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Abstract: Using a refocused INADEQUATE NMR experiment we show that homonuclear caidaon
through-bond correlations can be obtained in disordered organic solids where the line widths greatly exceed
the value of the scalar coupling. The feasibility of the experiment is demonstrated for inhomogeneous samples
of 13C-labeled wood and cellulose. The two-dimensional correlation maps are used to assign unambiguously
the carbon resonances of this natural polymer. We show that the efficiency of the refocused INADEQUATE

experiment depends on the rafipT;, whereT; is the apparent relaxation time, deduced from the line width,
andT, is the transverse dephasing time measured in a-sgggiho experiment. For cellulose, we find thgt

is larger thanT, by more than 1 order of magnitude

and that the experimental efficiency of the refocused

INADEQUATE experiment is around 10%, in agreement with calculations. Even in ordinary crystalline organic
solids, such as powdered amino acids, large differences are observed b&jvesehr.

1. Introduction

By combining cross-polarization (CP), magic angle spinning
(MAS), and proton decoupling, high sensitivity solid-state NMR

spectra of dilute spins such as carbon-13 can be recorded

routinely for both crystalline and amorphous samples. For

carbon-13 enriched samples, the assignment of the one-

dimensional spectra is usually obtained by using catfmambon
multidimensional correlation experiments which rely on dipolar-
driven magnetization transfer between pairs of neighboring
carbons. Thus, a number of methods are currently available to
reintroduce the dipolar interaction (removed by MAS), yielding
through-spaceearest neighbor connectivities as well as longer
range distance and angle informationi?
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In contrast to liquid-state NMR spectroscopy where experi-
ments such as COSYor TOCSY!>16 ysually constitute the
first step toward assignment and structure determination, cor-
relation techniques that prolterough-bondconnectivities are
not yet commonly employed in solid-state NMR, mainly because
the through-bond coupling is usually much smaller than the
(unaveraged) through-space dipolar interaction between adjacent
nuclei. Nevertheless, a few correlation techniques that yield
through-bond connectivities have been successfully used in
solids as alternative techniques to dipolar recoupling methods.
For example, StSi COSY-type experiments have been reported
on glasses and zeolité§.1° Recently, a through-bond correla-
tion technique, the TOBSY experiment (TOtal through-Bond
correlation SpectroscopY), has been proposed that allows
polarization transfer through thkcouplings using a specially
designed mixing scheme, and it has been applied to obain
13C and®!P—3IP correlation spectr&-22

We recently demonstrated that an INADEQUATE experi-
ment, analogous to the liquid-state experiment, was feasible on
ordinary crystalline organic solid sampRsThe coherence
transfer was demonstrated to be exclusively mediated by the
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(a) 2 the fact that they generate a common double-quantum frequency.
As discussed previoush}, the contribution of any residual
dipolar coupling to the coherence transfer is negligible. Note
that these experiments can be performed at high spinning rates.

'HEcp H spin decoupling

L w2 . w2 . If the 7 delay is synchronized with the rotation,= n/wr,
1B3C jep| T I T I—IJ\ /\ 2/\ the overall efficiency of an INADEQUATE sequence depends
\/ \/ \/ on one hand on the efficiency of excitation of the double
® guantum coherences, which depends periodically,@nd on
w2 the other hand on the decay of carbon magnetization during
H & cp 'H spin decoupling the v delays. Efficiency is also affected by cancellation or
addition effects during the detection of anti-phase or in-phase
r w2 2 T , & line srr:apesl respectively ip. Ordinary INADEQUATE yields
I T I 3] T i anti-phase line shapes while refocused INADEQUATE yields
e FP—‘ ' I : I \ /\ A in-phase line shapes. Thus, at first glance, for solid systems,
\/ \/ \ refocused INADEQUATE may seem to be more sensitive
because of the detection of in-phase line shapes. However, in

refocused INADEQUATE (b). Under ideal conditions, the degree of this case loss c.)f signal due to relaxation occu_rs during two
conversion into double quantum coherence is maximura forl/(4Jcc) t—n—7 delays Instead. of only one for the Ord'“ar}’ ,INAD'
and is zero forr = 1/(2)cd). For all the experiments reported here, a EQUATE sequence (Figure 1). To compare the efficiency of
32-step phase cycle was used (pulse program and phase cycle availablthe two experiments, two different time constants have to be
on our web sit# or by request to the authors) and thelelay was introduced.
synchronized to be an integral number of rotor periods. The apparent line width observed in the CPMAS spectra of
dilute spinl = 1/2 nuclei like carbon-13 originates from various
interactions, leading to the unambiguous identification of source® such as the following: (i) the degree of crystallinity
through-bond connectivities. This simple and robust experiment of the sample, which yields a more or less broad chemical shift
was applied to crystalline samples such as powdered amino acidglistribution; (ii) the local magnetic field homogeneityBo(
for which the line width in the one-dimensional carbon spectrum homogeneity, magnetic susceptibility effects, etc.); (iii) dipolar
is comparable to the size of the scalar coupling (typically 50 couplings; (iv) residual chemical shift anisotropy; or (v) the
Hz between two directly bonded carbons). incoherent effects of stochastically fluctuating local fields that
Through-bond connectivities idisorderedsolids represent  yield T, relaxation. These contributions can be divided into two
a challenge to NMR since the interaction driving the coherence categories depending on whether they are inhomogeneous or
transfer may be over an order of magnitude smaller than the homogeneoud>?” Inhomogeneously broadened line shapes
line width. In this paper, we report the feasibility of obtaining consist of a continuum of independent lines that can be
carbon-carbon through-bond correlations in amorphous solids manipulated individually (and result, for example, from chemical
exhibiting line widths of several hundreds of hertz using an shift distribution or field inhomogeneity) whereas homoge-
inadequate type experiment. We show that a refocused INAD- neously broadened lines react to pulses as an indivisible entity
EQUATE experiment can be performed on inhomogeneously (and result, for example, from multispin dipolar couplings or
broadened systems such as disordered polymers. This experiT2 relaxation). This distinction is very important for INAD-
ment has several intrinsic advantages over other schemes. Th&EQUATE experiments.
efficiency of the experiment, which is simple and robust, mainly  In this article we define the apparent full line width at half-
depends on theefocused line widthi.e., on the line width height asA* (in Hz), and T, (in s), the corresponding time

Figure 1. Pulse sequences for solid-state INADEQUATE (a) and

corresponding to the dephasing time measured in a-sggiho constant, is given byl; = 1/zA*. For spin| = 1/2, the
experiment. inhomogeneous line broadening (or rather the contribution of

all interactions which are described by a Hamiltonian linear in
2. INADEQUATE Experiments in Solids 1) can be refocused (i.e. removed) byrapulse in a simple

The pulse sequences for INADEQUATE and refocused Carr—Purcell spin-echo experiment. We def.in'E}2 as the time
INADEQUATE are shown in Figure 1, parts a and b. Apart constant that can be _meas_ured in such a-seaiho experiment,
from the cross-polarization period, the experiments are com- &1d A the_re5|d9al line width, or the “non-refocusable” line
pletely analogous to liquid-state versiGigfter cross-polariza- ~ Width, A" = 1/T. In liquid samples the refocused line width
tion from *H, the 13C magnetization evolves during the delay is usually dominated by the motional behavior of the molecules
27 under the isotropic homonucledrcoupling Hamiltonian, ~ through the spirspin relaxation timeT; (i.e. T, is equal to
The C-C homonuclear dipolar couplings are removed by fast 12)- In solids, besides the genuine relaxation timethere are
magic angle spinning, and the chemical shift is refocused by additional nonrefocusable interactions which may be dominant,
the 180 pulse. The double quantum coherence created by theSUC as the high-order terms of the heteronuclear dipolar
first carbon 90 pulse evolves during; at the sum frequency interaction which yield a coherent homogeneous line broadening
of the two spinswpo = wéQ + w?o and is converted back and contribute td, (i.e. T, < T). To .calculate.the efficiency
into an anti-phase transverse coherence by the l#spgiBe. of INADEQUATE, we have to consider the time constajt

In the INADEQUATE experiment this anti-phase component when considering the decay of the carbon magnetizaﬂmmg
is detected durings, whereas in the refocused INADEQUATE ~ thez—z—7 delays and the time constarTt, i.e., the apparent
experiment, it is converted back during the second—7 delay, line width, when calculating the line shape detectkating
into an in-phase signal before detection. As in solution-state 2¢quisition

NMR, directly bonded carbon-13 resonances are identified by  (25) VanderHart, D. L.; Earl, W. L.; Garroway, A. N. Magn. Reson.
1981, 44, 361-401.

(24) Bax, A.; Freeman, R.; Frenkiel, T. A. Am. Chem. Sod981, 103 (26) Portis, A. M.Phys. Re. 1953 91, 1971.
2102-2104. (27) Maricg, M. M.; Waugh, J. Sl. Chem. Phys1979 70, 3300-3316.
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INADEQUATE spectrum to the amplitude of the in-phase
doublet in a single-pulse experiment. We see that the more
inhomogeneous the line broadening is, the more the efficiency
of INADEQUATE increases. However, more importantly,
whereas ordinary INADEQUATE remains very insensitive
(<1%), the efficiency of refocused INADEQUATE rapidly
reaches values that are suitable for running experiments. For
example, forT,/T, = 18 (which is the order of magnitude that
we found in cellulose, see below), the efficiency of refocused
INADEQUATE is about 8% and is 8.5 times more sensitive
than ordinary INADEQUATENote that this represents a factor

of 72 in terms of experimental tim&hus from these calcula-
tions, we predict that for highly inhomogeneously broadened
systems such as amorphous polymers and glasses, refocused
INADEQUATE will be much more sensitive than ordinary
INADEQUATE, and that this experiment should be sensitive
enough to yield a reasonable signal in the 2D correlation map.

Apparent Linewidth A* (Hz)

b
() 3. Application to Disordered Solids
Coe 08 _____________________________________________ We applied the refocused INADEQUATE sequence to the
3 %61 i characterization of the carbon spectra of cellulose extracted from
& 004p Refocused INADEQUATE —— : wood and to intact carbon-13 labeled wood chips. The one-
R 002k Ordinary INADEQUQ‘TE : dimensional CPMAS spectra are shown above the 2D maps in
o L . : ‘ ' . : : ¢ : Figure 3a and b, respectively. In these 1D spectra the apparent
2 4 6 8 10 12 14 16 18 20 line widths range from 450 to 650 Hz, and are known to
/TS correspond primarily to inhomogeneous broadening due to the

Figure 2. (a) Ratio of the predicted efficiency of ordinary INAD- amorphous character of these _polymer Samples. .
EQUATE to that of refocused INADEQUATE as a function of the The structural. characterization ,Of wood 'S,‘?‘ challenging
apparent line widthA* = 1/xT and the ratioTy/T;. The efficiencies problem, due to its complex chemical composition and to the

were calculated using the (numerical) optimum valuer dor each conformational heterogeneity of the various components of this
(A*, TyT3) pair. (Note that, in fully’3C-enriched sampleg\* is the natural material, and the three-dimensional structure of wood
line width for a single component of thedoublet.) TheJ coupling is not yet fully understood. WoodPppulus euramericana

was fixed at 35 Hz. The calculations were carried out using an isolated contains three major components: cellulose (45%); hemicellu-
two-spin system. (b) Absolute efficiencies of the refocused and ordinary lose, mostly partially acetylated xylan (25%); and lignin (20%).
INADEQUATE experiments as a function di,/T;. The theoretical
efficiencies were calculated as the ratio of the maximum amplitude of

the anti/in-phase doublet in 1D INADEQUATE to the amplitude of cellulose xylan
the in-phase doublet in a single-pulse experiment. These theoretical ) (CH,OH \
calculations were done foracoupling of 35 Hz and an apparent line o 0 o s —0
width at half-height of 500 Hz. mo HO N2~ Lo
) . ) . OH n OH n
Figure 2a shows the ratio of the predicted efficiency of
ordinary INADEQUATE to that of refocused INADEQUATE n[_O_CH ocH
as a function of the apparent line widttt and the ratioT,/T5. éHZ_O o : N
If we assume that the inhomogeneous line broadening is mainly lieni ] -]
due to a chemical shift distribution, largg/T; ratios cor- e n[_O_CHZ OCHs

respond to highly disordered systems and sl ratios to
much more crystalline samples. For a given apparent line width, CH,0 OCH
as theT,/T, ratio increases the loss of magnetization due to 7
relaxation during the—z—rt periods decreases and ordinary
INADEQUATE becomes less efficient than refocused INAD-

EQUATE (Figure 2a). The “degree” of disorder from which . oo
refocused INADEQUATE becomes the more sensitive experi- held together k_)y the hemlcellul_oses and the Ilgnm. In the present
study, 13C-enriched wood chips were obtained from aspen

ment depends on the apparent line width. Indeed, the larger the . . 1 .

apparent line width, the more the signal is attenuated by (F;opulu; ngmencarljl?%rown ;1” a tZ?“Vlol;COz-enrkl)c;h.edd

cancellation effects during the detection of anti-phase line shapes"jl mosphere.’An overa -enrichment of o was obtained.

in ordinary INADEQUATE. Thus, for example, for an apparent Cellulose was isolated from extracted lignin fragments according

. y ’ i 0

line width of 30 Hz, refocused INADEQUATE offers a better to 'g'rotocc:))’ls dﬁscr'bﬁ]d eIsfewhéPj.lN ADEOUATE ¢ ¢

signal-to-noise ratio whefi,/T; is larger than 4, whereas for Igure oa shows the refocuse Qu spectrum o

an apparent line width of 100 Hz, this ratio only has to be larger extracted cellulose recorde_d in a total experiment time of16 h

than two for refocused INADEQUATE to be more efficient, (220 M@ Of sample). As pointed out previously, in the 2D map
Figure 2b shows the absolute efficiency of the INAD- (28) Lapierre, C.; Gaudillere, J. P.; Monties, B.; Guittet, E.; Rolando,

EQUATE sequences calculated for a line width of 500 Hz as a C- (;g)”gj?k”n?éﬂ- XTE&Zf‘éﬁghg&%ﬁg;”ih 511-395_1398

function of Ty/T;. This efficiency is calculated as the ratio of (30) Whistler, T. L.Methods in Carbohydrate Chemistocademic:

the maximum amplitude of the anti/in-phase doublet in a 1D New York, 1963; Vol. Il

.

Cellulose, which is a linear polymer, forms fibrils which are
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resonance can be identified a priori, assignment is quite
straightforward. The cellulose spectrum contains resonances
which have already been identified in previous studies, mainly
500 Hz 4 by comparison with liquid spectra, and more recently by two-
dimensional NMRE1~33 Using the refocused INADEQUATE
130 | spectrum, and starting from the easily identifiable resonance of
the anomeric carbon;Gt 105 ppm, it is possible to sequentially
assign the carbon spectrum relatively straightforwardly. First,
the G resonance can be identified at 73 ppm, since this is the
only resonance correlated with.Carbon G has a second clear
correlation in the double quantum frequency dimension at 147.5
ppm which leads to the identification ofz@t 74.5 ppm. Two
C3/Ca + C4/Cs sets of correlation peaks are then possible for th¢CC
170 4 cycs connectivity, one at 160 ppm and another at 137 ppm. On the
S’S basis of chemical shift considerations, the upfield carbon signal
@ (_) at 62 ppm is identified as the methylengdarbon, which allows
the assignment of 1o the resonances around 87 ppm. For the
190+ C,4 resonance, the shoulder at lower frequency corresponds to
T T T T T T less crystalline domains of cellulose, probably to units on the
1o 100 9% 8 70 60 surface of the fibril$4 Carbon G is then connected tog%74.5

Single quantum frequency (ppm) ppm) whose signal is in fact superimposed with &nd G is
correlated with @ (62 ppm).

Interestingly, our assignment differs in one point from that
which has been recently proposed using two-dimensional spin
CH;-C=0 diffusion exchange spectroscofiylndeed, in this previous
l assignment, carbon,@vas found to resonate at higher frequency

(a)

140 Cs/Cs

150 4 C2/C3

160 -

180

Double quantum frequency (ppm)

(b)

than carbon @ From rows extracted parallel to the dimension
from the refocused INADEQUATE spectra (data not shown),
it is quite clear that gresonates at lower frequency thag C
° Note that this observation is in agreement with chemical shifts
0 measured for cellulose in the liquid st&feThis discrepancy
160 50 underlines the fact that data from dipolar correlation techniques
0 must be interpreted with caution as they may yield incorrect
. assignmentdn this sense it is not surprising that through-bond
200 - correlation experiments peade more reliable methods to probe
4 ‘ bonded connectities. Also note that in a dipolar-driven
magnetization transfer experiment, inter-unit correlations can
be potentially observed, i.e., correlations between spins belong-
. ing to nearby units on the same chain. Such correlations, which
280 may hinder the assignment, would never be visible in an
o 0 INADEQUATE-type spectrum. (Note thal couplings have
v T Tt 1 other advantages, discussed in the conclusions below.)

) 160 120 80 40 The refocused INADEQUATE spectrum of a sample of 80
Single quantum frequency (ppm) mg of intact wood chips is illustrated in Figure 3b. Besides the

Figure 3. (a) Two-dimensional refocused INADEQUATE spectrum ~ connectivity pattern of cellulose and hemicellulose (except for
of cellulose. The spectrum was obtained at 125 MHz on a Bruker DSX Xs, the resonances of hemicellulose are superimposed on those
500 spectrometer ugina 7 mmdouble-tuned MAS probe. A total of  of cellulose), the spectrum shows an additional set of correlation
100 t; increments with 192 scans each were coIIect.ed.. Tlelay peaks at 287 ppm in the double quantum frequency dimension,
was set to 3 ms, and the contact time for cross-polarization 1800 ¢orresponding to the connectivity between the aromatic carbons
The spinning speed was 6 kHz and the proton decoupling field strength ot |ignin. This illustrates the fact that the experiment is sensitive
was 100 kHz using continuous wave decoupling. Quadrature detectionenough to allow the observation of minor componemt&q%s)
was achieved using the TPPI methi8dhe repetition delay was 3 s. g .

Jeven in small samples (the spectrum was recorded in 42 h).

The various connectivities between the bonded carbons are indicate L .
by solid lines. (b) Two-dimensional refocused INADEQUATE spectrum NOte that some connectivities corresponding to very weak

of wood chips. A total of 8 increments with 1280 scans each were  Signals are missing in the 2D map, such as those of the acetoxy
collected. Other experimental parameters are the same as in Figure 3group or the %—Xs correlation, but note also that the sample
except for the repetition delay which was 1.5 s. The #D spectra is only enriched in carbon-13 to a level of 11%, so that in the
are shown above the 2D spectra together with the correspondingINADEQUATE spectra we only observe the 1.2% of the carbon
assignment as elucidated by this study and previous 8n&<xC, and
X, refer to the carbonn of respectively the cellulose and the (31) Taylor, M. G.; Deslandes, Y.; Bluhm, T.; Marchessault, R. H.;
hemicellulose (xylan) unit. Note that, as th€-enrichment is 11%, Vincendon, M.; Saint-Germain, TAPPI J.1983 66 (6), 92-94.

there are only 1.2% of the molecules with two bonded carbon-13 which ~ (32) Bardet, M.; Gagnaire, D.; Nardin, R.; Robert, D.; Vincendon, M.

; A ; Holzforschungl986 40, 17—24.
are observed in these two-dimensional spectra. (33) Bardet, M.; Emsley, L.; Vincendon, Msolid State NMRL997, 8,

CH3-C=0 .
+ Aromatic  *

240 4

Double quantum frequency (ppm)

. . 25-32.
two directly bonded carbons share a common frequency in the 34 Earl, w. L.; vanderHart, D. LJ. Am. Chem. S0498Q 102, 3251
double quantum dimension, and provided that one carbon 3252.
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(a) Table 1. ExperimentalT; and T, (and equivalent line widthA*
andA') for 11% Carbon-13 Enriched Cellulgse
150 80
¢ Ci \ Cs nuclei TS (A%) T, (A"
T =1tms| 60 T,=11ms
100 2 < C1 0.64 ms (500 Hz) 11 ms (29 Hz)
00 C2+C3+C5 0.49 ms (650 Hz) 7.5 ms (42 Hz)
~ 50 ~ C4 0.55 ms (580 Hz) 11 ms (29 Hz)
: % 20 3 C6 0.71 ms (450 Hz) 4.4 ms (72 Hz)
N 200,36 A
=0 0 aT; was calculated a$, = 1/xA* where A* is the apparent line
g C2+C3+Cs Cs width, i.e., the full line width at half-height measured in the experimental
8 400 T =75ms | 150 T =4.4 ms 1D 13C spectrum.T, is the time constant obtained by a fitting
= 2 2 procedure from experimental points recorded in a rotor synchronized
100 spin—echo experiment as explained in the caption of FigureMas
200 calculated aa\' = 1/7T,. Note that the values reported fGf are very
100 50 likely to be dependent on the experimental conditions.
0 Ead e S S I 2.8
0TO0T 002 003 004 00Ol 00 o0s b Table 2. Experimentall; and T, (and equivalent line widtha*
T (ms) T (ms) andA') for Natural Abundance-Isoleuciné

(b) nuclei T, (A%) T, (A")

C24C3+Cs CcO 6.7 ms (47 Hz) 46 ms (7 Hz)
Ca 3.2 ms (100 Hz) 10 ms (32 Hz)
Cp 3.1 ms (102 Hz) 13 ms (24 Hz)
CyH» 1.9 ms (166 Hz) 7.4 ms (43 Hz)
CyHs (1) 11.8 ms (27 Hz) 120 ms (2.6 Hz)
CyHs(2) 9.1 ms (35 Hz) 77 ms (4.1 Hz)
CoHs (3) 10.2 ms (31 Hz) 130 ms (2.5 Hz)
CoHs (4) 9.1 ms (35 Hz) 130 ms (2.5 Hz)
2 The parameters were measured and calculated as for Table 1. The
data were recorded with a spinning rate of 10 kHz and a proton

decoupling field strength of 100 kHz using continuous wave decoupling
(16 scans for each point). The delapf the spin-echo sequence was
varied from 0 to 30 ms. Note that some peaks have artificially large
values of the apparent line width since there are two molecules per
unit cell (yielding four distinct methyl group resonances) but since we
only observe one peak for the COpQCS3, and G/H, resonances. The
methyl groups are numbered in order of increasing frequency.

C4
110 100 90 80 70 60
Carbon Chemical Shift (ppm)

Figure 4. (a) Measurement of carbarj dephasing times on enriched
cellulose. The experimental points (8 scans each) were obtained using . . -
at—xa—1 sequence on carbon after cross-polarization, with continuous tion, to the_ apparent line width*. _Note thz’_lt although each_
wave proton decoupling (radio frequency field strength 100 kHz). The fesonance in the carbon spectrum is a continuum of lines which
spinning speed was 6 kHz. TAg dephasing constants were obtained probably have differing refocused line widths (thiS is especially
by fitting the experimental points with a decaying monoexponential true for the G + C3 + Cs peak that corresponds to three
function. (b) Experimental (thick line) and schematic (thin line) cellulose  different types of carbons), the monoexponential decay model
*3C spectrum. In the schematic spectrum, each peak is a Lorentziangives a relatively good fit of the data and yields a useful average
line whose line width was obtained from the fitt&Yl values. value ofT, for each peak. The results are summarized in Table

. 1, which compares th&, and T, values (or the corresponding
atoms in the sample that are carbon-13 and that have anothenx gnq A’ values) for each peak. For peaksg Ca, C, + Cs +

carbon-13 as nearest neighbor. Cs, and G, we find that theT,/T; ratios were respectively 17,

15, 20, and 5This means that (except for peak)@bout 95%
of the line width is due to inhomogeneous (refocusable) effects
probably corresponding for this sample mainly to chemical shift
Under our experimental conditions, we found that the dispersion. Note that such large differences between the two
efficiency of these two refocused INADEQUATE experiments time constants have previously been observed for a sample of
(measured for the resonance) was about 7%. As pointed out microcrystalline cellulosé This difference in order of mag-
previously, the feasibility of these experiments on samples nitude between the homogeneous and inhomogeneous line
having line widths of several hundreds of hertz implies that the broadening is highlighted graphically in Figure 4b. Below each
line broadening is mainly inhomogeneous. To quantify the resonance of the experimental spectrum (thick line), we show
contributions of the inhomogeneous and homogeneous mech-a Lorentzian peak having a line width at half-height equal to
anisms on the line width, we have measur€d on the the measured refocused line width (Note that such a spectrum
cellulose sample, and compared €T, values obtained with could not been recorded experimentally since it implies the
those measured in ordinary organic samples. refocusing ofall chemical shift information.) As mentioned
Figure 4a shows, for the four major peaks of the cellulose above, the efficiency of the experiment measured for the C
spectrum, the experimental data points recorded in a rotor carbon was about 7%. This is in agreement with calculations
synchronized spirecho experiment as well as the curves (a theoretical efficiency for the refocused INADEQUATE
obtained from a best fit to a monoexponential function. As experiment of about 6.5% is predicted in Figure 2b for an
mentioned above, for spih= 1/2, the spir-echo experiment  apparent line width of 500 Hz anf,/T; = 17, corresponding
allows the measurement of the residual homogeneous line widthto the measured values for carbom).(Note that an ordinary
A" and thus the evaluation of the relative contribution of INADEQUATE experiment would not be practicable on these
inhomogeneous interactions, such as a chemical shift distribu-cellulose samples<{(1% predicted efficiency).

4. Carbon-13 Line Widths in Organic Solids
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Figure 5. Two-dimensional INADEQUATE (a) and refocused INADEQUATE (b) spectra of 30 mg of fdlylabeled.-isoleucine. The sample

of L-isoleucine was purchased from Sigma and used without further recrystallization. The spectrum was obtained at 125 MHz on a Bruker DSX 500
spectrometer usga 4 mmtriple-resonance MAS probe. A total of 38dincrements with 32 scans each were collected. THelay was set to 2

ms, and the contact time for cross-polarization to 1 ms. The spinning rate was 10 kHz and the proton decoupling field strength was 100 kHz using
continuous wave decoupling. Quadrature detection was achieved using the TPPI #Adthectonnectivities are indicated by solid lines. Two

rows extracted from thesflimension and corresponding to the/Cg and the @/CyHs correlations are shown. Anti-phase line shapes are observed

in the INADEQUATE spectrum (a) whereas in-phase peaks are obtained in the refocused INADEQUATE spectrum (b).

Using the same very simple approach, the contribution to the to test current limits would be particularly informative. Note,
line broadening of the inhomogeneous interactions in crystalline for example, that in these studies we used continuous wave
samples was also investigated. If very large differences betweendecoupling, but that more sophisticated decoupling schemes
the apparent and refocused line widths are expected for(such as TPP®#) should lead to increased valuesTf
amorphous samples, it is less obviously the case in crystalline  For each carbon of natural abundaneisoleucine, the,/ T,
samples. We have made measurements on a powder of naturalatio can be calculated and located on the diagram of Figure
abundance-isoleucine. The sample was purchased from Sigma 2a. We find that the points are distributed to the right of Thle
and used without further recrystallization. The results are T; = 1 contour level so that for this sample the efficiency of
summarized in Table 2. Surprisingly, large differences between refocused INADEQUATE should already be slightly better than
T, andT, are also observed farisoleucine, which is however  ordinary INADEQUATE (the efficiency ratio for the two
representative of what we usually designate as an orderedexperiments ranges from 0.5 to 0.9). Experimentally, for a 99%
sample. Especially for the methyl group§'T; ratios close to carbon-13 enriched sample ofisoleucine, we found that the
10 are obtained, and when the contribution of the inhomoge- two types of experiments have about the same sensitivity, as
neous interactions is subtracted, line widths as little as aboutillustrated in Figure 5. The connectivities between the carbon
3(£2) Hz are observed. Similar studies by Cowans and resonances are indicated and two rows extracted parallel to the
Grutznef® on hexamethylbenzene showed similar effects, F, dimension are shown. The slight difference between our
indicating that such observations are likely to correspond to a predictions and experiment may be due to multi-spin effects in
widespread effect. Note that these values for the refocused linethis fully labeled sample, which were not included in the
width are of the same order of magnitude as those observed insimulations of Figure 2. In addition, as pointed out in the caption
liquid-state NMR. As pointed out above, the remaining (un- of Table 2, theT,/T; ratios are over estimated for the COxC
refocusable) homogeneous broadening can be due to coherents, and G/H, due to the overlap of the resonances from the
processes (like residual dipolar interactions) or to incoherent two different molecules in the unit cell. Thus, it appears that
processesT, relaxation). We are currently investigating the even for ordinary organic molecules having line widths of a
respective contribution of these two types of processes, with few tens of hertz, refocused INADEQUATE may be more
the objective of determining the role of genuifigrelaxation sensitive than ordinary INADEQUATE.
in line broadening of solid samples (i.e., to find out to what .
extent the refocused line width could possibly be reduced). As °- Conclusions
has been amply illustrated in pioneering studies of line widths  In conclusion, we have shown that through-bond connectivi-
in solids by VanderHart and co-workefsthe T, values ties can be obtained in carbon-13 enriched disordered solids
measured in a spirecho experiment largely depend (via the using a refocused INADEQUATE experiment. Despite large
contribution of the residual dipolar interactions) on experimental line widths, the experiment is practicable and provides the
parameters such as the spinning frequency or the protonunambiguous assignment of the carbon resonances. Thus, this
decoupling field amplitude. Relatively modest conditions were experiment, which is very easy to implement, should be useful
used in this study for both cellulose andsoleucine @, = 6 for the characterization of carbon spectra of natural (as
and 10 kHz, respectivelyy;y = 100 kHz). Further studies of  demonstrated here for wood) or synthetic polymers.
the refocused line width as a function of the spinning frequency ~ (36) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin,

and decoupling field strength using state of the art technology R. G.J. Chem. Phys1995 103 6951.
(37) http://www.ens-lyon.fr/STIM/NMR.

(35) Cowans, B. A.; Grutzner, J. B. Magn. Reson. A993 105 10— (38) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resorl1989
18. 85, 393-399.




C—C Connectiities in Disordered Solids by NMR J. Am. Chem. Soc., Vol. 121, No. 47, 183893

One should note that, apart from its pure through-bond nature, excitation periods. However, we have shown that this problem
there are several intrinsic advantages to usir@puplings in can be overcome, yielding reasonably sensitive experiments,
solid-state NMR correlation experiments. These include the and further developments in decoupling performance and sample
following: (i) the fact that the coupling is independent of spinning (which will further increasd?) will automatically
orientation (no angle encoding); (ii) there is no constraint on lead to continuing improvements of the efficiency of these
the decoupling field amplitude; (iii) it is broadband (it does not experiments.
depend on offset or on the value of the chemical shift
anisotropy); (iv) it is insensitive to molecular motion; and (v) d
it can be used at any sample spinning rate. Indeed, the only
real disadvantage af couplings is their relatively small size,
which results in sensitivity losses during the relatively long JA992272B
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