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Through-bond connectivity can be probed by J couplings. For  deteriorated 4). The INADEQUATE experiment does not
effective two-spin systems, the INADEQUATE experiment is require RF-irradiation during the preparation of the multiple
highly valuable in liquid-state spectroscopy. It is the purpose of quantum coherence and is expected to work particularly we
this Communication to show that in-phase INADEQUATE-CR for fast MAS spinning.
spectra, where the intensity is concentrated in only one line of the It should be noted, that the TOBSY and the INADEQUATE

J splitted doublet, can be obtained from solid-state samples. The . h diff . dh diff
problem of the cancellation of nonresolved multiplet lines, as experiment have some diiterent properties and have diitere

experienced typically in INADEQUATE spectra in the solid, is f1elds of application. In the following, we will concentrate on
resolved and the *C spectra become simpler because the number INADEQUATE experiments on effective two-spin systems.
of resonance lines is reduced. Furthermore, a gain in signal inten-  For the size of the spin system, onlycoupling interactions
sity by V/2 can, theoretically, be achieved. We limit the discussion  have to be accounted for. When the dipolar coupling is als
to two-spin systems. In the present context, a two-spin system is  considered, the two-spin system will usually become a man
de_fine_d considering_ the J coupling only. When the dipolar Cou-  spin system (for an example seB)(
pling is also taken.mto account, 'Fhe two-spin system Wlll.us'ually In liquid-state INADEQUATE experiments, it has been
become a many-spin system, but in the present context this is not  jo g nstrated that the single pulse used for reconversion
relevant. © 1999 Academic Press .

double-quantum to single-quantum coherence can be replac

by a sequence similar to the one applied for excitation. Thel

Because of the small size of tAeouplings, compared to thethe muItipIetistructure of the resulting spectrum is.in—phas.e ar

dipolar coupling and the chemical shielding anisotropy, its u§@ cancellation takes place. However, another time period
in rigid solids has only recently been demonstrated for carb§f19th 1/(2) must be introduced into the experiment. (For ar
nuclei. Two approaches have been taken for homonucl@yerview see Buddrust al. (8) and the monograph by Ernst
systems: (a) Total Through Bond Spectroscopy (TOBSY: (9), Chap. 8. _ _
(1,2 leads to a net transfer of polarization between the cou-The INADEQUATE-CR (Composite Refocusing) sequence
pled spins and is the equivalent of the liquid-state TOCS)Y (90€es even a step further. At the cost of introducing yet anoth
experiment. No spectral resolution of thsplitting is required. Period of length 1/(2), the magnetization is channeled into one
During the mixing period (polarization-transfer period), a roline of the J doublet ¢ or g) only (10-13. This reduces the
tor-synchronous pulsed spin-lock is applied to tf@ spins. number of lines in the spectrum and improves, in the absence
The rotor synchronization is particularly important at slowefansverse relaxation processes, the signal-to-noise ratio.
spinning speed; it may become unnecessary at faster spinnin/e aim to demonstrate in this Communication that it is no
rates and for small isotropic chemical-shift differencts (b) the linewidth per sewhich deteriorates the INADEQUATE
Lesageet al. (4) used the liquid-state INADEQUATE experi- experiment but rather the homogeneous part of it. It will turr
ment 6, 6) and combined it with cross-polarization and MASout that the INADEQUATE-CR experiment is superior to the
The INADEQUATE experiment prepares double-quantum c&NADEQUATE experiment if the heterogeneous line broaden
herence by an excitation period of length T)2The double- ing (e.g., caused by chemical inhomogeneities, or packir
quantum coherence is then converted to observable sindgomogeneities of the sample, or by field inhomogeneities)
quantum coherence by a single RF pulse. If the antiphdsgger than the homogeneous broadening. The latter is mair
multiplet is not well resolved, the transfer efficiency dropsaused by insufficient proton decoupling or by dipdf@-"C
because of destructive interference between the multiplet copeuplings which are not fully averaged by MAS. Because onl
ponents. For a linewidth exceeding tlecoupling by more homogeneous line broadening mechanisms deteriorate t
than a factor of two, the efficiency of the experiments is greatiNADEQUATE-CR experiment, it can deliver results superior

to the INADEQUATE experiment in many practical cases

'To whom correspondence should be addressed. E-mail: bemd@h€re the linewidth in MAS NMR is dominated by inhomo-

nmr.phys.chem.ethz.ch. Fax: 41-1-632-1538. geneous effects which, for instance, can be caused by hete
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z with respect to the CP-MAS spectrum by a factor of almost 1(
H TPPM Decoupling Nevertheless, the experiment is practical for labeled samples. T
cP INADEQUATE-CR shows indications for a splitting of the car-
bonyl resonance. This splitting is too large to bé& @upling. It

could be related to two different types of glycine environments fo

i 02 glycine in the sample and a similar splitting has been observe
°c (: Tl T T H T EE 1 H 1 “ before in glycine-labeled samples3}.
0

To understand the limitations of the experiment, a simpl
test-system of [2,3%C,]sodium propionate is now described in
some detail. The results are shown in Fig. 3. In particular, w

FIG.1. Pulse sequence of the INADEQUATE-CR experiment. The part iWill separately study the influence of homogeneous and hete
brackets represents the Composite Rotation part. The del@s adjusted to 0geneous line broadening. Optimum TPPM decoupling (Fic
be 1/(41cc). The phases, to ¢; were chosen in accordance with Nielsgral.  3a) yields a linewidth of~20 Hz for each component of the
(11, 12 and were such that the components of the doublets were selecteddoub|et (mainly of homogeneous character). Under these co

All experiments were performed on a Varian/Chemagnetics Infinity spectrom:, . .
eter operating at &H larmor frequency of 300 MHz. A magic—angle—spinningramonS the INADEQUATE-CR and INADEQUATE experi-

double-resonance probe with 2.5 mm outer diameter rotors was used. THENtS both perform well as can be seen from Figs. 3d and 2
spinning speed for all experiments was setvat= 24.0 kHz. The pulse The signal intensity of the selected component of the multiple
sequences used an initial APHH cross polarizatiof ¢f 1.5 ms duration with jn the INADEQUATE-CR experiment (Fig. 3d) should be
an amplitude of 100 kHz for th&H spin lock pulse and a tangential variationenhanced in this 1D experiment Wé (14). Due to relax-

of the ®C pulse around 76 kHz{1 matching condition) with an initial offset __. " L ! )

of 12 kHz. The field strength of the TPPM decoupling)was set at 147 kHz atlo_n’ thPt signal gain with respect to the CP Spectr.um.canno_t |
with an optimum pulse length of 32s and a phase excursion & degrees. €alized in the INADEQUATE-CR spectra and a line intensity
The RF field strength for thé°C pulses was set to 100 kHz. The delaysslightly less than for the CP experiment is detected. The sme
between the two consecutivg2 pulses and between the twd4 pulses was residual intensities at the position of the suppressed multipl

set o 3.0us and to 1.Qus, respectively. lines in the INADEQUATE-CR spectra are explained by ex

\:% 62 0304 05

geneity of the structure. Of course, the homogeneous linewidth
must be optimized (e.g., on a test sample) prior to application
of the INADEQUATE-CR experiment.

In Fig. 2 one-dimensional INADEQUATE-CR experiments
(for the experimental scheme see Fig. 1) are compared with
INADEQUATE spectra and CP-MAS spectra for a sample of
spider dragline silk fronNephila madagascariensi$he spiders
were fed with doubly”C labeled glycine. The preparation of the
sample is described in Refl). Spider silk is a heterogeneous
material and the resonances are generally broad. The two most
intense peaks in the CP-MAS spectrum (Fig. 2a) are assigned (see

(13)) to the carbonyl (172 ppm) and,G43 ppm) resonance of b\»‘

glycine. They have a linewidth (FWHH) of 450 and 270 Hz, a
respectively, which exceeds thecoupling of approximately 52
Hz by a factor of approximately 8.5 and 5. Also detected are the
serine G (61 ppm), serine C(54 ppm), alanine C(49 ppm), and b

alanine G (17 ppm and 20 ppm) resonances. The presence of the WA *v\/\
relatively strong signals of other amino acids can be explained by
scrambling of the®C labels by the spider's metabolism. In par- c f\ A

ticular, the signals of serine and alanine, which are thought to

make up a sizeable part of the spider silk, are found.

INADEQUATE and INADEQUATE-CR spectra of dragline T S S S
silk are shown in Figs. 2b and 2c, respectively. The superior 200 150 100 50 0
properties of the INADEQUATE-CR spectrum in Fig. 2c are 8 [ppm]
clearly seen. The slightly narrower linewidths in Fig. 2c, com-

pared to the CP spectrum in Fig. 2a, has to do with the fact thaf'G: 2= Experiments on [1,2C|glycine enrichedN. madagascariensis

| t of thel doublet i lected drag line silk. Cross polarization experiment (a), normal INADEQUATE
only On? part o . Ol_J el s selected. experiment (b), and INADEQUATE-CR experiment (c). A total of 512 tran-
The signal-to-noise ratio of the INADEQUATE-CR spectrungients was acquired for each spectrum and a detay4.8 ms was used with

is better than that of the normal INADEQUATE but it is reduceén estimated-coupling constant of 52 Hz.
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FIG. 3. Experiments on [2,3%C,]sodium propionate with optimum decoupling (a, d, and g), with detuned decoupling (b, e, and h), and with Z line
gradient over the sample volume (c, f, and i). From top to bottom the experiments are cross polarization (a, b, and c), INADEQUATE-CR (d, e, and
INADEQUATE (g, h, and i). The spectra in each column are normalized to the maximum intensity of the corresponding CP experiment on the top row
artifacts from the8 component due to pulse imperfections or delay missettings can be observed in the INADEQUATE-CR experiments. These imperfe
were not investigated further. In Fig. 3f the deviation from a pure liZegradient can clearly be seen in the lineshape of the resonances. A total of 16 sc
were acquired for each experiment and a delay ef 7.25 ms was found to be optimum. This is close to the expected delay fdrdbepling constant of 37
Hz extracted from the spectrum in 3a.

perimental imperfections, in particular by RF-inhomogeneitg a normal CP experiment with TPPM decoupling, illustrate:
which turns out to be about 25% in our MAS probe. the increase of linewidth caused by the gradient:Hoeupled
To study the effect of the homogeneous linewidth, the parameublet is not resolved anymore. The full linewidth at hall
eters of the decoupling sequence were detuned to obtain height (FWHH) is estimated from Fig. 3f to be95 Hz. Since
increase in the homogeneous linewidth. This effect can clearlythee spectrum in Fig. 3f shows no overlap between the tw
seen in Fig. 3b. A deconvolution of the lines indicated a linewiditomponents of the doublets (as is the case in Fig. 3c) tt
(FWHH) of ~38 Hz. The reduction of the experimental ampliincrease in linewidth is purely inhomogeneous in nature and
tudes of the lines in the INADEQUATE-CR (Fig. 3e) and INAD-caused by the gradient. Indeed the linewidth estimated fro
EQUATE (Fig. 3h) spectra can then be observed as a functionfif. 3c is 125 Hz and the difference between the two values
the homogeneous linewidth. In this case the INADEQUATE-CRpproximately the value of th&coupling constant.
experiment is less efficient than the ordinary INADEQUATE In this regime, where the linewidth is dominated by inho-
experiment, a fact which can be rationalized because the timegeneous effects, the normal INADEQUATE spectrum (Fig
needed for preparation and mixing is three times as long for t88 still shows considerable intensity but this intensity is mainly
INADEQUATE-CR experiment. Nevertheless, the pure absorpt the edges of the line and the antiphase doublet does r
tion spectrum can be obtained, however, at the cost of signalttepresent thd coupling arising from a single spectral compo-
noise. Detuning of the decoupling parameters even further, torsent. The INADEQUATE-CR experiment (Fig. 3f), in con-
extent where no resolved splitting can be observed in the GRast, recovers a single component of the doublet with it
MAS experiment, resulted in a reduction of the signal intensity féfine-structure,” the inhomogeneous lineshape which is hidde
both INADEQUATE experiments to approximately twice thdyy the superposition of the twdsplit lines in the spectra in 3c
noise level (results not shown). and 3i. It does so with considerable efficiency. This detail o
In contrast to the homogeneous linewidth, an increase in tthee “fine-structure” however should be interpreted with car
inhomogeneous linewidth was experimentally achieved by agince the experiment is very sensitive to flip-angle errors
plying a linearZ shim gradient over the sample volume whilevhich are unavoidable when dealing with an inhomogeneot
keeping the decoupling parameters at optimum. The expdBir field. In the experiment of Figs. 3c, 3f, and 3i the RF
mental data are shown in Figs. 3c, 3f, and 3i. Figure 3c, whigthomogeneity is highly correlated to the lineagradient and
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this leads to some distortions of the “fine-structure.” Neverthe2. M. Baldus, R. J. luliucci, and B. H. Meier, J. Am. Chem. Soc. 119,

less, the integrated intensity of Fig. 3f represents about 35% of 1121-1124 (1997).

the intensity of Fig. 3c, approximately equal to the ratio in the? L Braunschweiler and R. R. Emst, J. Magn. Reson. 53, 512 (1983).

same sample without broadening (FigS. 3a and 3d). 4. A. Lesage, C. Auger, S. Caldarelli, and L. Emsley, J. Am. Chem.
Pulse sequences with improved flip-angle error dependencesoc' 119, 7867-7868 (1997).

are currently under investigation. 5. A. Bax, R. Freeman, and S. T. Kempsell, 3. Am. Chem. Soc. 102,

| lusion. it has b q q : v th 4849-4851 (1980).
n con'c “5_'9”1 It has been demonstrated experimentally t %t A. Bax, R. Freeman, and T. A. Frenkiel, J. Am. Chem. Soc. 103,
the applicability of the INADEQUATE-CR (as well as of the 5102 5104 (1981).
refocused INADEQUATE, not investigated here) experimeny g j juliucci and B. H. Meier, J. Am. Chem. Soc. 120, 9059-9062
is only limited by the homogeneous linewidth of the sample (1998).
and that the CR experiment has an added advantage over the. Buddrus and H. Bauer, Angew. Chem. Int. Ed. Engl. 26, 625-642
original sequence in that it can recover to some extent inho- (1987).
mogeneous lineshapes without the overlap caused by thed. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
doublet. This removal of one of the components of the doublet ¢lear Magnetic Resonance in One and Two Dimensions.” Claren-
. . . don Press, Oxford (1987).
gives rise to a seemingly homonuclear decoupled spectrulrg, N C. Nielsen. H. Th 4O WS 3 Am. Ch
. . s . . _ . . C. Nielsen, H. grgersen, an . . ogrensen, J. Am. em.
a]thoggde|th the ]Iclnr? posmgn shflfted hy/ 2, Wlllth the asso Soc. 117, 11365-11366 (1995).
Clated re UCFIOH of the number 0 resonance lines. 11. N. C. Nielsen, H. Thgrgersen, and O. W. Sgrensen, J. Chem. Phys.
An extension of the 1D experiments presented here to a 2D 195 3962-3968 (1996).
INADEQUATE experiment ShOL'Jld pose no problems. In the, N c. Nielsen and O. W. Sarensen, J. Magn. Reson. A 123, 135-139
case of heterogeneous broadening, the INADEQUATE-CR can (1995).

be combined with whole-echo acquisitioh5 to obtain pure 13. J. Kimmerlen, J. D. van Beek, F. Vollrath, and B. H. Meier, Mac-

phase two-dimensional spectrig). romolecules 29, 2920-2928 (1996).
14. This factor of \/2 can be seen by comparison of Eqgs. [18a] and [20]
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