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Using a two-dimensional multiple-quantum (MQ) double rotation (DOR) experiment the contributions of
the chemical shift and quadrupolar interaction to isotropic resonance shifts can be completely separated.
Spectra were acquired using a three-pulse triple-quantum z-filtered pulse sequence and subsequently
sheared along both the v; and v, dimensions. The application of this method is demonstrated for both
crystalline (RbNO3) and amorphous samples (vitreous B,03). The existence of the two rubidium isotopes
(8°Rb and #7Rb) allows comparison of results for two nuclei with different spins (I = 3/2 and 5/2), as well
as different dipole and quadrupole moments in a single chemical compound. Being only limited by homo-
geneous line broadening and sample crystallinity, linewidths of approximately 0.1 and 0.2 ppm can be
measured for 8’Rb in the quadrupolar and chemical shift dimensions, enabling highly accurate determi-
nation of the isotropic chemical shift and the quadrupolar product, P,. For vitreous B,03, the use of
MQDOR allows the chemical shift and electric field gradient distributions to be directly determined—
information that is difficult to obtain otherwise due to the presence of second-order quadrupolar
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1. Introduction

In recent decades, solid-state NMR of quadrupolar nuclei has
developed into an important technique for the characterization
of structure and dynamics in condensed matter at an atomic scale.
Quadrupolar nuclei (i.e., nuclei with magnetic spin I > 1/2) consti-
tute ~75% of NMR-active nuclei in the Periodic Table and possess
electric quadrupole moments which interact with any electric field
gradient (EFG) present. This quadrupolar interaction produces
broadening which often severely worsens the resolution of reso-
nances. Various techniques have been devised in order to regain
high-resolution/isotropic NMR spectra for half-integer quadrupo-
lar nuclei (I=3/2, 5/2, 7/2 and 9/2), namely, double rotation
(DOR) [1,2], dynamic angle spinning (DAS) [1,3], multiple-quan-
tum magic angle spinning (MQMAS) [4-6] and satellite transition
(ST) MAS [7,8]. The former two techniques require dedicated
equipment, whereas the latter two can be achieved using standard
(commercial) solid-state NMR equipment. Therefore, since their
inception MQMAS and STMAS have seen much greater popularity
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amongst researchers aiming to obtain isotropic NMR spectra of
quadrupolar nuclei.

DOR is a technique capable of providing isotropic 1D spectra of
quadrupolar nuclei in real time. Rather than relying on sophisti-
cated pulse programming, DOR relies on mechanical sophistication
in that the polycrystalline sample is spun simultaneously about
two axes subtending the angles 54.74° and 30.56°. This process sat-
isfies the conditions necessary to time-average both first- and sec-
ond-order perturbations to the Zeeman interaction which have
spatial dependences described by the second- and fourth-order
Legendre polynomials, P>(cos ) and P4(cos f), respectively [1,2].
A number of studies have been reported utilizing DOR NMR for
the differentiation of sodium, boron, aluminium and oxygen sites
in minerals [9-11], materials [12-16] and molecular sieves, includ-
ing, zeolites [17-20], sodalites [21-23] and aluminophosphates
[24-28]. Recently, focus has turned to exploiting DOR for the study
of oxygen sites in organic solids [29-35].

There has recently been renewed interest in the application of
DOR NMR, not only for the resolution of quadrupolar sites, but also
for the potential of obtaining additional structural information via
the quantitative determination of anisotropic interactions. For
example, the dipolar coupling and chemical shift anisotropy and
their relative orientations can be determined from an analysis of
DOR sideband patterns [34]. Two-dimensional MQDOR spectra
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have previously been presented [36-39]. Such a MQDOR spectrum
can be transformed via shear and scaling transformations to give a
two-dimensional representation in which the F; and F, frequencies
correspond to the isotropic second-order quadrupolar shift and
chemical shift, respectively [36-38]. In this paper, the protocol for
such a transformation (for arbitrary spin quantum number and
multiple-quantum coherence order) is presented together with
the underlying theory. A complementary technique for separating
chemical shift and quadrupolar anisotropies whilst spinning at
70.12° (named COASTER) has recently been reported [40]. MQDOR
spectra are presented for crystalline RbNOs; and vitreous B,Os.
RbNOs is an ideal sample for examination of the MQDOR method
as it provides two isotopes (3°Rb and 87Rb) with different spin quan-
tum numbers, Larmor frequencies and quadrupole moments. For v-
B, 03, the effect of disorder on the isotropic chemical and quadrupo-
lar shifts can be directly determined from the observed spectrum.

2. Theory

The theory underlying the DOR [34,41-43] and MQMAS [4-6]
techniques, and the behavior of quadrupolar nuclei [44,45] has
been examined thoroughly in the literature. Hence, only a brief
summary of the necessary equations is presented herein with par-
ticular focus on the analysis and manipulation of the resulting
spectra.

In a nuclear Zeeman system perturbed to second-order by the
quadrupolar interaction, the difference in energy levels associated
with symmetric transitions (| m = p/2) <| m = p/2)), where p is
the coherence order, for a single crystallite is given by

AESD, o = Co(S.p)V§ + Ca(S.p)V§ — Ca(S.p)3, (1)

where the zeroeth-, second- and fourth-rank coefficients that de-
pend on the spin angular momentum quantum numbers, S and
p = 2m, are defined as follows:
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where the quadrupole coupling constant
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and asymmetry parameter
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correspond to the magnitude and degree of axial symmetry of the
quadrupolar interaction, respectively. These two parameters are of-
ten combined, resulting in the composite quadrupole interaction
constant (or quadrupolar interaction product)

Pq = \/CATo = Co\/1+173/3. (13)

| Va3 |=| Vo |=| Vi1 | and {V,, | n = 1,2,3} are the principal/diago-
nal components of the EFG tensor in its own principal axis system
(PAS), and vy is the Larmor frequency in Hertz (Hz). The D’;,H(QPL)
are j-rank Wigner rotation matrices [46] which depend on the an-
gles Qp = (atpr, By, Vp) Telating the PAS (P) and laboratory (L) coor-
dinate systems. For the case of magic angle spinning (MAS),
Di, 2(Qp) can be expanded as follows

(12)

2(Qp) = Z QPR o (C2RL) (14)

which performs a PAS (P) — rotor (R) —
tion, whereas for double rotation (DOR),

D’ 2(Qp) = Z

q=—j p=—j

laboratory (L) transforma-

Dlnp QPI D;Jq(QIO)D]qn(QOL) (15)

which performs a PAS (P) — inner rotor (I) — outer rotor (O) — lab-
oratory (L) frame transformation.

Application of DOR removes the two anisotropic terms in Eq.
(1). Therefore, for a DOR experiment, with the additional inclusion
of an isotropic chemical shift term, Eq. (1) can be expressed as

AEGHZ: 2 = =DV + Co(S, p)g, (16)

which corresponds to the position (in Hz) of resonance peaks in
DOR spectra. The two terms in Eq. (16) are referred to as the isotro-
pic chemical shift (v§®) and quadrupolar(-induced) shift (v§) [45] for
p = —1. These isotropic shifts will be denoted as s and Jqs when gi-
ven in units of parts per million (ppm), i.e.,

CS

Ses = 20" % 10° (17)
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and
Q
Sas = Co(S,—1) 22 x 106. (18)
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Consider a two-dimensional multiple-quantum DOR experiment
[36,37] that correlates coherence of order p’ and p” during t; and
t,, respectively. The resulting time-domain signal (neglecting relax-
ation effects) has the form

5.Q(2 c5Q(2
s(ty,t2) =exp (127r AESp/ZHp b ) exp (12n AESp”/ZHp”/Zt ) (19)
Using Eq. (16), (19) can be expanded as

s(ty,t;) =exp {— v [p't + p'ta]} exp {12an [Co(S, D)t
+Co(S,p")t2]}- (20)

In practice and by convention, the p” = —1 transition is always ob-
served during t,, thence Eq. (20) becomes

s(ty, t2) =exp {—2nvG[p'ty — to]} exp {i2v§ [Co(S, ')ty
+Co(S, -]}, (21)
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and the gradients of v§* and V¢ in the frequency-domain (i.e., after
Fourier transformation) are given by

vl p, (22)
V2

and

o 1 _ G(S,p)

Y0, TGS, —1) 23)

where v; and v, are the frequencies along the direct and indirect
dimensions.

By applying two shear transformations [6,40,47-51], it is possi-
ble to obtain a 2D spectrum corresponding to evolution under only
v in the indirect dimension (v;) and v§® in the direct dimension
(v2). This can be performed as a similarity transformation, whereby
the time variables of the time-domain signal are modified as
[47,48,50]

s'(t) = s(At), (24)

corresponding to a modification of the frequency-domain data as
follows

S(V) =s( 1) (25)
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In particular, the composite frequency-domain transformation of
Eq. (27) can be decomposed into four steps
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which successively describe (from left to right) shearing along v,,
scaling of the v, axis, shearing along v, and lastly scaling of the v,
axis, using the following parameters
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The ¢, and ¢; terms for all half-integer quadrupolar spins and mul-
tiple-quantum transitions are given in Table 1.
Therefore, if the time variables t; and t, are redefined using Eq. (26),
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p
the terms in square brackets of Eq. (20) become
Co(S,p")t1 + Co(S, p")ta = —Co(S, p")t; (34)
p/t] + p”tz = p”t/z (35)

and the resulting modified time-domain signal is

Table 1
Factors used for shearing and scaling of MQDOR spectra.
S p Co(S.p) b1 &1
32 -1 -3 = =
3 -9 3 -1/6
52 -1 -8 = =
3 6 3 —4/9
5 -50 5 —4/37
72 -1 -15 = =
3 27 3 —5/6
5 -15 5 -1/4
7 —147 7 —5/64
92 -1 24 = —
3 54 3 —4/3
5 30 5 —4/7
7 -84 7 -2/13
9 —-324 9 -2/33

s'(th,ty) = exp {i2nv§[-Co(S, p")]t; } exp {—i2mv¥ [p"]t, } (36)

where evolution of the v§ and v§® terms are isolated into t} and t,
respectively.

3. Experimental details

The sample of RbNO3; was purchased from Strem Chemicals, Inc.
and used without further purification. The sample of vitreous B,03
was prepared by melting B,O3; powder in a 90Pt/10Rh crucible at
1000 °C for 20 min followed by quenching of the base of the cruci-
ble in water. The resulting glass was removed from the crucible
and powdered in a nitrogen glove-box prior to loading into the
DOR rotor.

All NMR spectra were acquired on a Bruker AVANCE II+ spec-
trometer at an applied magnetic field of By=14.1 T
(vi(H) = 600.1 MHz) operating at frequencies of 196.3, 57.9 and
192.5 MHz for 8’Rb, #Rb and !B, respectively. An amplitude-mod-
ulated three-pulse z-filtered (Fig. 1) pulse sequence [38,52] was
used to record all MQDOR spectra, which yielded 5-10% the sensi-
tivity compared to 1D DOR spectra. The pulse widths (p1, p2 and
p3), rf nutation frequencies (vp1, Vp2, Vp3), spectral widths in the
indirect (SW;) and direct (SW,) dimensions, number of t; incre-
ments, number of transients co-added for each t; increment, re-
cycle delays, outer rotor (OR) spinning frequencies and total
experimental times used for the acquisition of MQDOR spectra
are summarized in Table 2. The inner rotor (IR) spinning frequen-
cies were generally in the range of 4.4-4.7 times the OR frequency.
Sign discrimination in the indirect dimension was achieved using
the States hyper-complex processing method [53]. The desired
coherence transfer pathways are selected using a 24-step phase cy-
cle (six steps to select Ap =+3 on p2, four steps to select Ap=—1
on p3). In addition, the DOR spectra were acquired with odd-order
spinning sideband suppression, which was achieved by synchroni-
zation of the excitation and read-out pulses to the outer rotor spin-

Fig. 1. Three-pulse z-filtered multiple-quantum pulse sequence employed herein
for acquisition of MQDOR spectra.
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Table 2

Parameters used for acquisition of MQDOR spectra.

Parameter 87Rb 85Rb iy
p1 [ps] 115 15.5 14.5
p2 [ps] 3.75 4.50 4.00
p3 [ps] 10.7 8.25 20.0
Vp1 [KHz] 39.0 19.0 37.1
Vp2 [kHz] 39.0 19.0 371
Vo3 [kHz] 11.7 10.1 6.25
SW; [kHz] 10.0 20.0 6.39
SW, [kHz] 15.0 15.0 28.8
t; increments?® 735 430 92
Transients co-added 192 384 288
Recycle delay [s] 0.15 0.20 1.0
vor [Hz] 1400 1306 1600
Experimental time [hours] 21.8 24.5 154

2 Two FIDs were acquired for each t; increment for use in 2D hyper-complex
processing.

ning frequency as described in Refs. [34,38,54]. Specifically, for the
two-dimensional MQDOR experiment, excitation and read-out
pulses are synchronized to the IR positions subtending the smallest
(up, u) and largest (down, d) angles with respect to the static mag-
netic field. Therefore, all pulse and receiver phase steps are kept
fixed for four acquisitions as the combination of excitation and
read-out pulse synchronization conditions (i.e., uu, ud, du, dd) are
cycled through. This results in a minimum of 96 steps to complete
the phase cycling and the odd-order spinning sideband suppres-
sion in both dimensions (see Fig. 1 in Ref. [38]). The 8°/37Rb chem-
ical shifts were referenced to a 0.1 M RbCl aqueous solution with
Siso = 0.0 ppm, while ''B chemical shifts were referenced to neat li-
quid (C;Hs),0-BF3 at 0.0 ppm by using powdered NaBH,4 as a sec-
ondary reference with ;5o = —42.06 ppm.

4. Crystalline RbNO; - 37Rb and %°Rb

The crystal structure of RbNOs3 has three distinct crystallo-
graphic Rb sites [55,56], and has been studied in detail by solid-
state NMR [57,58]. A 8Rb triple-quantum DOR (3QDOR) spectrum
of RbNOs is shown in Fig. 2a. The three distinct crystallographic
sites of RbNOs are clearly resolved in v,, however, the combination

I. Hung et al./Journal of Magnetic Resonance 197 (2009) 229-236

of 6cs and Sgs (61 - v./10°% = 3v55 — 9vQ) for sites 2 and 3 cause them
to overlap in v,. Upon shearing and scaling of vy, all three sites be-
come resolved in vy and v,. The dqs for each site can readily be mea-
sured in v, (Fig. 2b) and Pq calculated using Egs. (2), (5), (13), and
(18),

Py [MHz] = vL\/maQs x 1079, (37)
which yields

Po[MHz] = v;1/—400¢s x 10° for S = 3/2 (38)
and

Po[MHZ] :v”/—STOOaQS x 107 for S =5/2. (39)

The Pg values obtained for the 37Rb sites of RbNO3 are summarized
in Table 3. It is particularly noteworthy that the measurement of dqs
values is completely independent of the chemical shift interaction.
Determination of Py via DOR has often necessitated the acquisition
of spectra at multiple magnetic fields, since the lack of characteris-
tic second-order quadrupolar broadening precludes lineshape sim-
ulations. The position of signals in DOR spectra will vary at
different applied magnetic fields owing to the inverse dependence
of dgs on v (see Egs. (5) and (18)). Using the MQDOR experiment,
an accurate measure of the quadrupolar interaction (Pg) can be ob-
tained at a single external magnetic field. Subsequent shearing of v,
yields d¢s values directly for all three sites (Fig. 2¢). The precise tem-
perature of the sample during spectral acquisition (using spinning
gases at room temperature) was not determined, this (and the dif-
ferent reference used) is presumably the explanation of the small
discrepancy in the Jcs values as compared to those measured in
Ref. [58]. The 87Rb P, values measured for RbNO; are in good agree-
ment with results of variable-temperature MQMAS experiments
[58] (Table 3), however, much higher accuracy is expected using
the method presented herein due to the very small linewidths ob-
served (vide infra).

The 8°Rb 3QDOR spectrum of RbNO; is shown in Fig. 3a, where
the three distinct sites of RbNO5 can again be clearly distinguished.
In this case, the combination of d¢sand dgs (J1 - v1/10° = 3v5 + 6v2)

a b C
1 1 1
.}3\ \ A _j\ | AI\;A M
. L 5 k= : ey
- % /g LD S 250 256
/ o0 né ) 3 ) ® F2.
/ - ® o5 ¢ L 05
Yy, ) )
// L -85 L 3.0 F 3.0
o 4 N < ® L35 O & L35
o /9 ¢ F-80
/ ) L 4.0 : L 4.0
T T T T s T T T T T L T T
-30 -32 -34 §,/ppm \-/ -30 -32 -34 ¢,/ppm \-/ -28 -30 -32 o, /ppm
v, shear + v,shear
SW, scaling

Fig. 2. 37Rb (196.3 MHz) 3QDOR spectra of RbNOj3 (a) before and (b) after shearing and scaling of the v; dimension. (c) 8’Rb 3QDOR spectrum of RbNOj3 after shearing and
scaling of v; and v,. The gradients of v§® (dashed lines) and vg (dotted lines), as well as the numbering of peaks, serve as aids for visualizing the effects of each shear

transformation. The base contours are set at 17% of the maximum intensity.
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Table 3
87Rb and ®Rb isotropic chemical shift and quadrupolar parameters for the three sites
of RbNOs.

Site  dcs[ppm] dgs[ppm] | Po | [MHz] ocs[ppm| | Po | [MHZ]
This work Ref. [58]

87Rb

1 —-334+0.1 —2.31+0.02 1.89 +£0.01 -32.0° 1.88%

2 —30.1£0.1 —3.35+£0.02 2.27 £0.01 —28.4* 2272

B —-28.9+0.1 —2.04 £0.02 1.77 £0.01 —27.4% 1.77°

85Rb

1 —33.4+0.1 —-27.2+0.1 3.90+0.01 -32.0° 3.89°

2 —30.1 £0.1 —39.4+0.1 4.70 £ 0.01 —28.4° 4.69°

3 —-28.9+0.1 —-24.0+0.1 3.66 £ 0.01 —27.4° 3.66°

? Values obtained for T~ 25 °C using the equations for the 5cs and Cq obtained
from fitting variable-temperature measurements in Ref. [58].

b Calculated from the values interpolated for 8’Rb using the ratio between the
quadrupole moments of 3°Rb and 87Rb (Eq. (40)).

causes an overlap of sites 1 and 2 in v;. The difference in peak posi-
tions for the spectra in Figs. 2a and 3a are caused by the difference
in spin quantum numbers and quadrupole moments of 8°Rb and
87Rb; note the difference in the ordering of peaks 1-3. By shearing
of the v, and v, dimensions (Figs. 3b and 3c) and scaling the v; spec-
tral width, the #Rb s and d¢s for each site can be measured (Table
3).

The existence of two rubidium isotopes (3°Rb and 87Rb) pre-
sents an ideal circumstance where the measurement of both chem-
ical shift and quadrupolar parameters can be compared/confirmed
at different internal fields for the same chemical system. The iso-
tropic chemical shifts in units of ppm are independent of the iso-
tope observed; this is verified from measurements of Jcs in Figs.
2c and 3c (see Table 3). In contrast, 5os depends on the spin quan-
tum number, gyromagnetic ratio () and quadrupole moment (Q)
of each isotope. The ratio between the quadrupole moments of
85Rb and 37Rb has recently been determined to high accuracy from
molecular beam measurements of 8°Rb'°F and 8’Rb'°F [59]:

a ,E b

26 28 30 -32 &, /ppm 45 40 35 30 6, /ppm

Fig. 4. Projections of the 8’Rb and 8°Rb MQDOR spectra for the three sites of RbNO;
along the (a) dcs and (b) dqs axes after shearing of the v; and v, dimensions. 87Rb and
85Rb spectra are shown as black lines and red dashed lines, respectively. The 5¢s axis
of 87Rb spectra in (b) have been scaled by the factor in Eq. (41) to facilitate a direct
comparison with 8°Rb spectra. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)

The theoretical ratio between the dqs of ®>Rb and #7Rb can be calcu-
lated using Egs. (2), (5), (18), and (40),
dos(*°Rb) _ 6 [7('Rb) Q(¥Rb))* .. _ .
dos(¥Rb) ~ 25 [p(®Rb)  Q(¥Rb)| ~ -

Comparison of the dos (3°Rb) and dos (37Rb) values in Table 3 reveals
perfect accordance with the expected ratio of Eq. (41) and attests to
the validity and accuracy of the approach presented herein.
Projections taken along the d¢s and Jqs dimensions of the 85Rb
and 87Rb MQDOR spectra, for the three sites of RbNO3, are shown
in Fig. 4. Notably, the dos(®’Rb) projections in Fig. 4b have been
scaled by the factor in Eq. (41) to provide a direct comparison be-
tween the spectra of both Rb isotopes. Visual inspection demon-

(41)

Q(*Rb) strates excellent correspondence between the ®Rb and ®'Rb
Q(85Rb) = 0.4838301 + 0.0000018 (40) spectra of RbNO3. Measurement of the full-width at half-height
(Aq)2) for both sets of projections are given in Table 4, where Affz
a 3 b 3 ¢ 3
1 1 1
2 2 2
o
// ] g 5 g
3 4 ¢ F-120 @ ' g o @5 g
/ - N\ - ; e
/ F-115 L 30 r 30
/ F-110 - 35 L 35
™ @ F =105 N » L 40 ~ ® L 40
/ ;
/ L -100 . . Las s
-50 -55 -60 -65 &, /ppm -50 -55 -60 -65 &, /ppm -28 -30 -32 &, /ppm
v, shear + v, shear
SW, scaling

Fig. 3. 2D ®°Rb (57.9 MHz) 3QDOR spectra of RbNOs (a) before and (b) after shearing and scaling of the v; dimension. (c) #*Rb 3QDOR spectrum of RbNOj3 after shearing of v;
and v,. The gradients of v§® (dashed lines) and v (dotted lines), as well as the numbering of peaks, serve as aids for visualizing the effects of each shear transformation. The

base contours are set at 15% of the maximum intensity.
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Table 4
Full-width at half-height (A 3) of dcs and dqs projections from ’Rb and ®*Rb MQDOR
spectra of RbNOs.

Site A, [Hz] [ppm] AY, [Hz] [ppm] AY, [ppm]®
¥’Rb #Rb

1 39.4+0.2 0.201 203 0.1 0.103 0.087

2 49.7 £0.2 0.253 173 0.1 0.088 0.092

3 45.8+0.2 0.233 18.7 £ 0.1 0.095 0.087
SSRb

1 18.8+0.2 0.324 594 +0.2 1.03 —

2 21.8+0.2 0.376 63.0+0.2 1.09 —

3 19.0+£0.2 0.328 59.4+0.2 1.03 —

* AE, (*'Rb) values obtained by scaling the A%, (°Rb) by the factor in Eq. (41).

and A]Q/Sz range from 0.2 to 0.4 and ca. 0.1-1.0 ppm, respectively.
Notably the 3’Rb A%, values (17.3-20.3 Hz) approach the spin-
echo linewidth (i.e., corresponding to the case of the refocusing/re-
moval of inhomogeneous broadening) of 10 Hz determined for
RbNO; by Wang et al. [60]. Detailed inspection of the 5 (37Rb)
projections, with linewidths ~0.2 ppm, reveals fine structure in
the peaks of all three sites which might be caused by imperfect
shimming. This structure is not observed for 8°Rb as the d¢s line-
width in ppm is ~0.35 ppm (~20 Hz) and is probably limited by
the intrinsic spin echo T,. Such linewidths are very small for so-
lid-state NMR of quadrupolar nuclei in systems with a non-zero
EFG; the smallest linewidth we have found in the literature is
30 Hz for a 3QMAS spectrum of scandium sulfate [61]. These line-
widths are also smaller than the F, linewidths in the unshared
MQDOR spectra, which correspond to normal 1D DOR spectra
(56-75 and 84-96 Hz, respectively, for 8’Rb and ®°Rb).

5. Vitreous B,05-''B

The small linewidths measured for crystalline RbNO3 serve as a
reference to demonstrate that the broader lineshapes in non-crys-
talline samples arise from distributions in chemical shift and EFG.
These types of distributions are hard to obtain using other NMR
methods owing to the presence of second-order quadrupolar
broadening, which in this instance is averaged by DOR. As an
example, the 2D !''B MQDOR spectrum of v-B,05 is shown in
Fig. 5 where the presence of two boron sites centered at 14 (non-
ring, Bygr) and 18 (ring, Bg) ppm is clearly evident. Using the ap-

proach described above, after shearing and scaling of v; and v,,
the projections along v; and v, give isotropic chemical shift and
EFG distributions which are completely independent of each other.
Close examination of the centerband (Fig. 5, expansion) along v,
reveals an approximately linear correlation between Jcs and Pqg
for the By site, which is much less noticeable for the Bg line. The
structure of v-B,05 is of considerable current interest, see Ferlat
et al. and references therein [62], detailed analysis of the interac-
tion distributions of v-B,03; using MQDOR NMR is beyond the
scope of this article and will be presented elsewhere [63].

6. Conclusions

Acquisition and shearing of two-dimensional triple-quantum
MQDOR spectra allows the complete and straightforward separa-
tion of the isotropic chemical and quadrupolar shifts which remain
under application of DOR. For 3QDOR of RbNOs, linewidths as
small as 20 Hz have been measured — we believe these to be the
smallest solid-state NMR linewidths measured to date for a half-
integer quadrupolar nucleus with a non-zero EFG.

In analogy to the case of MQMAS experiments, higher resolution
could be expected for higher-order multiple-quantum coherences
depending on the ratio of the homogeneous to inhomogeneous con-
tributions to the isotropic linewidth [61]. It is to be noted, however,
that higher-order MQDOR experiments are expected to suffer from
reduced sensitivity associated with the excitation and reconversion
of the higher-order multiple-quantum coherence as is the case for
MQMAS experiments [64,65].

The method presented herein is analogous and complemen-
tary to the recently reported COASTER method [40]. By suitable
shearing and scaling of triple-quantum, single-quantum two-
dimensional correlation spectra recorded at a spinning angle of
70.12°, COASTER separates the chemical shift and quadrupolar
anisotropies for resolved resonances. In comparison MQDOR re-
moves all anisotropic broadening. As such, the MQDOR experi-
ment is a powerful probe of distributions of isotropic shifts
and electric field gradients. It should be particularly useful for
investigation of disordered systems where these distributions
give different information about the material. This is demon-
strated here for vitreous B,03, for which the separate distribu-
tions of and correlation between isotropic chemical shift and
EFG are experimentally determined.

N P, IMHz

Fig. 5. ''B (192.5 MHz) 3QDOR spectrum of v-B,0s after shearing and scaling of v; and v,. Arrows denote the center of gravity for the distinct ring (Bg) and non-ring (Bng)
boron sites. The inset shows an expansion of the centerband along the v; dimension; note the linear correlation between ¢ and Pq (calculated from dqs using Eq. (38)) for the

Bnr site. The base contours are set at 14% of the maximum intensity.
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