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A multiple-pulse technique for complete dipolar decoupling of ment, the directly detected dimension still exhibits 13C– 13C
directly bonded 13C-labeled sites is described. It achieves signifi- dipolar splittings, which produce complex spectral patterns,
cant spectral simplifications in a recently introduced two-dimen- particularly in the intermediate-coupling limit (5, 9) . The
sional double-quantum solid-state NMR experiment for determin- utmost simplification of such two-dimensional patterns is
ing torsion angles. Both homonuclear and heteronuclear dipolar desirable, especially for the analysis of torsion-angle distri-
couplings are removed by combining a 13C multiple-pulse sequence butions as encountered in amorphous polymers and other
with continuous-wave irradiation on the protons. The 13C sequence

disordered solids. The required combination of high-power
has a fundamental 10-pulse cycle which is a significantly modified

heteronuclear and homonuclear decoupling during the detec-magic-sandwich-echo sequence. The crucial heteronuclear decou-
tion period cannot be achieved by the conventional multiple-pling is achieved by breaking the 3607 ‘‘inner’’ pulses in the magic
pulse sequences for homonuclear decoupling (10) , such assandwich into 907 pulses and spacing them by 1H 3607 pulse
WHH-4 (11) , MREV-8 (12) , or BR-24 (13) , since thelengths. Spectral artifacts typical of multiple-pulse sequences are
pulses on the S spins reintroduce the I–S dipolar couplings.eliminated by phase shifts between cycles. In contrast to many
In addition, for 13C detection the sequence must provideother multiple-pulse decoupling sequences, the long window in the

cycle is the dwell time and can be longer than the inverse dipolar particularly long windows before the detection of each point,
coupling, which makes the sequence practical for direct detection because the ring-down time of the probe in 13C NMR is
even with long pulse ring-down times. A modification of the se- longer than that in 1H NMR.
quence to scale the chemical shift and increase the effective spec- In this paper, we present a novel 13C multiple-pulse se-
tral width is also presented. The 1D and double-quantum 2D ex- quence combined with high-power proton decoupling that
periments are demonstrated on polyethylene with 4% 13C– 13C spin achieves these goals. The 13C sequence is derived from the
pairs. The potential of this approach for distinguishing segmental magic-sandwich-echo sequence originally introduced for 1H
conformations is illustrated by spectral simulations of the two-

NMR (14) . It is combined with high-power 1H irradiationdimensional ridge patterns that correlate double-quantum and sin-
which removes the heteronuclear dipolar coupling duringgle-quantum chemical-shift anisotropies. q 1998 Academic Press
extra windows introduced into the 13C sequence. This pro-Key Words: polymer conformation; magic-sandwich echo; multi-
duces a sequence with a simple 10-pulse cycle, with a win-ple-pulse decoupling; double-quantum NMR; torsion angles.
dow before data sampling that can be long compared to
the inverse of the dipolar couplings. We demonstrate the
sequence first in one-dimensional spectra and include a mod-

INTRODUCTION ification that increases the effective spectral width by scaling
the chemical shift. Then it is applied during the detection

Double-quantum solid-state NMR (1–7) on molecules period of the two-dimensional (2D) double-quantum experi-
labeled with directly bonded 13C spin pairs provides a new ment (5) , in order to obtain clear double-quantum/single-
and promising approach for determining polymer and pep- quantum chemical-shift correlation spectra. The resulting
tide structures (5–7) . In experiments without sample rota- two-dimensional patterns are shown to be closely related to
tion, two-dimensional powder patterns are obtained that re- hypothetical 2D exchange spectra with full decoupling, but
flect the relative orientation of the two 13C chemical-shift are free of the undesired diagonal ridge. We demonstrate
tensors and thus determine the torsion angle about the in- the experiments on polyethylene with dilute (Ç4%) 13C– 13C
tervening bond (5) . The first, double-quantum, dimension spin pairs. The potential of this approach for distinguishing
is free of dipolar splittings (5, 8) and directly reflects the segmental conformations is illustrated by spectral simula-

tions.torsion angle. However, in the original version of the experi-
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210 K. SCHMIDT-ROHR

THEORETICAL BACKGROUND

Before discussing the new pulse sequence, we briefly re-
view commonly used homo- and heteronuclear decoupling
sequences. Results of simple (first-order) average-Hamilto-
nian theory (10, 11, 15) , with averaging in the frame tog-
gling with the pulses (10, 15) , are used to describe the ef-
fects of the pulse sequences.

13C homonuclear decoupling. In 1H NMR of solids, ho-
monuclear dipolar decoupling is achieved by multiple-pulse
sequences such as WHH-4 (11) , MREV-8 (12) , or BR-
24 (13) . However, they have several disadvantages which
prohibit their application to 13C sites with directly bonded
protons. The NMR signal is detected point by point in the
long windows of the sequence, which, however, make up
only 40 to 60% of the scaled cycle time. This poses serious
problems. On the one hand, the window before the detection
must be longer than the pulse ring-down time. On the other
hand, making the window long reduces the decoupling effi-
ciency and, more importantly, the effective spectral range,
which is equal to the inverse of the scaled cycle time. The
useful spectral width is often even further reduced by a
factor of 2 due to zero-frequency and imperfect quadrature
artifacts. For 13C detection, the restrictions on the window
length are practically prohibitive, since the ring-down time
tr for a given quality factor QÅ v0 /DvprobeÅ v0tr is propor- FIG. 1. Multiple-pulse sequences providing homonuclear decoupling in

13C NMR experiments. The points in time where data are sampled aretional to 1/v0 , i.e., four times longer for 13C than for protons
indicated by *. (a) Multiple-pulse sequence based on the magic-sandwichat the same field strength. When comparing at equal Larmor
echo, Ref. (12) , providing homonuclear but no heteronuclear decoupling.frequency, it must be taken into account that the 13C signal
(b) Improved 10-pulse cycle, derived from that shown in (a) by splitting

in natural abundance is by a factor of ú100, and in the the ‘‘inner’’ pulses into 907 pulses whose spacings correspond to 1H 3607
slightly 13C-enriched sample used here by a factor of Ç40, pulses. Combined with high-power 1H irradiation, this provides both homo-

nuclear and heteronuclear decoupling. (c) Chemical-shift scaling introducedweaker than the corresponding proton signal. The 13C dead
into the cycle in (b) in order to increase the effective spectral width. Intime is longer because the residual B1 field must be reduced
the pulse sequences (b) and (c) it is shown that before detection, we useto a 40–100 times smaller value than for protons before the
a combination of two Hahn echoes with a solid echo, to avoid dead-time13C signal can be detected. problems. (d) Phase cycle used for the first outer and first inner pulse of

A decoupling sequence in which the window before data the 10-pulse sequence in (b) . As indicated there, the opposite (negative)
phases are used in the corresponding second outer pulse, and in the fifthsampling can be made long and makes up 100% of the scaled
through eighth inner pulses. Note that the phases are incremented after eachcycle time can be produced from magic-sandwich-echo
10-pulse block, so that they run through the whole phase cycle several(MSE) cycles, which were developed by Rhim et al. (14)
times in each scan. Note also that although the four-pulse blocks are repeti-

and utilized in (1H) solid-state NMR imaging (16) . The tive, leaving parts of them out would result in a different pulse sequence
basic pulse cycle is shown in Fig. 1a. Similar to a spin-lock (though only with slightly different properties) . The 13C T1 filter after cross-

polarization is specific to our experiments on polyethylene. We suppressfield, the nr3607 x and nr3607 (0x) pulses average out the
the complex signal from the mobile amorphous regions, which have a shortchemical shift and produce an average Hamiltonian of
13C T1 relaxation time, to observe the clear trans pattern of the crystalline01

2Hxx , which is transformed into 01
2Hzz by the flanking pair

regions selectively.
of yrrr0y 907 pulses (10, 15) . We refer to these two 907
pulses as ‘‘outer’’ pulses, and to the intervening pulses in

and the homonuclear dipolar coupling effects are removed.the sandwich as ‘‘inner’’ pulses; see Fig. 1a. The phase of
The signal is sampled conveniently near the end of the win-the second inner pulse is inverted with respect to the first to
dow. Since no approximation of short t was made, the win-eliminate effects of radiofrequency field inhomogeneity. The
dow need not be short compared to the inverse of the dipolarpropagators of the 2nr3607 pulses with overall duration 2t
coupling. The chemical shift is fully effective during thecancel with the propagator for the subsequent period t with-
window t, and averaged out during the inner pulses. Thus,out 13C pulses,
the chemical-shift scaling factor of the magic-sandwich-echo
sequence is t / (2t / t) Å 1

3.e0 iHzzte0 i (01/2Hzz )2t Å 1, [1]

AID JMR 1360 / 6j2a$$$$$2 03-21-98 05:04:12 maga



211COMPLETE DIPOLAR DECOUPLING OF 13C

nuclear dipolar coupling HIS Å 2vISIzSz during the four innerHeteronuclear decoupling. Efficient 13C– 1H decoupling
13C 907 x pulses, each of duration t90C , and the four 1H 3607is crucial for obtaining highly resolved 13C spectra. This is
pulses. The Iz and Sz operators nutate in the doubly togglingespecially important for CH2 groups with their double C–H
frame, with the nutation frequencies of 1H and 13C, v1H Åcouplings and strong geminal H–H interaction. In the pres-
gHB1H and vC Å gCB1C , respectively. The average Hamilto-ence of the strong homonuclear proton coupling, 1807 1H
nian is found to be zero,pulses, which otherwise eliminate the C–H coupling, do not

provide satisfactory decoupling if spaced by more than 10 ms.
Rather, windowless (or nearly windowless) irradiation near

HU IS Å
2vIS

4t360H
H*

t90C

0

I( t)(Szcos v1Ct / Sysin v1Ct)dtresonance, either with a fixed phase or alternating phases
(17, 18), is required for efficient decoupling (‘‘cw decou-
pling’’). Then, the cycle time is the length of a 3607 pulse. / Sy *

t360H

t90C

I( t)dt / *
t90C

0

I( t)
Within this time, the heteronuclear coupling is averaged to
zero, since the I-spin term in the spin part of the Hamiltonian,

1 (Sycos v1Ct 0 Szsin v1Ct)dtIzSz , nutates through 3607 when seen from the toggling frame
of the I spins, and vanishes on average (10, 15).

/ (0Sz) *
t360H

t90C

I( t)dt / *
t90C

0

I( t)
Combined homonuclear and heteronuclear decoupling.

There is no established method for combining MREV-8 ho-
1 (0Szcos v1Ct 0 Sysin v1Ct)dtmonuclear decoupling with high-power heteronuclear decou-

pling. It is well known that continuous irradiation on the I / (0Sy) *
t360H

t90C

I( t)dt / *
t90C

0

I( t)spins simultaneous with MREV-8 on the S spins does not
average out the heteronuclear coupling since the IzSz Hamil-

1 (0Sycos v1Ct / Szsin v1Ct)dttonian in the double (I and S) toggling frame is affected by
the pulses on both the I and the S spins (19) . Instead, 1807

/ Sz *
t360H

t90C

I( t)dtJ Å 0 [2]pulses on the heteronucleus in the long windows of MREV-
8 have been proposed and used for decoupling 13C from the
protons (19) . However, this approach is suitable only if the

with I( t) Å Izcos v1Ht / Iysin v1Ht . All the integrals areheteronucleus is dilute so that its own homonuclear dipolar
small as such, since t90C is short and the integral of I( t) overcouplings are small. In our case, the heteronuclei are the
a full nutation period t360H vanishes. This makes the further

protons, which have strong homonuclear interactions.
averaging of the four pairs of terms valid. The average Ham-

Like MREV-8, the original MSE multiple-pulse sequence
iltonian finally vanishes exactly due to sign cancellations.

of Fig. 1a cannot simply be combined with high-power 1H
This explains why heteronuclear decoupling works very

irradiation to average the heteronuclear dipolar couplings well. It should be noted that according to an incorrect de-
efficiently. However, it can be modified to provide the heter- scription that simply assumes that cross-polarization takes
onuclear decoupling, as will be shown in the following. place while pulses are applied to 13C and 1H simultaneously,

As mentioned above, to achieve effective heteronuclear incomplete decoupling, namely scaling of the coupling to
decoupling, 3607 1H pulses without simultaneous 13C pulsing t90C/ t360H É 25%, would be erroneously expected.
are required. This can be accomplished in the MSE sequence The pulses in the magic-sandwich echo can be extensively
by introducing windows of the duration of a 1H 3607 pulse phase-cycled in the course of the sequence, since there are
into the ‘‘inner’’ 13C pulses, as shown in Fig. 1b. The 13C– only two requirements: ( i ) the {907 phase shift between the
13C dipolar decoupling can be preserved by introducing the outer and inner pulses, and (ii) the 1807 shift between the
windows in such a way that the inner pulses are broken two outer pulses, and between the first and second half of
up into 907 13C pulses. The average 13C chemical shift and the inner pulses. Figure 1d lists a phase-cycling scheme that
homonuclear dipolar Hamiltonians under the inner pulses removes zero-frequency peaks and other artifacts efficiently.
are the same with and without the windows: the chemical With this 16-step phase cycle, the total cycle of the pulse
shift vanishes, while the homonuclear dipolar coupling is sequence consists of 16∗10 Å 160 pulses, in the same sense
scaled by 01

2. The long window is extended proportionally. in which MREV-8, which consists of two phase-cycled four-
Overall, the chemical-shift scaling factor of the pulse se- pulse WHH-4 cycles, has 8 pulses in its cycle.
quence is again t / (2t / t) Å 1

3. The practical limits of the multiple-pulse decoupling se-
In practice, the 13C 907 pulses have a finite, nonnegligible quence of Fig. 1b arise from the length of the detection

duration. The best decoupling is achieved if the beginnings, window, which increases with decreasing 13C and 1H B1 field
or equivalently the centers, of the inner 13C pulses are spaced strengths. First of all, the length of the window limits the
by a 1H 3607 pulse length t360H as indicated in Fig. 1b. This is spectral width to between 10 and 25 kHz with typical pulse

lengths and dead times. Second, in order for the sequencefound by an average-Hamiltonian calculation for the hetero-
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212 K. SCHMIDT-ROHR

to work well, the inverse of the window length, which is ca. magnetization of the same phase, so they can be phase-
cycled independently. This three-pulse sequence is shown20 kHz in our experiments, must be much larger than the

chemical-shift difference of the coupled sites. These condi- before the start of detection in the pulse diagrams of Figs.
1 and 2.tions are usually met for aliphatic (sp 3) carbon sites (at 75

Hz/ppm) but not always for systems with labeled sp 2 or sp 1 The solid echo is exact, i.e., it occurs undistorted and with
full amplitude (neglecting relaxation) for delays te of arbitrarysites. Fortunately, the large chemical-shift differences that

create difficulties for the full decoupling sequence usually duration, only for a very strongly or a weakly coupled isolated
13C– 13C spin pair (5, 15). In the intermediate coupling caselead to simple weak coupling patterns, and pure chemical-

shift spectra can be produced by techniques other than the or for more than two coupled spins, various parts of the Hamil-
tonian do not commute and the exact result becomes compli-modified MSE sequence.
cated. Nevertheless, noncommutation of the Hamiltonians canChemical-shift scaling. The spectral width sampled by
be ignored in the short-time limit (15, 19) defined by vcste !the multiple-pulse sequence of Fig. 1b is the inverse of the
2p, where vcs is the chemical-shift difference between theduration of the long window. This may not always be suffi-
coupled sites, and v13C–13Cte ! 2p, where v13C–13C is thecient for preventing aliasing of spectral features. When such
dipolar coupling frequency. With te Å 20 ms Å 1/50 kHz,a problem arises, the effective spectral width can be in-
this condition can be met easily for the strongest 13C– 13Ccreased by scaling down the chemical shift. This can be
dipolar couplings, which do not exceed 8 kHz, and also forattained in various ways (20, 21) , for instance, by reversing
most chemical-shift differences. In fact, for very large chemi-and rereversing the chemical shift periodically by pairs of
cal-shift differences, the weak coupling limit is reached, in1807 pulses separated by a certain delay tr . In our experiment,
which the sequence works well even for long te values.special care must be taken to combine the scaling with the

dipolar decoupling and to minimize the number of extra Two-dimensional double-quantum/single-quantum chemi-
cal-shift correlation. Figure 2 shows the pulse sequencepulses. Figure 1c shows a pulse sequence that meets these

conditions. For the scaling, only one 1807 13C pulse is added for obtaining fully dipolar-decoupled two-dimensional
chemical-shift correlation for isolated 13C– 13C pairs. Theto the sequence. The other one is effectively produced by

inverting the sign of the second 907 outer pulse in the cycle, pulse sequence was obtained by attaching the full dipolar
decoupling sequence of Fig. 1b to the double-quantum ex-since for these pulses, (9070x)(1807x) Å (907x) . The scal-

ing factor is given by tdw/t Å (t 0 2tr ) /t. periment described in Ref. (5) . As discussed there, the dou-
ble-quantum portion of the pulse sequence in Fig. 2 is similarHahn–solid–Hahn echo. In order to detect the first
to the refocused INADEQUATE sequence (24, 25) used forpoints of the time signal of 13C– 13C spin pairs undistorted, i.e.,
obtaining connectivity information in solution NMR.without a dead-time problem, an echo needs to be generated at

In our experiments, the relative orientations of the chemical-the start of detection. A 1807 pulse which refocuses the chemi-
shift tensors of two adjacent segments, as shown for polyethyl-cal shift and resonance offset to create a Hahn echo (22) is
ene in Fig. 3, are determined from two-dimensional ridge pat-not sufficient for this purpose, since it does not affect the 13C–
terns. The full dipolar decoupling achieved here yields patterns13C dipolar couplings (15); viewed in a frame toggling with
which are as simple as possible, which facilitates the analysisthe pulses (15, 19), the bilinear spin operator terms I (m)

a I (n)
a

in the presence of a torsion-angle distribution.(a Å x , y , z) are inverted together by the 1807 pulse, leaving
The double-quantum evolution modulates the detectedthe dipolar Hamiltonian invariant. On the other hand, it has

signal of a given segment according tobeen long known that the dipolar couplings can be refocused
by a 907 pulse of suitable phase to produce a solid echo

s( t1 , t2) Å g 2(tDQ)cos[(va / vb) t1] f ( t2) [3](15, 23). However, it is important to note that the solid echo
is obtained only if the 907 pulse is applied along the direction

with a positive transfer function g 2(tDQ) (8) . In the originalof the magnetization. Therefore, we refocus the chemical shift
DOQSY experiment (5) , detection under the 13C chemicaland resonance offset by a 1807 pulse in the center of the delay
shift and 13C– 13C dipolar coupling leads to a relatively com-before the 907 pulse. Similarly, the chemical shift and offset
plex function f ( t2) and complicated 2D spectral patterns. Byeffect at the time of the solid echo is removed by a 1807 pulse
applying the complete dipolar decoupling pulse sequencein the center of the delay after the 907 pulse. Thus, Hahn
during t2 , a much simplified signalechoes are produced at two crucial times in the solid-echo

sequence, and we term the sequence of
s( t1 , t2) Å » g 2(tDQ)cos[(va / va ) t1]

te–(1807{x)–te–(907{x)–te–(1807{x)–te–detection, 1 (e ivat2 / e ivbt2 )e0 (3 t1/t2) /T2 … [4]

is obtained. The factor of 3 in the last exponent is due toapplied to x magnetization, a Hahn–solid–Hahn echo se-
quence. All combinations of the signs of the pulses produce the scaling factor of the decoupling sequence. The angle
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213COMPLETE DIPOLAR DECOUPLING OF 13C

FIG. 2. 2D NMR pulse sequence with intrinsically 13C–13C dipolar decoupled double-quantum evolution and multiple-pulse decoupled detection
according to the sequence of Fig. 1b. The resulting 2D spectrum correlates the sum of the chemical shift in the first dimension with the pure individual
chemical shifts. The signal is generated via cross-polarization, the amorphous-phase signal is removed by a T1 filter, the double-quantum coherences are
selected by a suitable phase cycle of the reconversion pulses and the receiver phase (5, 24, 25) , and the dead-time problem is avoided by a 1807–907–
1807 pulse Hahn–solid–Hahn echo sequence before detection, as explained in the text.

brackets » … indicate the powder average, while the bar over ments, can be performed conveniently, provided that all mol-
ecules possess the same conformation.g 2(tDQ) indicates the summation of signals for regularly

incremented tDQ values. If the tDQ increment is comparable For reading the two-dimensional patterns directly, a more
fundamental understanding is desirable. It is achieved byto the inverse of the 13C– 13C dipolar coupling constant, and

more than about six values are averaged, then establishing the relation to the corresponding 2D exchange
powder patterns (26–29) , which have been analyzed in con-
siderable detail (15, 28, 30) . Assuming full dipolar decou-g 2(tDQ) É const. [5]
pling in both dimensions, which would require application
of the full decoupling sequence during both evolution andThe spectrum S(v1 , v2) , obtained by double Fourier trans-
detection periods, we show in the following that the pureformation and taking the real part of the spectrum after suit-
exchange pattern and the DQ/SQ correlation pattern areable phasing,
related by a simple shearing transformation.

For a given segmental orientation, the double-/single-S(v1 , v2) Å Re(FTt1 {Re(FTt2 (s( t1 , t2)))}) [6]
quantum correlation experiment yields spectral lines at
(va / vb , vb) and (va / vb , va ) , while the correspondingcan be written as
exchange signals appear at (va , vb) and (vb , va ) . Thus, the
exchange signal at (v1 , v2) corresponds to the signal atS(v1 , v2) Å »g 2(tDQ)1/2{A(v1 0 (va / vb))
(v1 / v2 , v2) in the double-/single-quantum spectrum. The

/ A(v1 / (va / vb))}

1 [A(v2 0 va ) / A(v2 0 vb)] … [7]

with the absorptive lineshape function A(v) . The spectrum
is measured off resonance so that the signals A(v1 0
(va / vb)) and A(v1 / (va / vb)) are located on different
sides of v1 Å 0. Thus, the spectrum of interest, at v1 ú 0,
exhibits peaks at (va / vb , va ) and (va / vb , vb) . This is
the simplest possible peak pattern for a correlation of va and
vb , with a single peak per site.

Relation to 2D exchange spectra. As mentioned above
and discussed in Ref. (5) , the 2D spectral lineshapes of the
double-/single-quantum chemical-shift experiment reflect FIG. 3. Geometry of two bonded 13C-labeled CH2 sites in polyethylene
the torsion angle. In practice, this dependence can be charac- crystallites, with their chemical-shift principal-axes systems, from Refs.

(31, 32) , and the intervening torsion angle c. According to the invarianceterized by performing numerical spectral simulations as a
of the NMR frequency under simultaneous inversion of two of the principalfunction of the torsion angle, which is the only unknown
axes [see Ref. (15)] , the principal-axes systems (1 *, 2*, 3*) and (1 *,parameter once the chemical-shift tensor orientations have
2 9, 39) are frequency-equivalent. In the trans conformation of crystalline

been established by auxiliary experiments. The one-dimen- polyethylene, as shown in the figure, system (1*, 29, 39) is parallel to
sional search for the best fit to the experimental spectrum, system (1, 2, 3) of the other site, which means that the chemical-shift

frequencies of the two sites are identical.e.g., with a series of 36 simulated spectra with 107 c incre-
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214 K. SCHMIDT-ROHR

the single-quantum spectrum by only a factor of 2 theoreti-
cally, and by an overall factor of 3 to 4 experimentally
(mostly due to T2 decay during the DQ excitation and recon-
version). Since the exchange pattern for a 13C– 13C spin pair
contains only half the intensity, the rest being located on the
diagonal, the double-quantum experiment is not inferior in
terms of sensitivity. In fact, it has a more favorable dynamic
range and fewer artifacts, due to the absence of the over-
whelming, uninformative diagonal ridge which dominates
the exchange spectrum.

The example of all-trans-polyethylene illustrates another
advantage of the absence of the diagonal ridge: For an all-
trans conformation, the tensors of all segments are effec-
tively parallel, as shown for polyethylene in Fig. 3 (31, 32) .
The frequencies are thus all equal, va Å vb , and in the 2D
exchange spectrum, the exchange signal would coincide withFIG. 4. Relation between 2D double-quantum (DQ) spectra (top row)

and 2D exchange spectra with full dipolar decoupling (bottom row). The the diagonal and thus not be observable separately. As a
examples shown are calculated with the chemical-shift parameters of poly- result, the trans–gauche ratio would be nearly impossible to
ethylene (31, 32) . (a) DQ spectrum for a torsion angle c Å 1807 ( trans) . quantify in a 2D exchange spectrum. In contrast, the double-
(b) DQ spectrum for c Å {607 (gauche) . Spectra for 20 values of 2t,

quantum spectrum shows the trans ridge of slope 2, resultingfrom 140 to 2800 ms, were coadded. (c) Exchange spectrum for c Å 1807.
from signals at (va / vb , vb) Å (2vb , vb) and (va /This pattern is indistinguishable from the diagonal part of the exchange

spectrum, which always makes up at least 50% of the integral spectral vb , va ) Å (2va , va ) , which proves the trans conformation
intensity. (d) Exchange pattern for c Å {607. (e) Complete exchange directly.
spectrum for c Å {607, including the diagonal ridge, which dominates the
spectrum and would mask any contribution of c Å 1807. The contour levels,
in 1% increments, range from 2 to 40% of the maximum intensity. Note RESULTS AND DISCUSSION
the similarities between the patterns in (a) and (c) , and in (b) and (d).
As indicated in (a) by arrows, shearing the exchange pattern by 457 along Figure 5 displays one-dimensional 13C spectra for the crys-
the v1 axis produces the double-quantum pattern.

talline fraction of polyethylene labeled with dilute 13C– 13C
spin pairs. Shown in Fig. 5a is a proton-decoupled cross-

v2-proportional shift in the v1 dimension, (v1 , v2) }

(v1 / v2 , v2) , is a definition of the shearing transformation.
It moves the diagonal ( the line of slope unity) in the ex-
change spectrum of Fig. 4c onto the line of slope 2 in the
double-quantum spectrum of Fig. 4a. (Note that expansion
of the v1 axis by a factor of 2, which could also make the
two mentioned lines coincide, is a different transformation.)
Shearing of the exchange pattern for c Å {607 in Fig. 4d
produces the double-quantum pattern of Fig. 4b, apart from
a weak modulation by the double-quantum excitation effi-
ciency g 2(t) .

In the experimental exchange spectra, in addition to the
actual exchange patterns of interest here, there is also a
strong diagonal ridge resulting from signals at (va , va ) and
(vb , vb) . For exchange between the two spins within a 13C–
13C pair, the diagonal contains at least 50% of the integral
intensity. As shown in Fig. 4e, the diagonal ridge is high
and dominates the 2D exchange spectrum because it is much FIG. 5. 1D 13C powder patterns of the crystalline portion of polyethyl-

ene, with 1H decoupling. Spectra of the 13C– 13C-labeled sample (a) withoutless spread out than the exchange signal. Small phase or
homonuclear decoupling and (b) with homonuclear decoupling using thebaseline imperfections of the high diagonal signals can
pulse sequence of Fig. 1b. 13C chemical-shift spectra of unlabeled PE forstrongly interfere with the exchange patterns.
reference: (c) with 63-kHz 1H decoupling and (d) with 80-kHz 1H decou-

The signal intensities of the double-quantum and ex- pling. The spectral width in (b) would be twice as large if real and imaginary
change 2D patterns are comparable. In a double-quantum- parts of the signal could be acquired simultaneously (full quadrature detec-

tion), as is the case on many modern spectrometers.filtered spectrum, the average signal is smaller than that of

AID JMR 1360 / 6j2a$$$$$3 03-21-98 05:04:12 maga



215COMPLETE DIPOLAR DECOUPLING OF 13C

the chemical-shift tensors of the two adjacent methylene
sites are parallel. This is a characteristic of a trans conforma-
tion, and consistent with the all-trans chain structure in the
crystallites of polyethylene. The corresponding simulation
for c Å 1807 in Fig. 7b displays the same straight ridge. By
contrast, a pattern with an elliptical outline is seen in the
simulation for the gauche conformation c Å {607, Fig. 7c.
The sensitivity of the spectra to the torsion angle, and the
limited overlap of the 2D patterns for trans and gauche
conformations, is apparent. This is a promising starting point
for the analysis of the relatively complex torsion-angle distri-
butions expected in amorphous aliphatic polymers.

The main problem with the application of the double-
quantum technique to aliphatic sites in disordered systems
may be the variability of the chemical shift due to the g-
gauche effect and other conformation-induced factors. In
amorphous aliphatic polymers, this leads to significant
broadening ({4 ppm). To increase the resolution, dipolar
couplings can be exploited to separate overlapping patterns.
Several applications and extensions of the double-quantumFIG. 6. Series of 1D spectra of 13C– 13C-labeled polyethylene with ho-
technique are currently being explored in our laboratory.monuclear decoupling and chemical-shift scaling, using the pulse sequence

of Fig. 1c. The carrier frequency is in the middle of the spectral range
shown (dashed line) . (a) Unscaled, tdw Å t Å 67 ms; (b) tdw Å 62 ms; (c) CONCLUSIONS
tdw Å 46 ms; (d) tdw Å 30 ms.

We have presented a solid-state NMR multiple-pulse se-
quence for measuring chemical-shift spectra of pairs of 13C-
labeled sites, without interference by the 13C–13C or 13C–polarization spectrum, exhibiting multiple shoulders due to
1H dipolar couplings. Combined with double-quantum evo-the 13C– 13C dipolar coupling and Ç20% of natural-abun-
lution, the new sequence yields very simple and distinctivedance background signal. A much simpler, regular powder
2D powder patterns, from which the torsion angle character-spectrum, Fig. 5b, is obtained by the full dipolar decoupling
izing the conformation of the labeled sites can be determined.sequence of Fig. 1b. The spectrum is free of zero-frequency
The technique introduced here will be the basis of variouspeaks and incomplete-quadrature artifacts that otherwise re-

strict the useful spectral range in multiple-pulse spectra. The
observed lineshape is similar to the 13C spectra of unlabeled
PE (i.e., without the 13C– 13C couplings) , shown in Fig. 5c
and Fig. 5d for different decoupling field strengths.

Figure 6 demonstrates chemical-shift scaling in the fully
dipolar-decoupled experiment, using the pulse sequence of
Fig. 1c. It shows a series of powder spectra of the labeled
PE sample with increasing delay tr and correspondingly
decreasing scaling factor. The fixed frequency v Å 0 is
located in the center of the spectral range shown. Conse-
quently, in addition to the decrease in the width of the pow-
der pattern, linear shifts of the center of gravity and all
features of the spectrum to the center are observed.

The most relevant application of the full decoupling result
is a double-quantum/single-quantum chemical-shift correla-
tion experiment on 13C– 13C-labeled molecules, generated by FIG. 7. Double-quantum spectrum correlating the sum chemical shift

in v1 with the pure chemical shifts under multiple-pulse dipolar decouplingthe pulse sequence of Fig. 2. The experimental 2D spectrum
in v2 . (a) Experimental spectrum of the crystalline portion of 13C– 13C-obtained for our 13C– 13C-labeled polyethylene sample is dis-
labeled polyethylene, obtained with the pulse sequence of Fig. 2. Signalsplayed in Fig. 7a. It shows a simple pattern consisting of a
for eight double-quantum excitation delays, 2t Å 140, 280, . . . , 1120 ms,

straight ridge of slope 2 (v1 Å 2v2) . In other words, for all were coadded. (b) and (c) Corresponding simulations for (b) trans and
segments va / vb Å 2va Å 2vb , and thus va Å vb . This (c) gauche (c Å {607) conformations. The 2D patterns for the two confor-

mations are simple and distinct.proves directly, without requiring a spectral simulation, that
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