuclei, denoted I and S. The

carbon magnetization of all spins is first enhanced by

conventional cross-polarization from the protons, using

simultaneous radio-frequency fields on both the proton

and carbon channels [34–37]. The carbon polarization is

then stored along the static magnetic field direction by a

non-selective 13C p=2 pulse. The following z-filter of
duration d removes all residual transverse coherences.

The spin-state-selection filter follows, based simply on a

selective s=2� p � s=2 block, with s ¼ ð2JISÞ�1
. As long

as rotational-resonance conditions [38–40] are avoided,

the spin system only evolves under the J-coupling during
this block. All other interactions are removed either by

MAS (heteronuclear 13C–1H and homonuclear 13C–13C

dipolar couplings, and chemical shift anisotropy), by

heteronuclear decoupling (heteronuclear dipolar and

scalar couplings), or by the refocusing p pulses (isotropic

chemical shifts). The selection of one of the I-spin

transitions is based on the combination of two sepa-

rately recorded experiments, denoted here (A) and (B),
which only differ in the timing of the two p-pulses on the

S-spin and the phase / of the subsequent p=2 pulse on I-

spin. In the first experiment (A), the homonuclear I–S

scalar coupling is removed by applying the p-pulses on
the S-spin at the middle of each s=2 evolution period
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(e ¼ s=4). No net evolution occurs during the IPAP filter
(except for relaxation) and an in-phase signal (the

splitting being caused by the J-coupling to the S-spin) is

observed for the I-spin (after an additional z-filter) in the

detection period t2. In the second experiment (B), e is set
to zero. The net evolution under the J-coupling during

the total delay s leads after the final z-filter to an anti-

phase signal of I-spin with respect to S-spin during the

detection period t2. Addition and difference of these two
experiments yield spectra containing only one of the

doublet components of the I-spin, corresponding to I

magnetization with the coupled S-spin being either in

the a ¼ j � 1=2i or b ¼ j þ 1=2i state.
In order to achieve optimum separation of the spin

states in the combined spectra, it is essential that both

the (A) and (B) experiments have exactly the same du-

ration and the same number and type of pulses. This
ensures that ‘‘relaxation effects’’ will occur in the same

way in both experiments. For this reason, the two
Fig. 2. Experimental a and b transitions for 13C0 (a), 13Cb (b), and 13Ca (c and

and used without further purification) obtained with the sequence of Fig. 1a a

to the 13Ca resonance with the 13C0 (Fig. 2c) or the 13Cb (Fig. 2d) being in a
Bruker 500 Avance spectrometer (1H frequency at 500.13MHz) equipped wi

spin-lock on the 1H channel was used to broaden the Hartmann–Hahn condi

the TPPM decoupling [12] was 156 kHz. A delay d of 5ms was chosen to rem

were all Gaussian pulses truncated at 1%. Their length was 1ms for the experi

resonances at higher spinning speeds. The delay s was set to 9.26ms for the 1

spin pair (J-coupling of 34Hz). To ensure the best resolution, the acquisition

then processed without any apodization function.
‘‘simultaneous’’ soft p-pulses in the (B) experiment
where e ¼ 0 are for example performed sequentially. In

the same experiment, the second p-pulse on the S-spin is

maintained for the same reason. It additionally refo-

cuses Bloch–Siegert type phase shifts [41–43] effects

potentially introduced on the I-spin coherence by the

first p-pulse. In addition, we noticed experimentally that

a complete phase cycle of the p-pulse on the I-spin

was mandatory for a good selection of the spin-state
transitions.

Fig. 2 demonstrates the IPAP spin-state selection on

a powdered sample of fully 13C-labeled LL-alanine. The

sequence of Fig. 1a was applied to all three carbon

resonances of LL-alanine at different MAS spinning rates

(6, 7, 12, 18, 28, and 35 kHz). As all three resonances are

well resolved and only one resonance at one time is

concerned by each soft pulse of the sequence, we used
simple Gaussian shaped 90� and 180� pulses [44,45] as

semi-selective pulses. The amplitude of the Gaussian
d) resonances of fully 13C-labeled LL-alanine (purchased from Eurisotop

t different MAS spinning frequencies. The last two columns correspond

or the b state, respectively. All the experiments were performed on a

th a Bruker 2.5mm double-resonance CP/MAS probe head. A ramped

tion [34–37]. The CP contact time was set to 1ms. The field strength of

ove any residual transversal magnetization. The semi-selective pulses

ments at 6 and 7 kHzMAS, 200ls for the 13C0, 800ls for 13Ca and
13Cb

3C0–13Ca spin pair (J-coupling of 54Hz) and 14.706ms for 13Ca � 13Cb

time was set to 60ms ensuring complete decay of the signal, which was



Fig. 3. Double-IPAP spectra (pulse sequence of Fig. 1b) of the 13Ca

resonance of fully 13C-labeled LL-alanine. (a) 13Ca signal obtained in the

four experiments (A)–(D) needed to separate the spin-states. The MAS

frequency was set to 28 kHz. Gaussian pulses of 800ls were used for

all semi-selective pulses. The delays sIS and sIK were 9.26 and

14.706ms, respectively. All other experimental conditions are given in

the figure caption of Fig. 2. (b) Linear combinations of the four spectra

of Fig. 3a leading to the four separated aa, ab, ba, and bb spin-states

of 13Ca resonance. The exact linear combinations are given in the text.

(c) 13Ca resonance obtained in a standard CP/MAS experiment using

the same experimental conditions as the double IPAP experiment.
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pulses was calibrated using the carbon-13 magnetization
with the sequence CP-p=2 (hard)–delay (5ms)–p=2 (soft)

or p (soft) with 1H-decoupling (TPPM) during the de-

tection period. At low spinning speeds, it was necessary

that the Gaussian pulses were selective enough to not

affect the other resonances over their whole range of

frequencies, including their chemical shift anisotropy

(i.e., spinning sidebands of other resonances were avoi-

ded). At higher spinning speeds we found it only nec-
essary to avoid the isotropic resonances of other spins.

We therefore used 1ms Gaussian pulses in the slow

spinning regime (6 and 7 kHz), and 200 and 800 ls
pulses for the 13C0 and 13Ca/

13Cb resonances, respec-

tively, at higher spinning speeds.

Spin-state selection is illustrated in Fig. 2 for all

three carbon resonances with respect to each of the

coupling partners by applying the sequence of Fig. 1a to
each of the four J-coupled spin pairs in LL-alanine, e.g.,

{13C0–13Ca}, {13Cb–
13Ca}, {13Ca–

13C0}, {13Ca–
13Cb}.

The two transitions corresponding to the components of

the I-spin, with the coupling partner (S-spin) being in

a or b state, are given on the top of each column. The

s-delay was experimentally set to mach ð2JISÞ�1, e.g.,

9.26ms for the 13C0–13Ca spin pair (J-coupling of

54Hz), and 14.706ms for the 13Ca–
13Cb spin pair

(J-coupling of 34Hz). For all resonances and spin pairs,

the spin-state selection is remarkably good. In the case

of the carboxyl resonance (13C0), the MAS range covers

a slow spinning regime (6 and 7 kHz) where the doublet

due to the J-coupling to the 13Ca is relatively well re-

solved in the CP/MAS spectrum, an intermediate regime

(12 and 18 kHz) where off-rotational-resonance effects

broaden the transitions leading to unresolved reso-
nances in the carbon spectrum [17,38–40], and a fast

spinning regime (28 and 35 kHz), well above any rota-

tional-resonance conditions, where the doublet is very

well resolved. In all these conditions, the separation of

the spin-state is very good, and is perfect at high-spin-

ning speeds. At the lowest spinning speeds, a small

contribution from the other spin-state leaks through the

experiment (having a maximum intensity of 12% of the
selected spin-state). Synchronization of the refocusing

delay s with the MAS period was found not to be nec-

essary. For the methyl resonance (13Cb), the resolution

of the doublet structure in a CP/MAS spectrum starts to

be visible only at about 9 kHz MAS. Independently of

the apparent resolution of the J-coupling with the 13Ca,

the spin-state selection is again very good at all the

spinning speeds used here.
The 13Ca spin in LL-alanine has two J-coupled partners,

13C0 and 13Cb. When rotational-resonance conditions are

avoided, the CH resonance contains four components,

corresponding to the carboxyl and the methyl carbons

being each in either the a or the b state. This multiplet

structure (doublet of a doublet) is not resolved at all in

the CP/MAS spectrum, even at the highest MAS spin-
ning frequency considered here (35 kHz). A broad (line-
width of more than 100Hz) and featureless lineshape

is obtained for this resonance at all spinning speeds.

Nevertheless, excellent spin-state selection was again

obtained with the IPAP filter. Since the CH carbon has

two coupled spins, the experiment of Fig. 1a was carried

out once for the C0Ca pair with the delay s matched to
1JC0Ca

¼ 54Hz (results in Fig. 2c) and once for the CaCb

pair matched to 1JCaCb ¼ 34Hz (results in Fig. 2d). De-
pending on the chosen pair, the spin-state selection is

performed only with respect to one of the coupled spins

(carboxyl or methyl). Thus, each selected CH spin state

therefore still contains two transitions separated by the

J-coupling to the third spin. The doublet structure of

the separated spin-states of the 13Ca spin is very clear at

high MAS spinning speed in Figs. 2c and d.

In Fig. 3, we show that it is possible to separate all
four spin states of the 13Ca resonance by applying

two sequential IPAP filters. This ‘‘double IPAP’’

filter is implemented in the pulse sequence of Fig. 1b.

In a homonuclear three-spin system {I–S–K}, e.g.,

{13Ca–
13C0–13Cb}, with the I-spin being coupled to



Table 1

Experimental parameters for the successive IPAP filters of the ‘‘double IPAP’’ experiment (sIS ¼ ð2JISÞ�1 and sIK ¼ ð2JIKÞ�1)

A (in-phase/in-phase) eIS ¼ sIS=4 eIK ¼ sIK=4 u1 ¼ x u2 ¼ x
B (in-phase/anti-phase) eIS ¼ sIS=4 eIK ¼ 0 u1 ¼ x u2 ¼ y
C (anti-phase/in-phase) eIS ¼ 0 eIK ¼ sIK=4 u1 ¼ y u2 ¼ x
D (anti-phase/anti-phase) eIS ¼ 0 eIK ¼ 0 u1 ¼ y u2 ¼ y
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both S- and K-spins, the first IPAP filter applied to the

I- and S-spins, with s matched to ð2JISÞ�1, delivers the

I-spin states separated with respect to the S-spin. Ap-

plying a second IPAP filter to the I- and K-spins with s
matched to ð2JIKÞ�1, the spin states of I-spin separated

with respect to both S- and K-spins are obtained. In

practice, four datasets are recorded using the parameters

summarized in Table 1 for the successive IPAP filters. In
terms of product operators [46], these four experiments

lead to the following signals:

ðAÞ : rðAÞ / Iy ;

ðBÞ : rðBÞ / 2IyKz;

ðCÞ : rðCÞ / 2IySz;

ðDÞ : rðDÞ / 4IySzKz:

Schematic spectra illustrating this outcome are drawn

next to the pulse sequence in Fig. 1b. The following

linear combinations of these spectra yield the four dif-

ferent resonance components:

Aþ Bþ CþD : IySaKa ðe:g:; aaÞ;

A� Bþ C�D : IySaKb ðe:g:; abÞ;

Aþ B� C�D : IySbKa ðe:g:; baÞ;

A� B� CþD : IySbKb ðe:g:; bbÞ:
Fig. 3 shows double IPAP spectra for the 13Ca reso-

nance line of fully 13C-labeled LL-alanine at 28 kHz MAS.
It is interesting to note that all four spin states isolated

in the difference spectra of Fig. 3b have the same line-

width at half-height (within the limit of uncertainty of

the measurement), but noticeably different intensities.

These intensity differences are not an artifact of the ex-

periment. Indeed, the sum of the four transitions of

Fig. 3b, which corresponds actually to the experiment

(A) in Fig. 3a, has essentially the same lineshape as the
one obtained for a standard CP/MAS experiment (given

in Fig. 3c) performed with the same experimental con-

ditions. These differential intensities could result from

the interference of the 14N quadrupole interaction with

the 13Ca–
14N dipolar interaction [47].

At first sight, it may appear strange than we can

separate transitions that are not resolved in the carbon

spectrum, since the delays in the sequence are of the
order of s ¼ ð2JÞ�1. Similar to the case of the refocused

INADEQUATE experiment [33,48], it is in fact not the
apparent linewidth, 1=ðpT 

2 Þ which is relevant for the

sensitivity of the experiment, but the non-refocused

linewidth given by 1=ðpT 0
2Þ measured in a spin-echo ex-

periment [49]. The time constant T 0
2 contains all non-

refocusable interactions in addition to the spin–spin

relaxation time T2. It was shown [33,49,50] that in most

organic solids the carbon-13 dephasing time T 

2 is

dominated by refocusable interactions. In both crystal-
line and disordered solids, the non-refocused carbon

linewidth was found to be much narrower than the ap-

parent linewidth, and generally smaller than the one

bond homonuclear J-couplings. Since the spin-state-se-

lective filters we use here are based on s � p � s evolu-

tion periods, it is the non-refocusable linewidth, 1=ðpT 0
2Þ,

that is pertinent for the preparation of the selective spin

states.
3. Lineshape analysis

Recently, we have studied the unusual details of

carbon lineshapes in fully labeled compounds at differ-

ent MAS spinning rates [17]. By comparing experimen-

tal lineshapes of LL-alanine with numerical simulations,
we showed that the difference in intensity observed for

the doublet components of the carboxyl resonance at

some spinning speeds arises from coherent cross-corre-

lation effects between the carboxyl CSA (chemical shift

anisotropy) and the homonuclear dipolar coupling to

the 13Ca. Due to the smaller difference of chemical shifts

between the methyl and 13Ca resonances, we predicted in

the same work that the cross-correlation effect between
these two nuclei may lead to a differential broadening of

the two transitions of the methyl resonance. Some ex-

perimental indications of this effect were inferred from

deconvolution of the methyl carbon lineshapes observed

between 7 and 12 kHz MAS. However, since the doublet

structure was not well resolved, the results of the de-

convolution had to be taken with caution.

Using the spin-state-selection technique, we can now
verify differential broadening of the methyl resonance

doublet at low spinning speeds. Indeed, the pulse se-

quence of Fig. 1a allows the measurement of both

doublet components separately (see Fig. 2b). The ex-

perimentally measured linewidths for each component

are given in Table 2. The difference in linewidth is

plotted as a function of the spinning speed in Fig. 4a.

The largest difference in width between the two transi-
tions is obtained at slow spinning speeds (as expected).



Fig. 4. Difference in linewidth (a) and normalized integral intensity (b)

for both components of the CH3 resonance in fully 13C enriched LL-

alanine measured with the IPAP sequence of Fig. 1a as a function of

the MAS spinning rate.

Table 3

Full linewidths at half height (D) of CH resonance in CP/MAS spectra

and for both CH spin-state selected transitions with respect to the

carboxyl at different MAS rates

MAS DCP=MAS (Hz) Da (Hz) Db (Hz)

6 kHz 128 90 87

7 kHz 124 84 82

12 kHz 120 80 79

18 kHz 126 86 93

28 kHz 110 68 70

35 kHz 110 67 68

Table 2

Full linewidths at half height (D) of the two methyl resonance com-

ponents obtained with the IPAP experiment at different spinning

speeds

MAS 6kHz 7kHz 12kHz 18 kHz 28 kHz 35 kHz

Da (Hz) 58 43 24 24 20 19

Db (Hz) 68 50 27 24 20 19
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For example, a difference of 10Hz is observed at 6 kHz

MAS. The measurement of the differential broadening

at even lower spinning speeds is difficult due to the ap-

pearance of off-rotational effects which lead to broad-

ening of the resonances. By increasing the spinning

speed, the difference in linewidth of the two components

decreases and disappears at about 18 kHz MAS. The

values measured here for the differential broadening are
in very good agreement with the ones predicted in [17]
from the deconvolution of the CP/MAS lineshapes. For
example, we measured with the spin-state-selective

technique linewidth differences of 7Hz at 7 kHz MAS,

and 3Hz at 12 kHz MAS. In [17], differential broaden-

ings of 6 and 3Hz were found at 7 and 12 kHz MAS,

respectively.

This experiment confirms unambiguously that co-

herent CSA-DD cross-correlation effects can lead either

to a differential broadening, in cases where the involved
spins behave homogeneously [51], or to a differential

intensity for inhomogeneous spin pairs [17]. For the

carboxyl lineshape in LL-alanine, only a difference in in-

tensity was found in [17], showing that the chemical shift

difference to the Ca is big enough for the homonuclear

spin pair to behave inhomogeneously. We see here that a

completely opposite situation is found for the CH3 in LL-

alanine. Indeed, the integrals of each doublet compo-
nent are the same over the whole range of MAS rates

(see Fig. 4b). The coherent cross-correlation effect be-

tween the Ca and Cb is only characterized by a differ-

ential broadening of the CH3 doublet, indicating a

homogeneous coupled spin pair, as actually expected for

a homonuclear spin system.
4. Discussion

It seems obvious from the spectra of Fig. 2 that the

selection of spin states should be very useful for

improving the resolution of spectra. In cases where the

J-coupling is resolved, like for the carboxyl site of

LL-alanine, spin-state selection reduces by a factor of 2

the number of peaks. More importantly, for resonances
where a relatively large J-coupling is not resolved, like

for example for 13Ca�s, the selection of single spin states

greatly reduces the linewidth. In the case of the 13Ca

resonance of LL-alanine (see Fig. 2c) we obtained reduc-

tions of the linewidth (FWHH) from 30 to 40% (de-

pending on the rotor speed) compared to the one found

in CP/MAS spectra measured in the same conditions.

The linewidths of the CH resonances are given in Table
3 for the CP/MAS spectra and the two separated spin

states obtained with respect to the a or b carboxyl spin

states at different MAS spinning speeds. Using the



Fig. 5. Sensitivity of the IPAP sequence using different decoupling

sequences compared to standard CP/MAS experiment recorded with

TPPM decoupling. The comparison is made for the 13C0 (a) and 13CH3

(b) resonances for different MAS spinning frequencies. For this com-

parison, the IPAP and the CP/MAS spectra were recorded with the

same total number of transients. For each resonance and spinning rate,

the signal intensities were calibrated such to give 100 for the CP/MAS

experiment. The different decoupling sequences tested were continuous

wave (CW) decoupling [53], TPPM [12], and eDROOPY [54]. They

were all applied with a decoupling filed strength of 156 kHz. All the

other experimental conditions are given in Fig. 2.
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‘‘double IPAP’’ pulse sequence, a 66% resolution en-
hancement is achieved for the CH resonance of LL-ala-

nine.

In order to efficiently implement spin-state selection

in solid-state NMR of real systems, like proteins, it is

mandatory that the sensitivity loss introduced by the

selection filter be reasonable. Several factors are to be

taken into account to optimize the sensitivity of the fil-

ter, such as the total length of the sequence (as short as
possible), or the choice and length of the semi-selective

pulses (as short as possible). Particularly, we find that

the quality of the decoupling sequence used during the

refocusing period of the selection filter is crucial. Very

recent work has shown [52] that decoupling sequences

performing with about the same efficiency in the direct

dimension can behave quite differently during a refo-

cusing period. In Fig. 5 we therefore compare the sen-
sitivity of spin-state selected spectra of LL-alanine

obtained with the sequence of Fig. 1a using different

decoupling schemes (CW [53], TPPM [12], and eDRO-

OPY [54]). For the carboxyl resonance, the sensitivity

loss due to the introduction of the IPAP filter is quite

low (0–20%) when eDROOPY is used. The SPINAL

[55] decoupling sequence (data not shown) gave com-

parable performance to eDROOPY. For the methyl
resonance, intensity losses range from 30 to 70% de-

pending on the rotor speed. For both resonances the

sensitivity of the spin-state selected spectra improves

with increasing spinning speed, and eDROOPY is seen

to provide significantly better sensitivity than TPPM (or

CW) decoupling.

In this contribution we have investigated only one

spin-state-selective filter, based on the IPAP sequence
[23,24]. The other known (non-selective) sequences, the

S3E-family [20] and DIPSAP [25], work with the same

type of evolution periods, and are expected to work

generally in the same way for solids. Two main aspects

should be taken into account for the choice of the filter

sequence: its length and its sensitivity to variation of the

J-couplings. In systems where the refocused relaxation

time is short, the S3E sequence could be of advantage,
being the shortest (a factor two shorter than IPAP). For

the cases where the spin-state separation is desired for

several spin-pairs with somewhat different J-couplings,

the DIPSAP filter could be useful. IPAP presents a good

compromise between the filter length and the tolerance

to J-coupling variations, which is why we chose it here.

We are currently investigating other spin-state-selective

techniques in more detail.
Finally, we note that the same kind of sequences as

discussed here should work on heteronuclear spin pairs

(e.g., 13C–15N), as is the most common use in liquid-

state NMR. However, as heteronuclear spins can be

(relatively) easily decoupled from each other, the utility

of spin-state-selective techniques for resolution en-

hancement is not as clear as for homonuclear systems.
They could be useful for the measurement of J-cou-

plings.
5. Conclusions

We have shown that the spin-state-selective excitation

is possible in solid-state NMR. By adapting the heter-

onuclear liquid-state NMR selection filter IPAP [23,24],

we were able to observe separately all the transitions of

the three carbon resonances in fully 13C-labeled LL-ala-

nine. The separation of the homonuclear spin-states was

shown to be very good over a large range of MAS fre-
quencies, as long as rotational-resonance conditions are
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avoided. Thus, a significant resolution enhancement is
obtained in the carbon spectrum of fully labeled com-

pounds, even for resonances where the multiplet struc-

ture is not resolved. The different conditions relevant for

the sensitivity of the experiment were discussed, and we

have shown that the intensity losses due to the intro-

duction of the spin-state-selective filter were acceptable,

and can be minimized notably by the use of appropriate

heteronuclear decoupling schemes.
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