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In solution-state NMRresidual dipolar couplinggRDCs) are

_ _ a co CH, b
an important source of molecular structural informatiohThese 1
interactions are introduced by adding weakly orienting media, such 0.5\
as lipid mixtures or bacteriophage patrticles, to the isotropic liquid g f\
phase. The RDCs are manifested as small changes in the splittings i \1/ E

of spectral peaks, which are equal to theouplings in isotropic il 20 )

phase, but which contain a small dipelgipole coupling component c s [lF

in an anisotropic liquid. The magnitude of the RDCs may be

adjusted by changing the anisotropy of the phase. The most i

desirable situation is when the RDCs are large enough to give rise g
-0.5

to significant changes in the peak splittings, but are too small to
cause significant line broadening or strong coupling effects. TR el G o 0 =

In solid-state NMR, magic-angle spinning (MAS) plays a similar PR tims
role to the rapid isotropic rotation of molecules in an ordinary liquid. Figure 1. . 1H'D9C0UPf|91dlsf Nm_"? of ljcz-fglsllgin? ;JgV%_d_ef. aLa S_aI:nple
MAS involves rapid rotation of the sample around an axis that is fnp;g?c'?gnélequsirr‘%n%; (2' d?o\lvithzthaensp?nl’ll?ng e Oﬁs'et(gy:)i"‘g.tzfxad
at the “magic angle"q° = arctan/2 = 54.74) with respectto the  from the magic angle. (a, ¢) Expanded regions of f@&NMR spectrum.
main magnetic field. Sufficiently rapid MAS averages out the (b, d) Spin-echo amplitudes of the #C peak, as a function of the echo
anisotropic nuclear spin interactions, leaving the isotropic chemical durationz. The gray lines are the best-fit analytical forms of the modulation
shifts and theJ-couplings. SmallJ-couplings may be estimated ~ CUVes:
robustly in the solid state by determining the modulation frequency  The solid-state RDC effect is demonstrated in Figure 1, which
for spin echoes induced by a singte pulse, even when the  shows!H-decoupled3C spectra of-3C,-glycine powder. Figure
J-splitting cannot be observed directlySpin—echo modulations 1la shows spectra from a sample spinning at the exact magic angle
in MAS NMR have been used to estimalecouplings in, for with respect to the static field) = 6°. The 13C resonances are
example, organometalliéshydrogen-bonded systerfi$,and the partially split by thel3C—13C J-coupling of 55 Hz. TheJ-coupling
chromophore of a membrane protéin. also leads to a clear oscillatory modulation of the signal amplitude

In this communication, we introduce a solid-state analogue of with respect to the echo duratierof a Car—Purcell echo sequence
the solution-state RDC effect. Solid-state RDCs may be introduced (/2 — & — ©/2), where bothz/2 intervals are always integer
by slightly changing the direction of the spinning axis, so that itis multiples of a rotor period (see Figure 1b).
not at the exact magic angle with respect to the magnetic field. A small change in the spinning anglefio= 6° + A, where the
The solid-state RDCs are manifested as a small perturbation of the*misset” is A = —0.27, barely changes the one-dimensional
spin—echo modulations induced Bycouplings. Significant RDCs  spectral line shapes (see Figure 1c). However, the echo modulation
are introduced even when the spinning angle is only a fraction of curve shown in Figure 1d has a significantly increased frequency,
a degree away from the magic angle. The magnitude of the solid- compared to that in Figure 1b. This frequency shift of the echo
state RDCs may be adjusted simply by changing the deviation of modulation is due to the introduction of a RDC by the axis misset.
the spinning axis from the magic angle. Small axis deviations may Analytical formulas for the echo modulation curves in the case of
be used to obtain RDCs which are large enough to allow the off-magic-angle spinning involve Fresnel integrals and are given
estimation of dipolar couplings, without significantly degrading the in the Supporting Information.
spectral resolution and without introducing strongly coupled spin ~ The dependence of the echo modulation curves on the deviation
dynamics. Furthermore, the estimation of RDCs may be performed A of the spinning angle from the magic angle is explored in more
very robustly by using a straightforward rotor-synchronized-spin ~ detail in Figure 2, which also shows the Fourier transforms of the
echo pulse sequence. This method therefore comprises an alternativeCho decays. For spinning at the magic angle (Figure 2c), the
and a complement to the large classefouplingmethods, which Fourier transform of the echo modulation curves corresponds to a
also provide dipoledipole coupling information under magic- doublet of sharp peaks with a splitting equal to Sheoupling. For
angle-spinning conditions, but which require relatively complicated ©ff-magic-angle spinning, the peak frequencies shift and the doublet

radiofrequency pulse sequences, and encounter complications irfomponents change their appearance. In all cases, the echo
heteronuclear spin systerfrs! modulation curves are described very well by the analytical formula

given in the Supporting Information.
t University of Southampton. Related phenomena involving off-magic-angle-spinning have
* University of Warwick. previously been described for chemical shift anisotropy and
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Figure 2. Spin—echo modulation curves fdfC,-glycine as a function of
echo intervalr (left column) and their Fourier transforms (right column).
The spinning angle misset takes the following values: (a)0.49; (b)
—0.26; (c) 0.00; (d)+0.26; (e) +0.5C°. The gray curves are best fits to
the analytical formula.

40

guadrupole coupling interactioA.'* Dipole—dipole couplings
have been scaled down in liquid crystals by off-magic-angle
spinning, although the physical mechanism is different in that €ase.
In solids, dipole-dipole coupling estimations have been made by
off-magic-angle spinning, in combination with multiple-pulse
sequence¥ 1’ The method described here, in which a simple pulse
sequence is used to probe the perturbatiod-ofodulations by a
small axis misset, has a very different philosophy.

It may seem unlikely that small dipotedipole couplings, which

information of RDCs by executing small-angle jumps in the
spinning angle, possibly monitored by using a Hall effect angle
sensof® This possibility is discussed further in the Supporting
Information.

One of the strengths of the RDC approaches is that the dipolar
coupling information is introduced without breaking the weak-
coupling approximation. Frequency-selective radiofrequency pulses
may therefore be used to isolate individual couplings from a
multiple-spin-coupled network:2°The effect described here may
therefore facilitate the robust estimation of selected -sppin
couplings in multiple-spin systems. Such an approach could play
an important role in solid-state molecular structure determination.
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