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A comparison of high-resolution N M R methods for quadrupolar nuclei is presented. The samples 
studied are pure and modified boron oxide glasses, and the boron N M R spectra are recorded using 
three different experiments capable of high resolution: Double Rotation, Dynamic Angle Spinning, 
and Multiple-Quantum Magic Angle Spinning. Resolution of the similar ring and nonring boron 
sites in these glasses, in the presence of disorder, provides a realistic study of the strengths and 
limitations of these experiments. Conclusions about the relative applicability of these experiments 
in different situations are presented. 

1. Introduction 

The nuclear quadrupole interaction (NQI) reflects 
the coupling between the nuclear quadrupole moment 
and the electric field gradient at the nucleus. The elec-
tric field gradient contains information about the local 
electron distribution, and as such the N Q I is a rich 
source of information on the structure of solid materi-
als. Because the majority of elements in the periodic 
table have non-zero quadrupole moments, measuring 
this interaction precisely is of continuing interest. In 
the present paper we will compare several recently 
developed NMR experiments which can yield such 
precise measurements. The experiments used include 
Double Rotation (DOR), Dynamic Angle Spinning 
(DAS), and Multiple-Quantum Magic Angle Spinning 
(MQ-MAS). 

The results presented here are on borate glasses, in 
particular on boron-11 (spin 3/2, e g = 3.55 x l O ~ 3 0 m 2 ) . 
For this paper our aim was not to show samples that 
give the narrowest possible lines, although the differ-
ences in this quantity between different experiments is 
interesting in its own right; rather we chose samples 
that exhibit some disorder and thereby provide a test 
of the methods under conditions that more accurately 
reflect those typically encountered by solid state scien-
tists. In so doing we present the first applications of 
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D O R and M Q - M A S to borate glasses, and the first 
high-resolution N M R results on potassium borate 
glasses. 

The focus of the paper is a critical comparison of the 
different methods, including both their information 
content and ease of use. In the next section we briefly 
outline the relevant theory, and motivate the different 
methods. Then we discuss in more detail the imple-
mentation of each method, as we have used them in 
our laboratory. We then present results, and discuss 
their use and meaning. Finally we conclude with com-
ments on the relative applicability of the different ap-
proaches. 

2. Theory 

The theory of N M R experiments designed for 
quadrupolar nuclei has been reviewed (see for exam-
ple [1]). Our purpose here is to provide a very brief 
outline, in order to motivate the different experiments 
used. 

If magnetic fields of arbitrarily large strength were 
available, the quadrupole interaction could be fully 
truncated by the Zeeman interaction, and the remain-
ing broadening removed by magic angle spinning. For 
many nuclei, however, existing magnetic fields are too 
weak for complete truncation, and effects that are 
second order in the quadrupole interaction are impor-
tant. This is typically the case for nuclei such as 1 7 0 , 
i r B , etc. The Hamiltonian can be expanded as [2] 

H = HZ + HCS + H^ + H%\ (1) 
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where Hz is the Zeeman Hamiltonian, H^ is the 
chemical shift, and H Q is the quadrupole Hamiltonian, 
expanded with perturbation theory to second order. 
The terms of the quadrupole Hamiltonian take the 
form (in frequency units) 

I 
coz m = i 

# 2 , m # 2 , - m [^2, -m» ^2,ml 

(2) 

(3) 

Here coz is the Larmor frequency and a>Q is the 
quadrupole coupling constant, 

2n(e2 Qq/h) 
2 / ( 2 7 - 1 ) 

(4) 

for a nucleus of spin / and quadrupole interaction 
e2Qq/h. The transformation from the quadrupole 
principal axis frame to the laboratory frame is effected 
by a second rank spherical tensor with components 
R2 m, and the dependence of the quadrupole interac-
tion on spin variables is given by the second rank 
spherical tensor with components T2 m. Both of these 
tensors are described, for example, by Haeberlen [3]. 

Except for the 11, «-• | / , — (central) transition, 
on which it has no influence, the first-order quadru-
pole broadening (Eq. (2)) results in single-quantum 
transitions that are hundreds to thousands of kHz 
wide in typical cases. The first-order broadening can 
be removed by magic angle spinning due to its pure 
rank-2 spatial dependence. This fact is the basis of the 
satellite transition spectroscopy (SATRAS) method 
[4, 5], which allows the resolution of sites with differ-
ing quadrupole interactions. Second-order broaden-
ings (3) remain, however, making lineshape simula-
tions necessary to extract the quadrupole coupling 
and chemical shift parameters. In this paper we focus 
on techniques that remove all anisotropic interactions 
through second order. 

The central transition itself is unaffected by quadru-
pole interactions in first order, but is broadened by the 
second-order term (3). As explained elsewhere [1, 2], 
the tensors in (3) can be recoupled with Clebsch-Gor-
dan series, yielding rank-1 and rank-3 spin tensors 
and rank-0, rank-2, and rank-4 space tensors. The 
rank-0 term gives an isotropic shift due to the quadru-
pole coupling. Measuring this shift accurately is the 
most precise way of determining the quadrupole inter-
action from N M R experiments. 

The spectral broadening of the second order 
quadrupole perturbation term arises from the rank-2 

and rank-4 spatial tensors. These can be modulated by 
rotating the sample during the experiment; the result, 
in the fast spinning limit, is a spatial dependence of the 
form [1] 

a 0 + a 2 (0, <f>) P2 (cos ß) + a 4 (0,0) P4 (cos ß), (5) 

where Pt(cos ß) is a Legendre polynomial of cos ß, 
where ß is the angle between the rotor axis and the 
magnetic field; a0 is a constant; and a2 and a 4 are 
functions of the angles 0 and (p relating the quadru-
pole principal axis system to a rotor-fixed frame. The 
rank-2 spatial dependence P2(cosß) is removed by 
conventional magic angle spinning. The rank-4 term 
prevents MAS from being completely effective for sec-
ond-order quadrupole broadening. 

No single angle ß is sufficient to average (5) to its 
isotropic part. The most direct averaging method is 
Double Rotation (DOR), in which a sample is rotated 
about a continuously moving axis [6-8] . This is ac-
complished by rotating the so-called outer rotor (see 
Fig. 1) about an axis at the usual magic angle (that is, 
where P2(cos ß) = 0) with respect to the magnetic field; 
inside the outer rotor is the sample holder (the inner 
rotor), which rotates independently about an axis in-
clined at an angle with respect to the outer rotor axis 
which is a zero of PA. The pulse sequence used is just 
a simple pulse-aquire, as in conventional magic angle 
spinning. The shifts of the peaks in this experiment 
include contributions from the isotropic chemical shift 
and the isotropic portion of the second order quadru-
pole interaction, and are expressed in ppm as 

J DOR/DAS _ ŷ DOR/'DAS s 
iso — L C S °CS 

4- C DOR,DAS ( ^ j O ß ) 2 I . . 1 
l + y | . ( 6 ) 

for isotropic chemical shift ö c s , quadrupole coupling 
e2qQ/h (in MHz) and asymmetry q, and Larmor fre-
quency v0 (also in MHz). The coefficients are given in 
Table 1, and depend on spin for the quadrupole por-
tion. 

Less direct than DOR, but mechanically easier to 
implement, is Dynamic Angle Spinning (DAS) [9-11]. 
Here the sample rotates about one axis during part of 
the experiment; the axis is then switched to a second 
axis just prior to acquisition. Neither rotation axis 
angle corresponds to zeros of P2 or P4. The axes are 
chosen such that both functions undergo changes in 
sign between the two angles, enabling a refocussing 
during evolution at the second angle of the anisotropy 
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Fig. 1. Sample orientation and pulse sequences used in (a) 
double rotation (DOR), (b) dynamic angle spinning (DAS), 
and (c) multiple quantum magic angle spinning (MQ-MAS). 
In D O R the rotor axis angles are zeros of the second 
and fourth order Legendre polynomials, P2(cosß) = 0 and 
P±(cosß) = 0. For DAS the angles are chosen such that 
P2(cosq>l)=—kP2 (cos (p2) and P4(cos<p,)= — kP4,(coscp2). 
We use <p j = 37.38° and <p2 = 79.19°, for which fc = 1. The DAS 
echo and antiecho form at i ± k t y , and t is chosen large 
enough to ensure acquisition of both echoes for all times t1 
used. In M Q - M A S the isotropic echo forms at k t 1 , where the 
value of k is determined by the spin tensor matrix elements. 
For spin-3/2 it has the value k = 7/9. 

Table 1. Coefficients on the contributions to the isotropic 
shift, (6) and (7), for DOR, DAS, and M Q - M A S of spin-3/2 
and spin-5/2 nuclei. C ^ is the coefficient of the chemical shift, 
and CQ u a d is the coefficient of the second order quadrupole 
shift. 

Spin DOR/DAS M Q - M A S 

DOR/DAS 
^cs 

/-> DOR/DAS 
Quad 

MQ-MAS 
*-cs 

MQ-MAS 
^ Quad 

3/2 

5/2 

1 

1 

— 25 000 

— 6000 

17 
8 
17 
31 

31250 
60 000 

31 

acquired at the first angle. DAS is typically imple-
mented as a two-dimensional experiment, using more 
complex pulse sequences than are used in D O R [12]. 
The peaks in the isotropic dimension of a DAS exper-
iment appear at the shifts given in (6). 

The refocussing in DAS is accomplished using the 
spatial degrees of freedom; it can also be accom-
plished using the spin degrees of freedom, as shown 
recently by Frydman and Harwood [13]. The triple-
quantum transition |7, | > «-• |7, — | ) , like the central 
transition, is unaffected by first-order broadening. In 
a two-dimensional experiment, a triple-quantum co-
herence can be prepared and correlated with the cen-
tral transition, resulting in an isotropic echo similar to 
that observed with DAS. Unlike DAS, however, the 
sample rotates about a single, static axis, conveniently 
chosen to be the magic angle (this variant is called 
multiple-quantum magic angle spinning, or MQ-MAS). 
This experiment then can be performed with standard 
instrumentation [13]. Of the three experiments, it is 
mechanically the most straight-forward, but has the 
most complex pulse sequence due to the extensive 
phase-cycling required. The isotropic peaks in this 
experiment again include contributions from the 
chemical shift and quadrupole interaction, and are 
given by a formula of the same form as (6), 

(7) 

^ M Q - M A S _ £ M Q - M A S ^ ^ M Q - M A S ( g Q A ) + — ^ 

but with different numerical values for the coefficients 
(see Table 1). 

In the following section we describe how these ex-
periments were implemented to study borate glasses. 

3. Experimental Methods 

3.1. Sample Preparation 

Vitreous B 2 0 3 was prepared by dehydrating boric 
acid in a platinum crucible for one hour at 1000°C. 
Glassy samples with natural abundance n B were 
made using high purity (99.9995%) boric acid (Strem 
Chemicals). Samples with boron-10 enrichment were 
made by combining high-purity boric acid enriched to 
97% in 1 0B (Aldrich) with natural abundance boric 
acid. Potassium borate glasses with 90% boron-10 
enrichment were made by fusing the appropriate 
amounts of boric acid and potassium carbonate 
(Strem) at 1000 °C for one hour. The melts were 
quenched by removing the platinum crucible from the 
furnace and cooling briefly in air. The clear glassy 
samples were then powdered and stored under dry N 2 

to minimize absorption of water. X-ray powder dif-
fraction was used to verify the glassy nature of these 
samples. 

(a) A / 30.6° 

(b) A 

/ <P, 

B0 

(c) A 
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3.2. NMR Methods 

Nuclear magnetic resonance spectra were obtained 
using a home-built spectrometer in conjunction with 
an 8.4 T magnet ( 1 1B Larmor frequency of 115.6 MHz). 
All spectra have been referenced to E t 2 0 • B F 3 . Static 
and magic angle spinning (MAS) N M R spectra were 
collected with a single pulse-acquire sequence using 
short pulse lengths, typically 2.4 psec, and repetition 
times on the order of 2 s ( > 5 Tx). The spectra were 
obtained with signal averaging of 64 scans. 

3.2.1. D o u b l e R o t a t i o n N M R 

Double rotation (DOR) N M R spectra of B 2 0 3 glass 
were obtained on natural abundance samples using a 
commerical D O R N M R probe (Chemagnetics). A sil-
icon nitride rotor with approximately 0.2 raL sample 
volume was packed with the powdered glass, and spun 
at values typically in the range of 3 - 4 kHz. The outer 
rotor frequency was chosen between 600 and 750 Hz. 
The sample spinning was stable ( + 30 Hz) for several 
hours. N M R data was collected using a single pulse 
experiment, Fig. 1 a, by averaging 320 acquisitions 
with 1.5 s recycle delay between scans. Several D O R 
N M R spectra were collected at different outer rotor 
frequencies in order to distinguish the isotropic reso-
nances from the spinning sidebands. The data were 
processed using 50 Hz line broadening. 

3.2.2. D y n a m i c A n g l e S p i n n i n g N M R 

Dynamic angle spinning (DAS) N M R spectra were 
obtained using 90% 10B-enriched B 2 0 3 and potas-
sium borate glasses, in conjunction with a commercial 
DAS probe (Doty Scientific). Isotope depletion in 
these samples is necessary to quench spin diffusion, so 
that the magnetization may be stored during the rotor 
switch to the second spinning angle [14,15]. A silicon 
nitride rotor with approximately 0.5 mL sample vol-
ume was packed with powdered sample, and spun at 
a frequency in the range of 5 - 7 kHz. Spinning under 
these conditions was stable for very long times 
( + 30 Hz, multiple days) The rotor orientation and 
pulse sequence for this experiment are shown in Fig-
ure 1 b. 

The pure B 2 0 3 experiments consisted of 160 scans 
at each of 96 delay times, with 3 s between scans to 
allow for proper relaxation. The DAS N M R spectra 
of potassium borate glasses were acquired with 64 
to 128 acquisitions at each of 80 delay values with 

1 5 - 6 0 seconds between scans to allow for full relax-
ation of all sites. The time required to obtain DAS 
N M R spectra under these conditions was approxi-
mately 24 hours for B 2 0 3 and 2 4 - 9 6 hours for the 
modified samples. In all cases the angles <^ = 37.38° 
and = 79.19° were used, with 40 msec for rotor axis 
switching and stabilization at the second angle. For 
this angle pair the echo forms after equal evolution 
time at both angles. The final n pulse is used to ensure 
acquisition of both the full echo and full anti-echo, 
and the data were collected as a hypercomplex set 
[12]. The DAS data was processed by Fourier-trans-
forming the second time dimension, applying a shear 
transformation of 45°, followed by Fourier-transfor-
mation of the first time dimension and scaling of the 
corresponding frequency axis by 1/2 (see [12, 16]). All 
DAS N M R data were processed without smoothing. 
Isotropic spectra were obtained by projecting the en-
tire two-dimensional data set onto the isotropic shift 
axis. 

3.2.3. M Q - M A S 
Isotropic spectra of n B in natural abundance 

glassy B 2 0 3 were also obtained using the triple quan-
tum-single quantum correlation experiment described 
recently by Frydman and Harwood [13]. The pulse 
sequence is shown in Figure 1 c. In this experiment, 
the sample is spun rapidly about a single axis, prefer-
ably the magic angle. We used a commercial DAS 
probe set to 54.74° by careful calibration with KBr. A 
silicon nitride rotor with 0.5 mL sample volume was 
packed with powdered sample and spun at a fre-
quency typically chosen between 6 and 7 kHz. 

The pulse sequence for MQ-MAS consists of three 
7i/2 pulses, as shown in Fig. 1 c, which were 2.4 psec in 
length. The first two pulses prepare triple quantum 
coherence, and the fixed delay A is chosen to be 
roughly the inverse of the quadrupole frequency, coq 1. 
We used zl = 10|isec. The triple quantum coherence 
evolves for time f l 5 and is then converted to single 
quantum coherence for detection. For spin 3/2, the 
isotropic echo forms at time (7/9) in the second time 
dimension, for any given tx (cf. standard DAS, where 
it appears at exactly ty). To process the data we trans-
form with respect to t2, shear by arctan (7/9), trans-
form with respect to r l 5 and scale the isotropic fre-
quency axis by 9/16. This sequence of processing steps, 
which occurs in any two-dimensional experiment for 
which part of the evolution time occurs after the mix-
ing interval, is discussed in detail in [16]. 
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4. Results 
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Fig. 2. One dimensional N M R spectra o f 1 1 B in glassy B 2 0 3 
using different experimental techniques, (a) static powder 
pattern, (b) magic angle spinning at 6.5 kHz, (c) double 
rotation, (d) dynamic angle spinning, and (e) the M Q - M A S 
experiment. DAS N M R data were obtained using a 90% 
boron-10 enriched sample. All other spectra were obtained 
with natural abundance boron samples. Spinning sidebands 
are denoted by asterisks, while the two boron sites are la-
beled A and B. Peak A is the boroxol ring site, and peak B 
is the nonring BO a site. All shifts are relative to E t 2 0 • BF 3 . 

We used a phase cycle consisting of 60° steps for the 
first pulse, with the second pulse leading and lagging by 
180°; the third pulse was cycled independently through 
45° steps. This yields a 96 step cycle, which showed 
good performance in rejecting artifacts. 480 scans 
were collected at each of 200 delay times, with 500 ms 
between scans. Due to the fast repetition of pulses (on 
the order of Tx), 96 dummy scans preceded each ex-
periment. The total time for acquiring a two-dimen-
sional M Q - M A S data set was approximately 16 hours. 

Various one-dimensional N M R spectra of n B in 
glassy B 2 0 3 are shown in Figure 2. Results from stan-
dard methods such as static N M R and MAS N M R 
are compared with isotropic spectra obtained with 
double rotation, dynamic angle spinning and MQ-
MAS N M R methods. A two-dimensional DAS N M R 
result for glassy 0.15 K 2 0 • 0.85 B 2 0 3 is given in Fig-
ure 3. Included with the contour plot are the isotropic 
projection of the data set and anisotropic slices 
through the isotropic shifts of the three boron sites in 
this glass. Figure 4 shows the isotropic projections of 
several DAS N M R spectra from borate glasses with 
differing amounts of potassium oxide modifier. 

5. Discussion 

Figure 2 shows that all three methods used here, 
DOR, DAS, and MQ-MAS, provide significant reso-
lution enhancements over conventional MAS. All 
show resolution of the ring and nonring boron sites in 
B 2 0 3 glass, al though these sites differ in quadrupole 
interaction magnitude by less than 5% and in chemi-
cal shift by only 5 ppm [14,17]. DAS and MQ-MAS 
in particular show good resolution of these sites, with 
DAS having the better signal-to-noise. The resolution 
of D O R suffers from the large number of spinning 
sidebands, which arise from the relatively slow outer 
rotor speed. Synchronizing the outer rotor to the 
pulse sequence affords an effective doubling of the 
rotor frequency [18, 19], but we did not implement 
that feature here. The sideband problem for D O R is 
especially serious for disordered materials, as this one, 
because of the residual linewidths. 

The peak dispersion behavior of M Q - M A S is differ-
ent from D O R and DAS, as can be seen from (6) and 
(7) and Table 1. In D O R and DAS the quadrupole 
contribution to the isotropic shift is always negative, 
while in M Q - M A S it is positive for spin-3/2 and neg-
ative for spin-5/2. The chemical shift value can of 
course be positive or negative. For spin-3/2 it is added 
in all three of the experiments considered here, while 
for spin-5/2 it is subtracted in the MQ-MAS experi-
ment. The resolution of the different experiments de-
pends on the relative sizes and distributions of the 
quadrupole and chemical shift terms. For example, in 
B 2 0 3 the boroxol ring boron have the larger quadru-
pole interaction and chemical shift relative to the non-
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A n i s o t r o p i c S h i f t ( p p m ) A n i s o t r o p i c S h i f t ( p p m ) 

Fig. 3. Two dimensional DAS N M R spectrum of n B in 0.15 K 2 0 • 0.85 B 2 0 3 glass at 8.4 T. These glasses are depleted in 
1 1 B to 10%, in order to quench spin diffusion. Shifts are relative to E t 2 0 • BF 3 . (a) 2D-contour plot with isotropic project ion. 
The con tours at ± 3 0 p p m are spinning sidebands, (b) Slice at —0.2 ppm, the isotropic shift of the four-coordinate bo ron site, 
(c) Slice at 1.2 ppm, the non-r ing B 0 3 i sotropic shift, (d) Slice 4.7 ppm, the isotropic shift of the boroxol ring boron . 

12 8 4 0 - 4 - 8 
Isotropic Shift (ppm) 

Fig. 4. Isotropic shift spectra of n B in ( F U O y B j O ^ ! _ x 
glasses, from DAS N M R . (a) x = 0.0 (glassy B ,Ö 3 ) . (b) x = 0.10. 
(c) x = 0.20. (d) x = 0.30. Shifts are relative to E t 2 0 • B F 3 . 

Table 2. Measured and calculated isotropic shifts, in ppm, 
for the three high-resolution N M R experiments. Calcula ted 
values are based on (6) and (7), using e2 Q q/h, r], and isotropic 
chemical shift as extracted f rom a series of DAS exper iments 
per formed in mult iple fields. 

Expt . Ring boron Nonr ing bo ron 

Measured Calc. Measured Calc. 

D O R 4.6 4.2 1.5 0.2 
DAS 4.6 4.2 1.0 0.2 
M Q - M A S 54.7 55.5 39.5 43.7 

r i n g b o r o n (2.7 M H z a n d 18 p p m c o m p a r e d t o 
2 .6 M H z a n d 13 p p m ) . I n D O R a n d D A S t h e s h i f t s 
d u e t o t h e s e i n t e r a c t i o n s o p p o s e e a c h o t h e r , w h i l e in 
M Q - M A S t h e y a d d t o g e t h e r a n d a r e a m p l i f i e d r e l a -
t ive t o D O R a n d D A S . T h u s f o r t h e s e s i tes t h e M Q -
M A S e x p e r i m e n t g ives m u c h b e t t e r p e a k s e p a r a t i o n 
t h a n d o e s D O R o r D A S , a s n o t e d in T a b l e 2. F o r 
s p i n - 5 / 2 nuc le i , s u c h a s o x y g e n - 1 7 a n d a l u m i n u m - 2 7 , 
t h e d i s p e r s i o n is d e c r e a s e d s u b s t a n t i a l l y c o m p a r e d t o 
D A S a n d D O R : b y 4 5 % f o r t h e c h e m i c a l sh i f t , a n d b y 
6 8 % f o r t h e q u a d r u p o l e c o u p l i n g . F o r p o s i t i v e c h e m -
ica l sh i f t s , h o w e v e r , t h e i s o t r o p i c sh i f t is still t h e s u m 
of t h e t w o e f fec t s (w i th a n o v e r a l l m i n u s sign), w h i l e in 
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DAS and D O R it is the difference of the shift contribu-
tions. Resolution of different sites is also influenced by 
the distributions of the interactions, as these and 
hence the linewidths are scaled differently in the vari-
ous experiments. 

We note as well that the differing dispersion pro-
vides a method to determine the chemical shift and 
quadrupole parameters separately. Currently this is 
best done by performing DAS or D O R in different 
magnetic fields and comparing the isotropic shifts. 
One could also, however, do MQ-MAS and DAS or 
D O R in the same field and use the differing isotropic 
shifts to solve for the chemical shift and the quadru-
pole product. Since probes are cheaper than magnets, 
this route seems the most economical. 

More problematic than the spectral resolution is 
the amplitude resolution. For DOR the overlapping 
sidebands render full simulation of both the isotropic 
peaks and the sidebands necessary to estimate the 
relative isotropic peak intensities (see for example [20]). 
On the other hand, we have found DAS to be more 
sensitive than D O R to the differing nutation behavior 
of sites with differing quadrupole interactions. It is 
important to insure that all sites are in the limit of 
strong radiofrequency excitation. This is simple for 
B 2 0 3 , for example, but more difficult for modified 
borates where the four-coordinate boron has a much 
smaller quadrupole interaction than the three-coordi-
nate sites. To check the reliability of intensities in this 
case, we perform DAS on crystal samples of known 
structure [15]. The nutation problem is particularly 
severe for the M Q - M A S experiment, where uneven 
excitation of the triple-quantum coherence will lead to 
an isotropic spectrum that is not representative of the 
relative site populations. In B 2 0 3 , where the two sites 
have similar quadrupole interactions, the relative in-
tensities are in the correct ratio (Figure 2). However, 
in modified borates where the four-fold coordinate 
boron site has a much smaller quadrupole interaction 
than the three-fold sites [21], we have been unsuccess-
ful in resolving both types of sites with MQ-MAS. 
This is likely due to nonuniformity in the multiple 
quantum excitation. 

While we have shown that all three experiments are 
capable of resolving similar sites, even in a relatively 
disordered sample, the information content of the 
methods is different. The primary difference is between 
D O R and the other two methods, because D O R is not 
inherently two-dimensional. In DAS and MQ-MAS, 
correlations between coherences evolving under dif-

ferent effective Hamiltonians are detected, while in 
D O R all averaging is accomplished simultaneously. 
D O R yields a simple one-dimensional spectrum (com-
plicated as noted by the spinning sidebands), which is 
ideal for determining the number of different sites and 
their isotropic shifts. DAS and M Q - M A S are inher-
ently two-dimensional, in contrast, and the second 
dimension contains a great deal of information that is 
absent from a D O R spectrum. A two-dimensional 
DAS spectrum is shown in Figure 3. In this implemen-
tation the second dimension contains the spectrum of 
the sample spinning at the second DAS angle, 79.19° 
in this instance. This spectrum is ordered by the 
isotropic shift dimension, yielding a 79.19° spinning 
powder pattern for the sample as a function of the 
isotropic shift. Thus it is possible by taking slices of the 
two dimensional data set to extract the powder pat-
tern of the spins with a given isotropic shift, say corre-
sponding to one of the peaks in the isotropic dimen-
sion. F rom the shape of such a slice the quadrupole 
parameters can be estimated and the site assigned. 
Figure 3 demonstrates this procedure for three differ-
ent boron sites in a potassium borate glass: the three-
fold coordinated boron in boroxol rings, and not in 
rings, and the four-fold coordinated boron. These are 
assigned from their differing powder patterns and in-
tensities. The disadvantage of acquiring the data while 
rotating off the magic angle is that both chemical shift 
anisotropy (CSA) and quadrupole anisotropics affect 
the lineshape. In n B CSA is small and can be ne-
glected. In DAS this problem can be circumvented 
entirely by adding a second rotor hop to the magic 
angle, although this necessitates a second storage pe-
riod and concomitant loss of signal. MQ-MAS should 
be free from this limitation, as the rotor always spins 
at the magic angle. The current triple quantum excita-
tion and mixed phase behavior of the pulse sequence, 
however, do not give accurate anisotropic lineshapes. 

Figure 4 shows the isotropic shift spectra, obtained 
with DAS, of a series of ( K 2 0 ) x ( B 2 0 3 ) 1 glasses, as 
a function of added modifier. This figure demonstrates 
the power of high-resolution solid state N M R in fol-
lowing chemical changes, even in disordered materi-
als. In these spectra it is clear that the boroxol ring 
boron peak is essentially unaffected by the added 
modifier, while the nonring boron peak diminishes in 
intensity. The new peak that appears is due to four-co-
ordinate boron, which is the chemical product of mod-
ification [21]. The DAS experiment gives sufficient res-
olution to permit observation of this process in detail. 
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We have verified the precision of the intensity determi-
nations of these spectra with DAS spectra of crys-
talline potassium borate samples. The data indicate 
that the boroxol rings are not modified by the added 
potassium oxide, until all nonring boron are exhausted. 
Details of these measurements, including DAS N M R , 
crystal studies, and Raman spectroscopy, will be pub-
lished elsewhere [22]. 

6. Conclusions 

All three of these experiments, DOR, DAS, and 
MQ-MAS, have significant potential as tools for mea-
suring quadrupole interactions and thus solid state 
structure. In the case of D O R and DAS there are 
increasing numbers of applications [1]; the new M Q -
MAS experiment [13], due to its ease of mechanical 
implementation, should be at least as popular. 

We find that, while all three experiments work at 
least adequately for the realistic test case of resolving 
the boron sites in B 2 0 3 glass, there are a number of 
reasons to prefer either DAS or M Q - M A S over DOR. 
Both of the former are easier to implement mechani-
cally, MQ-MAS in particular requiring only a stan-
dard MAS probe and good phase-shifting in the spec-
trometer. The spinning sideband limitation is serious 
for DOR, especially with stronger interactions and 
disordered materials; the spinning speeds attainable 
routinely in DAS and M Q - M A S are as much as a 
factor of 10 greater, and more stable over longer times. 
DAS and MQ-MAS have higher information content, 
being inherently two-dimensional: they provide pow-
der patterns for each site, and thus a route to obtain-
ing rj in addition to the quadrupole product (e2 qQ/h) 
yJX+t]2/?). This is a valuable addition in structural 
studies (see for example [23]). M Q - M A S has the addi-
tional advantage over DAS of spinning at the Magic 
Angle, thus avoiding the storage time necessary in 
DAS during the rotor axis switch. The current most 
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serious limitation of DAS is the storage time, which 
limits its applicability to samples with spin diffusion 
and Tt times of the order of 50 -100 msec or more. 
This prevents DAS from being used in a number of 
cases, for example for the study of aluminum in most 
samples, and for certain examples of heteronuclear 
coupling such as 1 7 0 in the presence of aluminum or 
boron. At present the anisotropic lineshapes in MQ-
MAS are inferior to those from DAS, but the phase 
characteristics of this experiment are not yet ideal. 
More troublesome is the poor signal-to-noise in M Q -
MAS, which stems from the inefficient triple-quantum 
excitation currently employed. The triple-quantum 
excitation also appears to be uneven in exciting sites 
with differing quadrupole interactions. The advantage 
enjoyed by D O R in this respect is that, as a single-
pulse experiment, it is relatively efficient in terms of 
spectrometer time and has good nutation behavior. 

The high resolution afforded by these experiments 
has significant benefits for structural chemistry. All 
three offer the possibility of measuring quadrupole and 
chemical shift parameters with good precision, as we 
showed here with DAS as a probe of (K 2 0) ; c (B 2 0 3 ) 1 _ x 

glasses. We could follow in detail the modification of 
the boron oxide network upon addition of the alkali 
oxide modifier. This is an example of how these meth-
ods provide an attractive alternative to other methods 
of structure determination. 
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