
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Transverse Dephasing Optimized Solid-State NMR Spectroscopy
G. De Pape, N. Giraud, A. Lesage, P. Hodgkinson, A. Bckmann, and L. Emsley

J. Am. Chem. Soc., 2003, 125 (46), 13938-13939• DOI: 10.1021/ja037213j • Publication Date (Web): 23 October 2003

Downloaded from http://pubs.acs.org on March 30, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 17 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja037213j


Transverse Dephasing Optimized Solid-State NMR Spectroscopy
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Solid-state NMR spectroscopy is becoming a powerful tool to
characterize a range of molecular systems as diverse as inorganic
oxide glasses through plaque-forming protein systems.1 The primary
limitation to the application of solid-state NMR to more complex,
or less concentrated, systems is sensitivity. This limitation is par-
ticularly acute for the multidimensional experiments that are the
cornerstone of all the spectral assignment and structure determi-
nation methods. Sensitivity is routinely improved by cross-pol-
arization and by spin decoupling, which concentrates the intensity
into a narrow resonance. In many solids, however, decoupling only
improves resolution and sensitivity up to a point where the remain-
ing line width is dominated by susceptibility effects or chemical
shift distributions.2,3

Here we show that even once the limiting line width has been
reached, decoupling sequences continue to act strongly on the
transverse dephasing times that determine the sensitivity of many
multidimensional or multipulse experiments. We show that we can
actively develop decoupling sequences that increase the coherence
lifetimes in solids by up to a factor of 2. We then implement trans-
verse dephasing optimized NMR for the disorded solid cellulose
and for a microcrystalline protein, where we obtain sensitivity
improvements of up to a factor of 5 in INADEQUATE spectra.

Figure 1a shows the resolution obtained using different hetero-
nuclear decoupling sequences for powdered [13C-2]glycine. We note
that there is a remarkable improvement from continuous wave (CW)
decoupling compared to the three more sophisticated schemes,
SPINAL64,4 TPPM,5 or eDROOPY,6 but that there is only a very
small (almost negligible) difference in line width (and the corre-
sponding decay timeT2

/) observed between the three latter se-
quences. Thus, one may think that the limit for decoupling has been
reached in these organic systems.

In many solid-state NMR experiments, however, the preparation
and mixing periods employ effective Hamiltonians that refocus
linear interactions, and the relevant time constant is the coherence
lifetime (T ′2). This is true in most dipolar recoupling experiments,
notably REDOR,7 as well as for experiments utilizingJ couplings
for coherence transfer.8,9 We have recently observed large differ-
ences in these coherence lifetimes measured in MAS experiments
using different decoupling sequences.10 To understand this differ-
ence betweenT2

/ and T ′2, we consider the three contributions to
residual broadening: (i) broadening due to transverse relaxation
induced byincoherent motions,analogous to liquid-state NMR,2

and by possible fluctuations in the proton dipolar network; (ii)
broadening due tocoherent residualsarising from the incomplete
averaging of the dipolar interactions by magic-angle spinning and
decoupling; and (iii) broadening due todistributions of chemical
shifts arising from disorder,B0 inhomogeneity, or magnetic
susceptibility effects.3 These three terms may contribute very

differently to NMR experiments. If we consider the effect of aπ
pulse on the terms described above, the first term is unaffected,
the second term may behave in a less predictable manner, and the
third term is completely refocused.9,11 As the first term (incoherent
residuals) is expected to be extremely small in most solids, we
expect the second term (coherent residuals) to dominate coherence
lifetimes in solid-state MAS experiments. This is confirmed in
Figure 1c, where we show the results of a spin-echo measurement
for the sample of glycine, with a significant increase in coherence
lifetimes on going from CW decoupling to either TPPM or SPINAL.

As a consequence of these observations,it should be possible to
deVelop decoupling pulse sequences specifically to increase coher-
ence lifetimes, either through analytical or semianalytical ap-
proaches13 or by using the direct spectral optimization approach
that we recently introduced.6 In the latter approach, an iterative
cycle is implemented on the spectrometer in which the response of
the spin system is refined with respect to an ideal target. Previously,
this target was simply the intensity of the peak in the normal 1D
spectrum. But this approach can be adapted to obtain longer
coherence lifetimes if the optimization is carried out on the peak
intensity after a spin-echo. We have implemented this procedure
(with τ ) 15 ms) using a pure phase modulation with the formφ

) a cos(ωct), and the optimized parameters under the experimental
conditions used to record the data shown in Figure 1 were found
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Figure 1. R-13C resonance in [13C-2]glycine recorded on a Bruker Avance
500-MHz spectrometer using four different decoupling schemes is shown
in (a) with ω1

H ) 80 kHz,ωr ) 10 kHz. TPPM was implemented withâ
) 158° and φ ) 15°. SPINAL is described in ref 4. The eDROOPY
sequence is described in the text. (c) The transverse dephasing curves for
the same sequences obtained using the simple spin-echo acquisition
procedure shown in (b). The pulse sequences and phase cycles used in this
work are available on our Web site12 or upon request.
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to bea ) 16.6° andωc ) 97.2 kHz. (A range of eDROOPY par-
ameters for different conditions is given in the Supporting Informa-
tion.) The optimized sequence proVides coherence lifetimes nearly
a factor of 2 longer than the existing sequences (Figure 1c),
although there isVirtually no difference in the 1D spectra. Notably,
a CH2 refocused line width as small as 7 Hz was measured using
eDROOPY.

The effect of using decoupling sequences with optimized
coherence lifetimes is shown in Figure 2 for a sample of 10% fully
carbon-13-enriched cellulose.14 The figure shows only a very small
difference between 1D spectra recorded using CW and those
recorded using the eDROOPY sequence derived for these conditions
using glycine, since the spectrum is dominated by broadening due
to structural disorder. However, there is a spectacular difference
in sensitivity in 2D refocused INADEQUATE spectra9 recorded
using the two schemes. Under these conditions, transverse dephasing
optimized eDROOPY provides nearly a factor of 5 improvement
in the sensitivity of the spectrum.

Similarly, Figure 3 shows the effect on microcrystalline Crh, an
85-residue protein involved in carbon catabolite repression inBacil-
lus subtilisfor which solid-state chemical shifts were assigned re-
cently.15 In this case, under moderate acquisition conditions, we
see an average increase in sensitivity of over a factor of 2, with
maximum enhancements of up to a factor of 5. Notably the CR,Câ
cross-peaks and cross-peaks between side-chain carbons are very
significantly enhanced. Even the correlations with the non-pro-
tonated carbonyl resonances are increased typically by a factor
around 1.5. In this case,the refocused line widths for the solid are
actually narrower than those obtained in solution for the same
protein.

In conclusion, we have shown how the residuals that contribute
to transverse dephasing times in solids can be coherently controlled,
and that new decoupling schemes can be obtained which optimize
coherence lifetimes. These schemes provide substantial sensitivity
improvements. The methods are applicable to almost all types of
samples and have been demonstrated on a disordered polymer sys-
tem as well as a microcrystalline protein. The approach will yield
improvements to most multipulse or multidimensional NMR exper-
iments, including popular experiments such as REDOR7 (where

the REDOR curves will be extended in time and thus permit a more
reliable measurement of longer distances), RFDR,16 J-spectrosco-
py,17 or any experiment where longer coherence lifetimes lead to
better data.
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Figure 2. 1D 13C CPMAS spectra of 10% [13C]cellulose from wood
obtained with (a) CW and (b) transverse-dephasing-optimized (TDOP)
eDROOPY decoupling. Two-dimensional refocused INADEQUATE spectra
are shown in (e) and (f) for the two decoupling sequences, and (c) and (d)
show traces through the spectrum taken parallel to F2 at 137 ppm. The
spectra were acquired with a 4-mm double-tuned CPMAS probe with a
full rotor and with 160 scans for each of 256 increments int1, with ω1

H )
100 kHz,ωr ) 12.5 kHz. The eDROOPY sequence was optimized at values
of a ) 33.5° andωc ) 110.3 kHz.

Figure 3. Aliphatic region of the 2D refocused INADEQUATE spectra
of microcrystalline Crh, acquired with TPPM (left) and transverse-
dephasing-optimized eDROOPY decoupling (right), with a 4-mm double-
tuned CPMAS probe with a full rotor and with 64 scans for each of 700
increments int1, with ω1

H ) 75 kHz,ωr ) 10 kHz, andT ) -10 °C. The
eDROOPY sequence was optimized to have values ofa ) 18.3° andωc )
86.4 kHz. Below the 2D spectra are traces taken for two (typical) different
residues at the frequencies indicated by arrows. The enhancement factors
obtained with eDROOPY are indicated.
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