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FIG. I. First- and second-order frequency shifts of the Zeeman levels of a spin-i nucleus due to the 
interaction of the nuclear quadrupole moment with the local electric field gradient in a crystallite. The 
central transition is not effected by the first-order effects, but is shifted in second-order leading to a broad 
line when summed over all orientations of crystallites in a powdered sample. 

aged by MAS (9, IO) or by spinning at angles other than the magic angle (II), but 
the line remains broad in comparison to the results from spin-4 nuclei. 

An example of second-order quadrupolar broadening is shown in Fig. 2, where the 
static spectrum observed for the central transition of the sodium-23 (I = i) resonance 
in polycrystalline sodium oxalate ( Na2C204) has a width of approximately 13 kHz. 
Under MAS the line narrows, with a residual second-order linewidth on the order of 
4 kHz as shown at the bottom in Fig. 2. Since there is only one distinct type of sodium 
site and no overlapping resonances, the quadrupolar parameters are easily obtained 
by computer simulation, yielding e2qQ/h = 2.5 MHz and 7 = 0.7 for the quadrupolar 
coupling constant and asymmetry parameter, respectively. In the case where there 
are several similar sites in a sample, overlapping patterns in both the static and the 
spinning spectra make such an analysis difficult. 

Since the second-order interaction is inversely proportional to the static magnetic 
field strength, resolution can be increased by working in higher magnetic fields (12), 
but in some cases fields in excess of 25 T might be necessary. An alternative solution 
is to average the higher-order effects by removing the constraint of spinning about a 
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FIG. 2. Static and magic-angle spinning (MAS) spectra of the central transition for the sodium-23 reso- 
nance in polycrystalline sodium oxalate. The static spectrum shows a second-order powder pattern caused 
by quadrupolar interactions, further broadened by homonuclear dipole-dipole couplings and chemical- 
shift anisotropy. In the MAS spectrum, spinning sidebands appear at the rotor frequency, vTDt = 4.5 kHz, 
and the resonance is narrowed by a factor of approximately three. 

single axis. Indeed, in recently proposed techniques (13-15) the spinner axis under- 
goes a time-dependent trajectory with respect to the external magnetic field. Double 
rotation (DOR) involves continuously moving the axis of a rotor in a cone, whereas 
dynamic-angle spinning (DAS) employs evolution at discrete orientations of the 
spinner axis ( 16, 17). Preliminary results have demonstrated the promise of both 
DOR and DAS for oxygen- 17 in solids ( 18). 

In this paper we expand upon the DAS results of Ref. ( 18)) including a brief discus- 
sion of the necessary theory and some details about experimental design and imple- 
mentation. Experimental results from sodium-23 and oxygen- 17 nuclei in inorganic 
solids illustrate the averaging of second-order quadrupolar interactions in both one- 
and two-dimensional NMR experiments. 

BRIEF REVIEW OF DAS 

Consider a spin Hamiltonian consisting of Zeeman and quadrupolar terms in high 
magnetic field: 
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02?=02?z+6zQ. [II 
The isotropic chemical shift is included in the Zeeman term, 

62Tz = -y( 1 - O&)Bo1z = WLI& 

where wL is the Larmor frequency. 

[21 

In an interaction picture rotating about the laboratory z axis at oL, the quadrupolar 
Hamiltonian is rendered time dependent, and coherent averaging theory (19, 20) is 
utilized to obtain corrections to the Zeeman energy levels. The first-order corrections 
to the transition frequencies are calculated by averaging the interaction Hamiltonian 
over one Larmor period. For a spin with a principal axis system (PAS) related to the 
laboratory axis system by the Euler angles (a, fi, 7)) the correction to the transition 
frequency between the m and m - 1 Zeeman levels is 

where 

w$+,-, = (m- ~)w,[~cos*~- 4 - i7.rsin2Pcos20r], [31 

3 e*qQ 
OQ= 21(21- l)h 

and 7 is the asymmetry parameter for the quadrupolar interaction. 
For m Z 4 the transition frequencies for the crystallites in a powder are often dis- 

tributed over a large range of values, making the resonance broad and difficult to 
detect. Using radiofrequency pulse amplitudes much less than the quadrupolar fre- 
quencies, we may restrict our attention to the central ( 1 ++ -i ) transition, which is 
not broadened or shifted by first-order effects. The next approximation, involving the 
commutators of the time-dependent quadrupolar Hamiltonian with itself at different 
times, may be calculated analytically ( 10). The result is a second-order powder pat- 
tern which has distinct singularities and shoulders, as has also been calculated by a 
Rayleigh-Schriidinger perturbation theory approach (21) . 

Substantial line narrowing is accomplished by spinning a quadrupolar sample with 
an angular frequency CO, at an angle 0 with respect to the external magnetic field. In 
the limit that CO, 4 wQ 4 wL the second-order contribution to the central transition 
frequency for an arbitrary crystallite is (22, 23) 

(2) w1/2*-1/* = wi’s’o’ + 2 Al(a)‘, /3’)Pl(COSO). [51 
1=2,4 

The isotropic shift due to second-order quadrupolar effects is 

w is0 (*)=+[I(I+l)-~](l+~~*). 

The A/( CK’, P’) terms in Eq. [ 5 ] describe the anisotropic contributions, dependent on 
the Euler angles ( CY’, p’) describing the transformation between the quadrupolar PAS 
and the rotor axis system. The dependence on the rotor orientation with respect to 
the external field is given by the second- and fourth-order Legendre polynomials; 
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P,(cos8)= $(3cos28- 1) [71 

P,(cos8)= 9(35 cos4e - 30cos28+ 3), [81 
which are sketched in the top part of Fig. 3. 

Normal MAS amounts to setting 0 = 0 (‘I, where P2 (cos 0 (2)) = 0. Line narrowing 
of up to an order of magnitude may be obtained, but an anisotropic powder pattern 
remains due to the P,(cos 6) terms. Although angles (J(4) exist where P,(cos Oc4)) 
= 0, there is no angle at which both P,(cos 0) and P4( cos 0) vanish. 

An alternative to MAS is to make the angle 0 time dependent by moving the spin- 
ning axis so that over the time of the experiment ( T) the anisotropies are averaged 
away. Employing a distribution of angles described by the weight function W( 6)) we 
require that for I= 2 and I = 4 

(P,(cose)) = s P,(cos e)w(e)de = l’P/(cos A(t))dt = 0. 191 

A number of solutions have been calculated, including “double rotation” and linear 
or cosinusoidal sweeps of the angle between two extremes, 0, and e2 (13-15). For a 
linear sweep possible solutions (0,) 0,) are ( 19.05”, 99.19”) and ( 11.96”, 137.40”). A 
cosinusoidal sweep, where 0(t) = 19~ - (& - 0r )cos at, has solutions (23.27”, 117.37”) 
and (27.38”, 90.10”). Double rotation corresponds to cos d(t) = cos 8(2)cos o(4) 
+ sin 6’ (2)sin 0 (4)cos at; i.e., a spinner moves in a cone with half-apex angle 0 (4) (0 (2)) 
about the axis of another spinner inclined at 13 (2) (0 (4)) with respect to the external 
magnetic field. In DAS a set of Ndiscrete angles are found such that 

N N 

c P2(cos BJX; = c P4(cos Bj)X[ = 0, [lOI 
r=l i=l 

where xi is the fraction of time spent at each angle. Consider now the minimal DAS 
solution, that is, when N = 2. Defining Ti as the amount of time spent at each angle, 
and k as the ratio of the time spent at 13~ to that spent at dl, or k = TJT, = x2/x1, 
there is an infinite number of solutions (0,) 02, k) such that 

P,(cos 0,) = -kP,(cos 0,) 1111 

P,(cos 0,) = -kP,(cos 0,). [=I 

We call the sets of 0r and O2 pairs of DAS complementary angles. The valid solutions 
are shown graphically in Fig. 3, where the fraction of time spent at each of the two 
angles is found along the ordinates of the bottom graph. 

Figure 4 shows simulated spectra for several pairs of complementary angles. For 
example, when x2 = x1, k is equal to unity and the solution is 8, = 37.38” and 02 
= 79.19”. Clearly, for each value of the parameter v the two spectra are mirror images 
about the isotropic shift. For values of k other than unity the spectra also appear as 
mirror images, now with a scaling factor k. For each spinning angle Bi there is an 
isotropic and anisotropic frequency contribution for each crystallite. The isotropic 
shift 3 wJ2) ISO 2 is the same for every orientation of the quadrupolar PAS in the sample, 
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FIG. 3. Top: Functional forms of the second- and fourth-order Legendre polynomials (Eqs. [7] and 
[ 81). The magic angle, 0 (2), is a root of the equation Pz( cos oc2’) = 0. Bottom: The solutions to Eqs. [ 1 l] 
and [ 121 presented graphically, with the corresponding fractions of the evolution time spent at each angle 
along the vertical angles. As an example, when k = 1 the fraction of time spent at each angle is 0.5, and the 
solutions are 0, = 37.38” and o2 = 79.19”. 

while the anisotropic term depends on both the crystallite orientation and the spin- 
ning angle Oi, which we write w,,iso,i ( OL’, p’, Bi). The two angles in a DAS experiment 
are chosen to be complementary, so that 
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FIG. 4. Calculated second-order patterns obtained with rapid sample spinning for various values of the 
spinner axis angle and the asymmetry parameter (n) of the quadrupolar interaction. The paired angles are 
solutions to Eqs. [ 1 I] and [ 121 for various values of k. The first pair corresponds to the shortest time at 0, 
when k = 5. The second (the zeros of P,(cos 17)) has k = 1.87, while the third is the experimentally demon- 
strated k = 1 case. The final pair, where the sensitivity of the experiment is a maximum for a coil moving 
with the sample, has k = 0.8. 
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~aniso,l(~‘~ P’, 01) = -k%niso,2(a’~ P’, O2), [I31 
and a DAS experiment is designed to cancel the anisotropic contributions for all 
crystallites in a sample. Of course DAS also averages the chemical-shift anisotropy. 

A DAS experiment might therefore proceed as follows: Allow the spin system to 
evolve under all couplings in the Hamiltonian for a time r1 while the sample spins 
about an axis at angle 0i, and then flip the axis to angle e2. At an evolution time tl 
= 7 1 + k~i the anisotropic part of the interaction will refocus in an echo (24) corre- 
sponding to refocusing of the anisotropic frequencies. The amplitude at the point of 
echo formation evolves only under the isotropic frequency shifts due to chemical 
shielding (+ra,,Bo) and isotropic second-order quadrupolar ( u:$,‘) interactions. Ex- 
periments are performed at a convenient set of angles (0,) 19,) from Fig. 3 with division 
of the evolution time prescribed by the corresponding k value, that is, 72 = k7,. 

As described in more detail in the following section, one may imagine performing 
variations of DAS as one- or two-dimensional experiments. In the one-dimensional 
case, the magnetization is sampled only at the echo maximum, where the amplitude 
evolves under the isotropic couplings as the evolution time is increased. In a two- 
dimensional experiment, there are two periods of evolution, ti and t2, during which 
the spins evolve under two different Hamiltonians. A two-dimensional Fourier trans- 
formation produces a spectrum showing correlations of the frequencies in the two 
dimensions. In the DAS experiments described here the first time dimension is the 
high-resolution evolution under the isotropic shift terms only, while the second di- 
mension encompasses the decay of the echo from the point of refocusing. This allows 
a correlation of the high-resolution isotropic resonances with the powder patterns 
obtained in variable-angle spinning experiments at the second spinning angle. 

EXPERIMENTAL 

Experiments were performed at 9.4 T corresponding to a sodium-23 resonance 
frequency of 105.84 MHz and an oxygen- 17 resonance frequency of 54.24 MHz. 

DA,!? probe. The flipping probehead (Fig. 5) was fabricated with Vespel, Delrin, 
and alumina parts, the choice of materials being dictated by their light weight, dura- 
bility, and ease of machining as well as a history of performance in MAS applications 
( 17, 25). An important feature of this design is that the coil is wrapped around the 
stator and is moved along with the spinning axis. This increases the filling factor 
compared to the alternative of a coil mounted externally to the stator body. 

The stator body is coupled to a stepping motor at the base of the magnet with a 
Kevlar string, which is fastened to pulleys on the motor shaft and stator body and 
tightened with nylon turnbuckles. The motor is fully programmable, and a flip from 
8i = 37.38” to 13~ = 79.19” occurs in 36 ms. Instruction sets for the motor are stored 
in the motor controller, and the flipping is triggered by TTL-level pulses from the 
pulse programmer. With controller feedback from an encoder attached to the motor, 
precise movement during the hop and reproducible values of 8, and e2 for the experi- 
ment are accomplished. 

An important element in these experiments is the control of the angles, and the 
best angular reference available spectroscopically is the magic angle, 0 c2), where 
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FIG. 5. Two cross-sectional views of the DAS probehead, illustrating the spinner mechanism, dual air- 
delivery systems, and mechanical axis flipping assembly. 

P2( cos 0 (‘1) = 0. The magic angle was set in the sodium-23 experiments by maximiz- 
ing the rotational echoes in a bromine-8 1 FID from solid KBr, which was packed in 
the sample spinner along with the powdered solids. The proximity of the bromine- 
8 1 resonance frequency to that of sodium-23 makes this a reasonable choice for an 
angular standard. For the oxygen-17 experiments the deuterium resonance in par- 
tially d&crated 1 ,Cdimethoxybenzene was used. After the spinning axis is set to the 
magic angle, the motor is moved to 0, , and the number of steps necessary to reach 6$ 
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FIG. 6. Radiofrequency pulse sequence, rotor axis orientation relative to an external magnetic field along 
the z axis, and phase cycling used in the DAS experiments. All pulses are selective 90” pulses calibrated at 
the particular orientation angle. 

is also calculated. Nominal motor resolution of 0.36” was obtained using a 1000 step 
incremental encoder and a 100 step motor with 1 / 16th of a step microstepping capa- 
bility, leading to comparable angular resolution in the stator position due to a 1: 1 
pulley ratio. 

Pulse sequence andphase cycling. Figure 6 shows the sequence of pulses and phases 
needed to perform the DAS experiments. All pulses are selective 90” pulses calibrated 
at both 19~ and o2 on the central transition of the quadrupolar nuclei. For a spin I 
nucleus this should be 1 /(I + f ) times the 90” pulse time for the full set of 1 Am ] = 1 
transitions (26), i.e., that found in a nucleus with no quadrupolar coupling due to 
high crystal symmetry such as sodium-23 in solid NaCl. In the sodium-23 experi- 
ments the 90” pulse times were 6.2 ps at 8i and 4.1 ps at f&. Comparison of the 90” 
pulse time for a sample of solid NaCl to that of a quadrupolar sample verified the 
selective irradiation on the central transition of the quadrupolar nuclei. In the oxy- 
gen-17 experiments the 90” pulse times were approximately one-third of those in a 
sample of liquid H2170, and were calibrated at 10.3 ps at 0, and 6.8 ps at &. 
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TABLE 1 

Time Development of the Reduced Density Matrix during a DAS Experiment 
in Each of the Eight Experiments of Fig. 6 

Expt P(l+) P(Td p(storage) d3+) P (6 = 71 + 2) 

1 -4 -I,cos W,T, + I,sm 0~7, -I,cos 017, +I,cos w,7, +I,cos q~,cos t.q2 ~ I,cos w,~,sin ~~7~ 
2 -4 -I,cos ~~7~ + Igin 0~7, -I,cos w,7, -I,cos w,7, -I,cos w17,cos up2 + I,cos w,r,sin ~~7~ 
3 +4 +I,cos W,T, - I,sm 0~7, +r,cos w,7j -I,cos W,T, -I,cos ~~7~~0s 0~7~ + I,cos q7,sin wg2 
4 +4 +I,cos w,7, - I,sin w,7, fIzCOSW,+, +J,cos w,7, +I,cos q7,cos wg2 - I,cos w,rl sin w2+> 
5 +I, +I,cos ~~7, + I,sm 0~7, +I,sm ~~7, -I,sin q7, -I,sin w,~,cos ~~7~ + Igin w,r,sin ~~7~ 
6 +I, +I,cos W,T, + I,sm w,7, +I,sin ~~7, +I,sin ~~7~ +I,sin 0~~7~~0s wg2 - I,sin w,r,sin wg2 
I -1, -I,cos W,T, - Igin w,7, -I,sm W,T, +I,sin w,7, +I,sin w,~~cos w27* - I,sin w,slsin ~~7~ 
8 -1.X -I,cos w,7, - Igin w,7, -I,sin W,T, -I,sin w,7, -I,sin q7,cos ~~7~ + I,sin w,~,sin by2 

Note. pi = wise + C al,Br w,,~~~(o~‘, p’, Bi); wiSO = ycriSOBO + $2 (see Eq. [6]). The equilibrium state before 
each sequence is p(O) = Z,, and the notation p(n’) signifies the density matrix immediately following the 
nth pulse. 

To begin an experiment, the sample is set spinning at a frequency of approximately 
3 kHz about an axis inclined at an angle 0, with respect to the external magnetic field. 
The first 90“ pulse, with phase 4,) brings the equilibrium magnetization from the 
central transition down into the xy plane where it evolves under chemical-shift and 
second-order quadrupolar interactions for a length of time TV. The second pulse with 
phase 4 2 stores a particular component of this evolved signal along the static magnetic 
field while the probe flips from 0, to OZ. 

Storage of the magnetization, as described by Maciel and co-workers ( 16) in their 
magic-angle hopping experiments, is necessary to quench the evolution of the magne- 
tization during the axis flip. Since only one of the two orthogonal components of the 
magnetization in the xy plane may be stored during each flip, the quadrature data as 
a function of evolution time must be collected separately. Although only two experi- 
ments are needed to fully reconstruct the echo, we also phase cycle to cancel any 
residual xy magnetization after the third pulse. This makes it necessary to perform 
eight experiments for each value of the evolution time. 

Following the axis flip, the stored magnetization component is returned to the xy 
plane with a pulse of phase 4 3 and, after a time 72 = k7, determined by the choice of 
angles, a component of the full second-order flipped echo refocuses in the xy plane. 
At this time, one point may be accumulated with quadrature detection and added to 
the x and y data buffers according to the receiver (detection) phase. Calculating the 
resulting signal after the eight phase-cycled experiments, it is found that the magne- 
tization as a function oft, = 71 + r2 indeed yields a second-order quadrupolar echo. 
Tables 1 and 2 supply the details of the calculation. 

Experiments are performed in either of two ways: ( 1) as one-dimensional experi- 
ments with the digitization of only the points at the refocusing of each echo as a 
function of the evolution time or (2 ) as two-dimensional experiments with incremen- 
tation of the evolution time tl = 7, + r2 for the first dimension and accumulation of 



DYNAMIC-ANGLE SPINNING OF QUADRUPOLAR NUCLEI 481 

TABLE 2 

The Magnetization Measured in Each of the Eight 
Experiments of Fig. 6 

Expt x buffer 

1 +cos W,T,COS w*7* 
2 +cos W,T*COS wz72 
3 +cos W,T,COS w*72 
4 +cos w,7,cos w*7* 
5 -sin w,7, sin ~~7~ 
6 -sin wr7, sin ~~7~ 
7 -sin wr7, sin ~~7~ 
8 -sin wr7, sin ~~7~ 

y buffer 

fcos W,T, sin w27* 
fcos W,T, sm ~~7~ 
fcos W,T, sin w27a 
fcos W,T, sin ~~7~ 
fsin w,7,cos ~~7~ 
+sm ~,7,cosw~7~ 
+sin w,~, cos ~~7~ 
+sin ~~7, cos ~~7~ 

Sum 4 COS(W,T, + w272) 4 sin(w,T, + ~~7~) 

Note. The relative phase for addition to the data buffers is cho- 
sen by the detector (receiver) phase in the pulse program. Note 
that ~~7, + ~~7~ = wi,f, (see Eq. [13]) resulting in a second- 
order quadrupolar echo whose maximum evolves at the iso- 
tropic frequency only. 

the full FID following the echo maximum at t2. Examples of each of these approaches 
will be presented. In case (2), two-dimensional correlation spectra are obtained 
where the F, dimension reveals the isotropic shift observed for each of the second- 
order lineshapes at & appearing in the F2 dimension. 

Frequency (Hertz) 

FIG. 7. Superimposed sodium-23 spectra of Na2CZ04 with sample spinning at the two angles used in the 
DAS experiment with k = 1. The zero on the frequency scale is the point of intersection ofthese two spectra 
and corresponds to the experimentally determined isotropic shift frequency from the DAS experiments. 
The spinning speed in each is 4.5 kHz. 
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(a) FID 

(b) Echo 
FIG. 8. (a) The free induction decay of the magnetization in the central transition of NazS04, which 

begins directly after a 90” pulse, decays in time during the 640 ~LS scan shown. (b) Second-order quadrupo- 
lar echo of transverse magnetization in the flipped axis experiments of Fig. 6, reconstructed from the eight 
experiments as explained in Tables 1 and 2. The time scale is the same as in (a), but begins 180 KS before 
the echo maximum, which occurs at t, = 1 ms. 

RESULTS 

Spinning around a jixed axis. The static powder pattern and MAS spectrum of 
sodium-23 in Na2C204 were shown in Fig. 2. In Fig. 7, spectra from samples spinning 
at complementary angles 19~ = 37.38” and &, = 79.19” display the reflection symmetry 
expected from Eqs. [ 1 I] - [ 131, and the simulations of Fig. 4. This is a convenient set 
of complementary angles for a DAS experiment, since k = 1 and the two evolution 
periods leading to the echo are equal. At these angles there is additional broadening 
of the specta due to homonuclear dipole-dipole interactions and chemical-shift an- 
isotropy. 

Second-order quadmpolar echo. Consider the experiment illustrated in Fig. 6 with 
a sample of polycrystalline sodium sulfate (NazS04; e2qQ/h = 2.6 MHz, r = 0.6), 
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FIG. 9. One-dimensional DAS spectrum of Na2C204. The eight-part experiment of Fig. 6 was repeated 
four times for each of 256 points in t,, with a At of 8 PLS, resulting in a spectral width of 62.5 kHz. The scale 
has been expanded to 20 kHz, and sidebands occur at half of the rotor frequency, as explained in the text. 

an axis flip from 0, = 37.38” to & = 79.19”, and evolution times 71 = r2 = 500 ps. 
After the first pulse, while the sample is spinning at 0i, the magnetization evolves at 
the frequencies in the 19~ spectrum of Fig. 7. An oscilloscope trace of the decay of the 
signal is shown in Fig. 8a. After 500 ps, a second pulse is applied to store a component 
of the magnetization. After the flip to /$, another pulse restores this component of 
the magnetization, which now evolves under the influence of the frequencies of the 
ti2 spectrum in Fig. 7. The result is that the anisotropic frequencies cancel, and a full 
echo may be reconstructed after eight experiments, as shown in Fig. 8b. At the echo 
maximum, centered at t, = pi + r2, only the isotropic frequency evolution remains. 
The echoes indicate the refocusing of first-order effects (e.g., chemical-shift 
anisotropy) and second-order quadrupolar broadening. Due to spin diffusion during 
the storage of magnetization components, the dipole-dipole couplings are not com- 
pletely refocused and this limits the resolution in DAS experiments. Thus DAS is 
likely to be most applicable to dilute spins. 

Sodium-23 DAS results. The DAS experiment with k = 1 is performed with a set 
of evolution periods t, , incremented by simultaneously changing 71 and 72 by a short 
time At, on the order of 10 to 100 ps. The effective bandwidth in the high-resolution 
spectrum is 1 /aAt. Sodium-23 results have been obtained on both Na2C204 and 
Na2 S04, and they are presented here in the form of one- and two-dimensional experi- 
ments to illustrate the information content of each. 

In Na2C204, the echo amplitudes were digitized in quadrature and the resulting 
FID in tr was Fourier transformed to produce the one-dimensional spectrum of Fig. 
9. This high-resolution spectrum contains one isotropic line, shown at 0 Hz on the 
frequency axis, with a linewidth of 575 Hz. The sideband pattern has a spacing of 1.5 
kHz, which is one-half of the rotational frequency of the rotor. The appearance of 
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FIG. 10. Two-dimensional DAS spectrum of Na,SO, correlating the isotropic shift obtained in the first 
frequency dimension (horizontal) with the lineshape observed in the second dimension while spinning at 
an angle of 79.19”. The off-angle spectrum matches that of the simulations with 9 = 0.6. 

sidebands at half of the rotation frequency is expected since the evolution is divided 
into two periods with a storage of the magnetization between them. This effect is 
similar to that seen in two-dimensional spin-echo experiments (27). 

The spectrum is narrowed by a factor of seven from the MAS results, and the 
isotropic frequency is easily identified from the maximum of the symmetric central 
peak. The oxalate spectra previously shown (Figs. 2 and 7) have been placed on an 
isotropic frequency axis, with the zero point placed at this experimentally deter- 
mined value. 

A two-dimensional DAS power spectrum for sodium-23 in polycrystalline Na2 SO4 
is presented in Fig. 10. The data were taken as a series of complex FIDs in two dimen- 
sions. The t, domain is the sum ofthe evolution times at the two angles (t, = 71 + TV), 
which was incremented by 2At = 20 PS for each tl point. The second time domain 
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FIG. 11. The oxygen-17 static, MAS, variable-angle spinning (at 79.19”), and one-dimensional DAS 
spectra for cristobalite. The single oxygen isotropic shift is at - 16.6 ppm with respect to HZ1’O. 

( t2) is the decay of the echo after the refocusing. The F2 projection, corresponding to 
the spectrum of the FIDs, is the spectrum from the sample spinning with the axis at 
79.19” as expected. In the F, dimension, a narrowed line at the isotropic shift is found, 
along with spinning sidebands. Spectral resolution is determined by sodium-sodium 
dipolar coupling. 

Oxygen-l 7 DAS results. For oxygen- 17, narrower lines are expected, due to weaker 
dipolar interactions. Application of DAS is demonstrated in Fig. 11 for the mineral 
cristobalite ( Si02), enriched to 37% in oxygen- 17. The quadrupolar parameters for 
the one distinct oxygen site are e2qQ/h = 5.8 Mhz and 7 = 0. The isotropic shift has 
been referenced as shifted by - 16.6 ppm from the oxygen-17 resonance in H2170. 
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The isotropic peak is determined by performing the experiment at two different spin- 
ning speeds. 

Comparison to the static, MAS and 79.19” spinning spectra emphasize the infor- 
mation content and resolution enhancement possible with these experiments. The 
linewidth in the DAS spectrum is approximately 200 Hz, while the MAS spectrum 
is difficult to characterize due to the slow spinning speed with respect to the strong 
quadrupolar interaction. The off-angle spinning spectrum points out the utility of 
spinning at an angle other than the magic angle, but the isotropic shift may not be 
directly determined from a peak in the spectrum. 

CONCLUSIONS 

Flipping the spinning axis, combined with RF pulsing and storage of the magne- 
tization, comprises a new family of experiments which provide narrowing of NMR 
resonances broadened by second-order interactions. Resonances in the high-resolu- 
tion dimension are obtained at the sum of the isotropic chemical and isotropic sec- 
ond-order quadrupolar shifts. While, in the sodium-23 systems studied, dipolar inter- 
actions result in a further broadening of the spectral lines, a gain in resolution up to 
seven times that found in MAS experiments has been recorded. Both one- and two- 
dimensional experiments have been demonstrated, with the second dimension pro- 
viding a correlation of isotropic shifts to the second-order broadened patterns ob- 
tained while spinning at the second angle in the experiment. For oxygen- 17, resolu- 
tion of 200 Hz has been obtained in a system with a large second-order quadrupolar 
broadening. A sideband pattern is obtained with a spacing of one-half of the rotor 
frequency since the spinning frequency is much less than the interaction strength. 

The new techniques designed to remove second-order broadening should also be 
useful approaches to problems involving other second-order effects. Particularly in- 
teresting are second-order dipole-dipole (28)) magnetic susceptibility (29)) and di- 
pole-quadrupole (30) interactions. It is also anticipated that with a combination of 
synchronized DAS and multiple-pulse experiments it should be possible to perform 
an experiment analogous to those of Tycko (31,32) in which the truncation induced 
by the large external magnetic field is undone. An advantage of these applications 
compared to the continuous rotations (DOR) is that more complex trajectories de- 
signed to average higher-order interactions should be possible. 
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