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Through-bond connectivity can be probed by J couplings. For
ffective two-spin systems, the INADEQUATE experiment is
ighly valuable in liquid-state spectroscopy. It is the purpose of
his Communication to show that in-phase INADEQUATE-CR
pectra, where the intensity is concentrated in only one line of the
splitted doublet, can be obtained from solid-state samples. The

roblem of the cancellation of nonresolved multiplet lines, as
xperienced typically in INADEQUATE spectra in the solid, is
esolved and the 13C spectra become simpler because the number
f resonance lines is reduced. Furthermore, a gain in signal inten-
ity by =2 can, theoretically, be achieved. We limit the discussion
o two-spin systems. In the present context, a two-spin system is
efined considering the J coupling only. When the dipolar cou-
ling is also taken into account, the two-spin system will usually
ecome a many-spin system, but in the present context this is not
elevant. © 1999 Academic Press

Because of the small size of theJ couplings, compared to th
ipolar coupling and the chemical shielding anisotropy, its

n rigid solids has only recently been demonstrated for ca
uclei. Two approaches have been taken for homonu
ystems: (a) Total Through Bond Spectroscopy (TOB
1, 2) leads to a net transfer of polarization between the
led spins and is the equivalent of the liquid-state TOCSY3)
xperiment. No spectral resolution of theJ splitting is required
uring the mixing period (polarization-transfer period), a

or-synchronous pulsed spin-lock is applied to the13C spins
he rotor synchronization is particularly important at slo
pinning speed; it may become unnecessary at faster sp
ates and for small isotropic chemical-shift differences (1): (b)
esageet al. (4) used the liquid-state INADEQUATE expe
ent (5, 6) and combined it with cross-polarization and MA
he INADEQUATE experiment prepares double-quantum
erence by an excitation period of length 1/(2J). The double
uantum coherence is then converted to observable s
uantum coherence by a single RF pulse. If the antip
ultiplet is not well resolved, the transfer efficiency dr
ecause of destructive interference between the multiplet
onents. For a linewidth exceeding theJ coupling by more

han a factor of two, the efficiency of the experiments is gre

1 To whom correspondence should be addressed. E-mail: be
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300090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
e
n
ar
)
-

-

r
ing

-

le-
se

m-

ly

eteriorated (4). The INADEQUATE experiment does n
equire RF-irradiation during the preparation of the multi
uantum coherence and is expected to work particularly

or fast MAS spinning.
It should be noted, that the TOBSY and the INADEQUA

xperiment have some different properties and have diff
elds of application. In the following, we will concentrate
NADEQUATE experiments on effective two-spin system
or the size of the spin system, onlyJ-coupling interaction
ave to be accounted for. When the dipolar coupling is
onsidered, the two-spin system will usually become a m
pin system (for an example see (7)).
In liquid-state INADEQUATE experiments, it has be

emonstrated that the single pulse used for reconversi
ouble-quantum to single-quantum coherence can be rep
y a sequence similar to the one applied for excitation. T

he multiplet structure of the resulting spectrum is in-phase
o cancellation takes place. However, another time perio

ength 1/(2J) must be introduced into the experiment. (For
verview see Buddruset al. (8) and the monograph by Ernstet
l. (9), Chap. 8.)
The INADEQUATE-CR (Composite Refocusing) seque

oes even a step further. At the cost of introducing yet an
eriod of length 1/(2J), the magnetization is channeled into o

ine of the J doublet (a or b) only (10–12). This reduces th
umber of lines in the spectrum and improves, in the absen

ransverse relaxation processes, the signal-to-noise ratio.
We aim to demonstrate in this Communication that it is

he linewidth per sewhich deteriorates the INADEQUAT
xperiment but rather the homogeneous part of it. It will
ut that the INADEQUATE-CR experiment is superior to

NADEQUATE experiment if the heterogeneous line broad
ng (e.g., caused by chemical inhomogeneities, or pac
nhomogeneities of the sample, or by field inhomogeneitie
arger than the homogeneous broadening. The latter is m
aused by insufficient proton decoupling or by dipolar13C–13C
ouplings which are not fully averaged by MAS. Because
omogeneous line broadening mechanisms deteriorat

NADEQUATE-CR experiment, it can deliver results supe
o the INADEQUATE experiment in many practical ca
here the linewidth in MAS NMR is dominated by inhom@

eneous effects which, for instance, can be caused by hetero-
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eneity of the structure. Of course, the homogeneous linew
ust be optimized (e.g., on a test sample) prior to applica
f the INADEQUATE-CR experiment.
In Fig. 2 one-dimensional INADEQUATE-CR experime

for the experimental scheme see Fig. 1) are compared
NADEQUATE spectra and CP-MAS spectra for a sample
pider dragline silk fromNephila madagascariensis.The spider
ere fed with doubly13C labeled glycine. The preparation of
ample is described in Ref. (13). Spider silk is a heterogeneo
aterial and the resonances are generally broad. The two

ntense peaks in the CP-MAS spectrum (Fig. 2a) are assigne
13)) to the carbonyl (172 ppm) and Ca (43 ppm) resonance
lycine. They have a linewidth (FWHH) of 450 and 270
espectively, which exceeds theJ coupling of approximately 5
z by a factor of approximately 8.5 and 5. Also detected are
erine Cb (61 ppm), serine Ca (54 ppm), alanine Ca (49 ppm), and
lanine Cb (17 ppm and 20 ppm) resonances. The presence
elatively strong signals of other amino acids can be explaine
crambling of the13C labels by the spider’s metabolism. In p
icular, the signals of serine and alanine, which are thoug
ake up a sizeable part of the spider silk, are found.
INADEQUATE and INADEQUATE-CR spectra of draglin

ilk are shown in Figs. 2b and 2c, respectively. The sup
roperties of the INADEQUATE-CR spectrum in Fig. 2c
learly seen. The slightly narrower linewidths in Fig. 2c, co
ared to the CP spectrum in Fig. 2a, has to do with the fac
nly one part of theJ doublet is selected.
The signal-to-noise ratio of the INADEQUATE-CR spectr

FIG. 1. Pulse sequence of the INADEQUATE-CR experiment. The pa
rackets represents the Composite Rotation part. The delayt was adjusted t
e 1/(4JCC). The phasesf1 to f6 were chosen in accordance with Nielsenet al.
11, 12) and were such that thea components of the doublets were selec
ll experiments were performed on a Varian/Chemagnetics Infinity spec
ter operating at a1H larmor frequency of 300 MHz. A magic-angle-spinn
ouble-resonance probe with 2.5 mm outer diameter rotors was use
pinning speed for all experiments was set atvr 5 24.0 kHz. The puls
equences used an initial APHH cross polarization (17) of 1.5 ms duration with
n amplitude of 100 kHz for the1H spin lock pulse and a tangential variat
f the 13C pulse around 76 kHz (21 matching condition) with an initial offs
f 12 kHz. The field strength of the TPPM decoupling (18) was set at 147 kH
ith an optimum pulse length of 3.2ms and a phase excursion of69 degrees
he RF field strength for the13C pulses was set to 100 kHz. The del
etween the two consecutivep/2 pulses and between the twop/4 pulses wa
et to 3.0ms and to 1.0ms, respectively.
s better than that of the normal INADEQUATE but it is reduceda
th
n

ith
f

ost
see

,

e

he
by

to

or

-
at

ith respect to the CP-MAS spectrum by a factor of almos
evertheless, the experiment is practical for labeled samples

NADEQUATE-CR shows indications for a splitting of the c
onyl resonance. This splitting is too large to be aJ coupling. It
ould be related to two different types of glycine environment
lycine in the sample and a similar splitting has been obse
efore in glycine-labeled samples (13).
To understand the limitations of the experiment, a sim

est-system of [2,3-13C2]sodium propionate is now described
ome detail. The results are shown in Fig. 3. In particular
ill separately study the influence of homogeneous and h
geneous line broadening. Optimum TPPM decoupling
a) yields a linewidth of;20 Hz for each component of t
oublet (mainly of homogeneous character). Under these
itions the INADEQUATE-CR and INADEQUATE exper
ents both perform well as can be seen from Figs. 3d an
he signal intensity of the selected component of the mult

n the INADEQUATE-CR experiment (Fig. 3d) should
nhanced, in this 1D experiment, by=2 (14). Due to relax
tion, the signal gain with respect to the CP spectrum cann
ealized in the INADEQUATE-CR spectra and a line inten
lightly less than for the CP experiment is detected. The s
esidual intensities at the position of the suppressed mul
ines in the INADEQUATE-CR spectra are explained by

.
-

he

FIG. 2. Experiments on [1,2-13C2]glycine enrichedN. madagascariens
rag line silk. Cross polarization experiment (a), normal INADEQUA
xperiment (b), and INADEQUATE-CR experiment (c). A total of 512 tr
ients was acquired for each spectrum and a delayt 5 4.8 ms was used wit

n estimatedJ-coupling constant of 52 Hz.
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302 COMMUNICATIONS
erimental imperfections, in particular by RF-inhomogen
hich turns out to be about 25% in our MAS probe.
To study the effect of the homogeneous linewidth, the pa

ters of the decoupling sequence were detuned to obta
ncrease in the homogeneous linewidth. This effect can clea
een in Fig. 3b. A deconvolution of the lines indicated a linew
FWHH) of ;38 Hz. The reduction of the experimental am
udes of the lines in the INADEQUATE-CR (Fig. 3e) and INA
QUATE (Fig. 3h) spectra can then be observed as a functi

he homogeneous linewidth. In this case the INADEQUATE
xperiment is less efficient than the ordinary INADEQUA
xperiment, a fact which can be rationalized because the
eeded for preparation and mixing is three times as long fo

NADEQUATE-CR experiment. Nevertheless, the pure abs
ion spectrum can be obtained, however, at the cost of sign
oise. Detuning of the decoupling parameters even further,
xtent where no resolved splitting can be observed in the
AS experiment, resulted in a reduction of the signal intensit
oth INADEQUATE experiments to approximately twice
oise level (results not shown).
In contrast to the homogeneous linewidth, an increase i

nhomogeneous linewidth was experimentally achieved by
lying a linearZ shim gradient over the sample volume wh
eeping the decoupling parameters at optimum. The ex

FIG. 3. Experiments on [2,3-13C2]sodium propionate with optimum de
radient over the sample volume (c, f, and i). From top to bottom the e

NADEQUATE (g, h, and i). The spectra in each column are normalized
rtifacts from theb component due to pulse imperfections or delay miss
ere not investigated further. In Fig. 3f the deviation from a pure linearZ gr
ere acquired for each experiment and a delay oft 5 7.25 ms was found to
z extracted from the spectrum in 3a.
ental data are shown in Figs. 3c, 3f, and 3i. Figure 3c, whici
y

-
an
be
h

of

e
e
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to-
an
P-
r

he
p-

ri-

s a normal CP experiment with TPPM decoupling, illustra
he increase of linewidth caused by the gradient: theJ-coupled
oublet is not resolved anymore. The full linewidth at h
eight (FWHH) is estimated from Fig. 3f to be;95 Hz. Since

he spectrum in Fig. 3f shows no overlap between the
omponents of the doublets (as is the case in Fig. 3c
ncrease in linewidth is purely inhomogeneous in nature a
aused by the gradient. Indeed the linewidth estimated
ig. 3c is 125 Hz and the difference between the two valu
pproximately the value of theJ-coupling constant.
In this regime, where the linewidth is dominated by in
ogeneous effects, the normal INADEQUATE spectrum (
i) still shows considerable intensity but this intensity is ma
t the edges of the line and the antiphase doublet doe
epresent theJ coupling arising from a single spectral com
ent. The INADEQUATE-CR experiment (Fig. 3f), in co

rast, recovers a single component of the doublet with
fine-structure,” the inhomogeneous lineshape which is hid
y the superposition of the twoJ-split lines in the spectra in 3
nd 3i. It does so with considerable efficiency. This deta

he “fine-structure” however should be interpreted with c
ince the experiment is very sensitive to flip-angle err
hich are unavoidable when dealing with an inhomogen
1 field. In the experiment of Figs. 3c, 3f, and 3i the

pling (a, d, and g), with detuned decoupling (b, e, and h), and with aZ
riments are cross polarization (a, b, and c), INADEQUATE-CR (d, e,

the maximum intensity of the corresponding CP experiment on the top
ngs can be observed in the INADEQUATE-CR experiments. These imp
nt can clearly be seen in the lineshape of the resonances. A total of 1
optimum. This is close to the expected delay for theJ-coupling constant of 3
cou
xpe
to

etti
adie

be
hnhomogeneity is highly correlated to the linearZ gradient and
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303COMMUNICATIONS
his leads to some distortions of the “fine-structure.” Never
ess, the integrated intensity of Fig. 3f represents about 35
he intensity of Fig. 3c, approximately equal to the ratio in
ame sample without broadening (Figs. 3a and 3d).
Pulse sequences with improved flip-angle error depend

re currently under investigation.
In conclusion, it has been demonstrated experimentally

he applicability of the INADEQUATE-CR (as well as of t
efocused INADEQUATE, not investigated here) experim
s only limited by the homogeneous linewidth of the sam
nd that the CR experiment has an added advantage ov
riginal sequence in that it can recover to some extent i
ogeneous lineshapes without the overlap caused byJ
oublet. This removal of one of the components of the dou
ives rise to a seemingly homonuclear decoupled spec
lthough with the line position shifted byJ/ 2, with the asso
iated reduction of the number of resonance lines.
An extension of the 1D experiments presented here to

NADEQUATE experiment should pose no problems. In
ase of heterogeneous broadening, the INADEQUATE-CR
e combined with whole-echo acquisition (15) to obtain pure
hase two-dimensional spectra (16).
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