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Relative Orientation of Quadrupole Tensors from High-Resolution NMR of Powdered

Solids

Introduction

Extraction of detailed information from solid-state NMR
spectra of nuclei with spin quantum numbder %,, such as
1B and °Na (| = 3%/;) and 7O and?’Al (I = 5/,), is often
hindered by the presence of a significant anisotropic broadening
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Techniques such as dynamic-angle spinning (DAS), double rotation (DOR), multiple-quantum MAS (MQMAS),
and satellite-transition MAS (STMAS) may be used to obtain high-resolution NMR spectra of half-integer
guadrupolar nuclei in powdered solids. These methods enable resolution of crystallographically inequivalent
nuclei and also yield the quadrupolar coupling cons@ytquadrupolar asymmetny, and isotropic chemical

shift dcs of each crystallographic site. However, no information is obtained that relates one quadrupole tensor
to another, such as internuclear distances or relative orientations. Here, we discuss a recently developed
modification of the MQMAS NMR experiment that utilizes two-dimensional correlation of second-order (rank

| = 4) broadened MAS line shapes to obtain the relative orientation of quadrupole tensors. This new method
involves the insertion of a “mixing time’,, into the MQMAS experiment such that magnetization transfer
between two distinct nuclei within a crystallite during this period will result in a two-dimensional “cross-
peak” correlating the two line shapes. The shapes of these cross-peaks are characteristic of the three Euler
angleso!, 8, andy', that describe the relative orientation of the two quadrupole tensors. In this work we use
the example of*Na (I = 3/,) NMR of borax (NaB;O,10H,0) to discuss in more detail the nature of the
magnetization transfer. We also derive an analytical expression for thd rarkorientational dependence

of the second-order quadrupolar interaction in terms of the relative orientation of two quadrupole tensors and
simulate the effect upon the shape of the cross-peak when the at\gi#sandy’ are changed. Finally, the

use of this novel technique is demonstrated 3@ NMR study of sodium metasilicate pentahydrate,@\@s:

5H,0) and in a comparativé®™Na NMR study of sodium tungstate dihydrate ¢M&D4-2H,0) and sodium
molybdate dihydrate (N#00O,-2H,0).

MAS (MQMAS)®, and most recently, satellite-transition MAS
(STMASY have been successfully used to obtain high-resolution
or “isotropic” NMR spectra of quadrupolar nuclei in a wide
range of systems.

Recently, in a preliminary communicatiSnwe have pre-

arising from the interaction of the nuclear quadrupole moment Sented a two-dimensional technique based on the MQMAS
eQ with the surrounding electric field gradient tensot This experiment of Frydman and Harwdbthat allows the rela-

quadrupolar interaction is usually parametrized by a coupling tive orientation of two quadrupole tensors to be detern_nineo_l.
constantCo = eQV,./h and an asymmetry = (Vix — Vyy)/ MQMAS removes the second-order quadrupolar broadening via

V,,, where theVj; are the principal axes of.! The magni- correlation of multiple- and single-quantum coherences under
tude of this interaction is often such that, for quadrupolar nuclei MAS conditions, thereby refocusing the anis_otrogc quadrupolar
with half-integer spin, only the central transitiom (= +, < broadening, while retaining isotropic shift8- 13 A two-

—1/,) is observed by conventional NMR techniques, as this is dimensional Fourier transform yields a spectrum containing

not broadened by the first-order effects of the quadrupolar ‘Tdg9€” line shapes that lie along a gradient equal to the ratio
interaction. This transition is, however, broadened by a second-©f the residual second-order broadenings in the multiple- and
order quadrupolar interaction, resulting in inherently low smgle;qu_antum_dlm_eglsmr\s (the so-called "MQMAS ratio”),
resolution and little potential for yielding useful information if ~ €-9-—"/sin @ spinl = /> triple-quantum MAS spectrum. The
more than one crystallographic site is present. Although magic 'SOtropic spectrum may be obtained from a projection orthogonal
angle spinning (MASY, rapidly rotating the powder sample to this axis. We have shown t_hat t_he MQMAS experiment may
around an axis inclined at 54.73® the external magnetic field, P& readily adapted to provide information on the relative
may be employed to reduce the second-order quadrupolaror'e”tat'on of quadrupole tensors through the insertion of a
broadening, it is unable to remove it fully and more sophisticated ‘MXing time”, zm® in a mz_anner153|mllar to previous single-
techniques are requirédMethods such as dynamic-angle quantum correlation techniqué&s!® Thus, any magnetization

spinning (DASY* double rotation (DORY, multiple-quantum tr§n§fer during t_his mixing timg between two d[stinct nuclei
within a crystallite will result in “cross-peaks” in the two-

*To whom correspondence should be addressed. Fa#4-1392- dimensional spectrum that correlate the two ridge line sheges.
263434. E-mail: s.wimperis@exeter.ac.uk. The shape of these cross-peaks will be characteristic of the three
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Figure 1. Pulse sequence and coherence transfer pathways for the (a)
single-quantum “NOESY-type” correlation experiment and (b) triple- L 60 -
guantum MAS correlation experiment. Magnetization transfer occurs r-s
during the mixing time;m, when only population states (coherence | _30 ﬁ L,
orderp = 0) are retained by the phase cycle. High-potttdecoupling e z z
is normally applied during th andt; periods but may be turned off T 0 (/\i@ -og L5 §
during Tm to enhance the spin-diffusion rate. TH dec: on @7 5 5
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experimental aspects of this novel MQMAS correlation experi 2 eem 2 oo
P P b Figure 2. Two-dimensional single-quantufiNa NMR spectra of

ment' First, we use, the examplg %ﬁ\la NMR of.borax t,o borax (NaB4O;-10H;0), recorded with the sample static(& and
discuss the mechanism of magnetization transfer in experimentsgpinning at the magic angle{d). Mixing times: (a)tm = 0; (b) tm =

on both static and spinning samples. Second, we derive an100 ms with no*H decoupling; (c)rm = 100 ms with!H decoupling;
analytical expression for the orientational dependence of the (d) tm = 0; (€)7m = 75 ms with no'H decoupling; and (fym = 75 ms
second-order quadrupolar interaction in terms of the relative With *H decoupling. The spectra were recorded using the pulse sequence
orientation of two quadrupole tensors and simulate the effect Shown in Figure 1a with (ac) 24 transients averaged for each of 128

) . . : ) 1 increments of 16.67s and with (d-f) 8 transients averaged for each
upon the shape of the cross-peaks obtained in both single- an f 256t; increments of 10@s. The recycle interval between transients

triple-quantum MAS cprrelation spectra when the _angd'e&ﬂ' was (a-c) 2 s and (e-f) 2.5 s. The MAS rate in (ef) was 4.0 kHz.
andy' are changed. Finally, we show further experimefisha

NMR examples of the use of this technique for determining

the relative orientation of quadrupole tensors. The spectrum, therefore, consists of a single, continuous ridge
along thed; = 0, autocorrelation “diagonal”.
Experimental Section If the mixing time is nonzero, magnetization may be

transferred between the two distinct Na sites in borax via a “spin

All NMR experiments were p(_arformed_ on a I_3ruker MSL/  gittusion” process driven by dipolar interactions connecting the
Avance 400 spectrometer, equipped with a widebore 9.4 T 234 spinsl®2Figure 2b shows th&Na NOESY-type spectrum

magnet, operating at a Larmor frequency of 105.8 MHZa. of a static borax sample recorded with a mixing tinag,=
Povydered samples were packed inside 4-mm_ rotors for bo_th 100 ms, during which néH decoupling was applied. Dipolar-
static and MAS experlmenti. Pulses were applied with a radio yyj e magnetization transfer has resulted in significant cross-
frequency field strengthp:(**Na)/2z, of ~100 kHz, except  eai (off-diagonal) intensity in addition to the diagonal ridge.
where otherwise stated. When requiréd, decoupllng Was  Owing to the low spectral resolution, these cross-peaks are broad
employed using radio frequency f'eld. strengtia H)/Zj.t' and overlap both with each other and with the diagonal ridge.
between 75 and 100 kHz. Chemical shifts are reported in ppm 11,4 presence of a strongly coupled networKidfspins often

relative to an external standard of 0.15 M NaCl (aq). significantly enhances the magnetization transfer ratei-(“
driven spin diffusion?%) by broadening the energy levels of the
observed nucleus. However, in Figure 2c, whigtelecoupling

The pulse sequence for the well-known two-dimensional was applied throughout a mixing time, = 100 ms, cross-
single-quantum (or “NOESY-type”) correlation experiment is peaks are still observed, indicating that in static samples of borax
shown in Figure 1457 During the interval between the final  the presence ofH nuclei is not required fof3Na—23Na spin
two pulses, or mixing timegm, magnetization is stored along  diffusion to proceed.
the rotating-frame axis as an incoherent population state. Figure ~ Resolution in NMR of solids may be increased through the
2a shows a two-dimensiongiNa NOESY-type spectrum of a  use of MAS? where the powder sample is rotated around an
static (i.e., nonrotating) sample of borax @8a0O;-10H,0), axis inclined at an angle of 54.73® the static magnetic field.
recorded withr,, = 0. Although borax possesses two Na sites This averages the first-order quadrupolar broadening and the
that are crystallographically inequivalésthe two do not yield rank|l = 2 component of the second-order quadrupolar broaden-
resolved resonances owing to the presence of second-ordeing to zero, but is not able to remove the rdrk 4 component
guadrupolar broadening and, presumably, additional broadeningof the second-order interaction fufflyBroadenings resulting
resulting from dipolar or anisotropic chemical shift interactions. from chemical shift anisotropy and inhomogeneous dipolar

Magnetization Transfer
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interactions will be removed, although homogeneous dipolar
couplings will not be suppressed unless the MAS rate is
sufficiently fast.

Figure 2d shows a two-dimensiondNa MAS NMR
NOESY-type spectrum of borax, recorded with = 0. The
two inequivalent Na sites give rise #N\a resonances that are
now fully resolved under MAS, both lying along tlde = 6,
diagonal. The inclusion of a mixing timez; = 75 ms with no
1H decoupling, results in two off-diagonal cross-peaks that
correlate the tw@3Na line shapes, as shown in Figure 2e. As

a result of the MAS line-narrowing, these cross-peaks are now

Dowell et al.
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also well resolved, both from the diagonal peaks and from each Figure 3. Two-dimensional triple-quantufiNa MAS NMR spectra
other, allowing for more detailed analysis. The appearance of of borax with (a)r, = 0 and (b)r, = 100 ms with natH decoupling.

cross-peaks confirms that in this sample the dipolar-driven
23Na—23Na magnetization transfer is not suppressed by MAS,
probably as a consequence of both the relatively slow MAS
rate (~4 kHz) employed and the presence of a strongly coupled
network of!H nucleil” This last point is confirmed in Figure
2f, which shows th&*Na MAS NOESY-type spectrum recorded
with a mixing time of 75 ms during whicfH decoupling was
applied. This spectrum consists only of the tt#da resonances
on the diagonal, with no evidence of off-diagonal cross-peaks.
Thus, it appears that MAS is here fully suppressing the
homonuclea”®Na—23Na dipolar interaction but that, as long
as 'H decoupling is not applied, it is insufficiently fast to
suppress théH-driven spin diffusion.

Recently, techniques have begun to appear that allow “re-

coupling” of the homonuclear dipolar interaction between
quadrupolar nuclei under MAS conditiofs.23 Although still

The spectra were recorded using the pulse sequence in Figure 1b with
24 transients averaged for each of 31thcrements of 16.6%s. The
recycle interval between transients was 2.5 s, and the MAS rate was
9.0 kHz.

sequencé? is shown in Figure 3a. The spectrum consists of
two ridge line shapes lying along a gradient-eflo.6 A cross-
section along each ridge line shape still contains the anisotropic
second-order quadrupolar broadening, allowing extraction of the
quadrupolar paramete@, andy. The high-resolution spectrum,
obtained from a projection onto an axis orthogonal to-tH#&
gradient, consists of two sharp peaks corresponding to the two
crystallographically inequivalent Na sites in borax. If a mixing
time of 100 ms is included (with n84 decoupling), two cross-
peaks appear that correlate the two MQMAS line shapes, as
shown in Figure 3b. In most cases, the higher resolution offered
by the MQMAS technique will be crucial in obtaining well-

at an early developmental stage, such methods are promisingesolved cross-peaks that can be analyzed to yield the relative
as they could be used to increase the rate of magnetizationorientation of the quadrupole tensors.

transfer between quadrupolar nuclei in MAS experiments,
thereby permitting the study of a wider range of materials,
including those not containing abundant higmuclei such as
1H or 19F,

MQMAS Correlation Experiment

The two-dimensional MAS NMR spectra of borax in Figure
2d—f show the highly unusual case of two distinéiNa
resonances fully resolved by an isotropic chemical shift differ-
ence. In the vast majority of multisite compounds the conven-

Relative Tensor Orientation and Second-Order
Quadrupolar Broadening

A crystallographically distinct nucleuk, possesses a quad-
rupole tensoQx = eQV/2I(21 — 1)h. The two-dimensional
NMR experiments described above involve magnetization
transfer between two distinct nuclei with different quadrupole
tensors,Q: and Q», during a mixing timery,. In the two-
dimensional spectrum this results in two cross-peaks which
cross-correlate the MAS line shapés!® Each cross-peak is
the sum of homogeneous resonances whose frequency in one

tional MAS NMR spectrum consists of unresolved second-order dimension depends on the angjgésand y; that describe the
broadened line shapes. Thus, a two-dimensional NOESY-typeorientation ofQ; relative to a rotor-fixed axis system and, in
spectrum contains cross-peaks that overlap with the diagonalthe other dimension, upon the angjesand y, that describe

ridge and with each other, potentially obscuring any orientational
information contained within the detailed cross-peak structure.

the orientation 0f,. Overall, the shape of the cross-peak will
depend on the three Euler angles, ', andy’, that define the

In such cases, the resolution may be improved through use ofrelative orientation of the two quadrupole tensors.

a multiple-quantum (MQ) approaéhas shown by the pulse

sequence in Figure 1b. Here, triple-quantum coherences, selectednd triple-quantumny

by phase cycling? are correlated with single-quantum coher-
ences under MAS conditions in an MQMAS experim@ifhe
pulse sequence is similar to tldilter sequence of Amoureux
et al.?> except that the interval between the final two pulses,

normally of negligible duration, has been extended to become

a mixing time,r,, during which magnetization transfer can take
place. As with many MQMAS experiments, the final pulse has

a much-reduced amplitude, acting selectively on the central

transition1225 As the spectrum is recorded under MAS condi-
tions, IH decoupling is not applied during the mixing time,

allowing magnetization transfer to be enhanced by any abundant

IH nuclei in the sample. Decoupling may still be employed in

thet; andt, periods, however, to increase the spectral resolution.
The conventional two-dimensional triple-quantéiNa MAS

NMR spectrum of borax, recorded with zfiltered pulse

For a static sample, the frequencies of the centraH 1/,)
/,) transitions subject to a second-
order guadrupolar interaction are giventhsf

PAS\2

(2 R 7
Wy

m=>—m

{A%01,m)Q°(m) + AP, m)Q(E 0.¢.m) +
AYILM)QE0,0m)} (1)

where theAl(I,m) are rank-, spin-, and transition-dependent

coefficients!? wo is the Larmor frequencyyg® is a quadru-
polar parameter related togC
w S0 = 3CQ )
Q 4121 — 1)

and where the orientation- anedependen® factors are given
by
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Q) = (1 + %2) (3a)

2
Q2(§10!¢117) = ( 1- %)D20’0(5,0,¢) -
V2

N m{D% A&, 0, ¢) + D% _,(£,0.0)} (3b)

2
Q4(§10!¢177) = (1 + Z_B)DAO,O(glel(b) +

%’ D% A5.0:9) + D o£0.0)} +

1835% D% AE0.9) + D'y_(E08)} (30)

The D'y p(£,0,¢) are Wigner rotation matrix elements of rank
1.27.28 The three Euler angle§, 0, andg, describe the rotation
of the quadrupole tensor from its principal axis system (PAS)
into the laboratory frame.

The rankl = 2 anisotropic term in eq 1Q%(&,0,¢.7), will
average to zero under MAS conditions. Hence, the MAS-
averaged second-order frequencies can be written

2 (ng ? 0 0
D 0= = — {AMm)Q() +
0

AY1,m) @%E0.0.0)T (4)

where the angle brackefdlindicate averaging by MAS.

For a spinning sample, the transformation from the PAS of
the quadrupole tens@}; to the laboratory frame is broken down
into two stages, with transformation via an intermediate rotor-
fixed axis system. From eq 4, the effect of such an extra
transformation need only be considered for the rank 4
orientational factoiQ*(&,0,¢,37). If we start by assuming, for
simplicity, that the quadrupole tensor is axially symmetric,
= 0, then, under spinning conditions, the rdrk 4 factor can
be expanded as follow&:28

Q4(§1:01a¢1’771:0) = D40,0(§11911¢1)
= D' n0x:0r)Dno(01,61,0)  (5)

wherewr is the MAS frequency andy, 5; are the two Euler
angles describing the rotation from tiiz PAS to the rotor-
fixed axis system. If an average over one rotor period is now
taken then only terms witm = O will be retained, yielding,

Q*(&1,01.¢1.m,=0)0= d'y ()% o(BY) (6)

wherey is the angle of the rotor axis with respect to the static
magnetic fieldBy, i.e., 54.738 for MAS. In this case, only the
anglef; is needed to describe the orientation of the unique axis
of the 1 = 0 quadrupole tensor with respect to this spinning
axis.

However, if a two-dimensional correlation spectrum is to be
calculated, the second quadrupole teri@gmust be transformed
from its PAS into theQ; PAS before being transformed into
the rotor frame and finally into the laboratory frame. This

J. Phys. Chem. A, Vol. 106, No. 41, 2002473

Q4(§2,92,¢2,772=0) =
> > Dlom0xwgh) D ley,Br.y)D (' 8,0) (7)

wherea’, ' are the two Euler angles describing the rotation
from the second quadrupole tensor PAS to the first. As shown
previously, only the terms witm = 0 are nonzero if an average
over one rotor period is taken,

[@Q"(&,,0,,0,m,=0)0
= d ) T Dor(0B17)D (e’ 5.0)

= d4o,o(X)[d40,o(ﬂ1)d40,o(ﬁ') -
2d41,0(ﬂ1)d41,o(:3') cos@' + yq )+
2d42,0(ﬂ1)d42,0(:8') cos2¢’ +y,) —
2d43,0(ﬁ1)d43,o(,3') cos3@’ +y,) +
2d’, Bd"s o) cosae + )] ®

Here, ' is the single fixed angle that describes the relative
orientation of the two quadrupole tensors when both tensors
are axially symmetric, i.es; = . = 0.8 The anglea’ can be
neglected as it always occurs in eq 8 a5+ y1), which will

be averaged from 0 to2in a powder sample, while it is absent
from eq 6.

The expressions in egs 4, 6, and 8 may be used for frequency-
domain computer simulation of two-dimensional correlation
spectra. The simulation is performed by looping over a large
number (~100 000) of evenly distributed values of the angles
p1 and y;, with a fixed angle,f’, describing the relative
orientation of two quadrupole tensors of magnitu@es and
Cq,, With 71 = 52 = 0. An isotropic chemical shift is also
included for each distinct nucleus considered. For each pair of
p1 andy; angles, the frequencies in tide andd, dimensions
of the spectrum are calculated. For the two diagonal peaks these
frequencies are calculated via either eq 6 or eq 8 in both
dimensions, whereas the cross-peaks arise from frequencies
which are calculated via eq 6 in one dimension and eq 8 in the
other. The spectrum is then constructed in the form of a two-
dimensional histogram with each addition to the histogram
weighted by a sifi; spherical averaging fact8r.

The expressions for the central and triple-quantum transition
frequencies become more complex when axial symmetry is not
assumed, but the procedure outlined above is not significantly
altered. Ify = 0 then the MAS-averaged rahk= 4 orientational
factor becomég26

2
1+ %) Do o5.0.6) 5

[Q"(&,0.6.m) = (

@n{ D A&0.4)H D 5(E0.6)F +

. 83;57_0172{ D, (£.6.6) T+ 0T ()

It is clear the additional transformation via the rotor frame now
necessitates expansion of Wigner rotation matrix elements of
the form D% ((&,0,¢), wherep = 0, +2, and+4. Considering

the first quadrupole tens®;, therefore, this expansion can be

ensures that the orientation of the second quadrupole tensor isexpressed as

now expressed relative to that of the first. If we assume that
the second tensor also has = 0 then the expansion of the
rank| = 4 orientational factor becomes

D4O,p(§l'01!¢1) = zD40,m(ovXYth)DAm,p(allﬁl’Vl) (10)
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Figure 4. Computer-simulated triple-quantum MAS NMR correlation spectra for two sgir8i2 nuclei. Only the high-field cross-peak is shown.
In (a) both quadrupole tensors are collinear, i.e., Euler angle$’, ') = (0°, 0°, 0°). Cross-peaks in ¢bd) show the effect of changing', '
andy’, respectively. Simulation parametersy,G= Co, = 2.0 MHz; 1, = 1, = 0.7; wo/27 = 105.8 MHZz;dcs, — dcs, = 40 ppm; and 20 Hz
Lorentzian linebroadening (full-width at half-height).

On averaging over a rotor period, one obtains period, only terms withm = O are retained,

D% p(£1,02,60) 0= d'o )D(0.81,71) D% (£ 0000 Ao ) ¥ D008y )D (o B7)
= dod)d,Bre ™ (1) i

It should be noted that two anglgs, andy1, are now needed
to describe the orientation of the tensor in the rotor frame and
also that, whem = 0, this expression reduces to that given in
eq 6.

For the second quadrupole ten€@s, again an additional

= dAO,O(X)zd‘lO,n(ﬁl)d‘ln'p(ﬁ') g (@ +ya)+py)
" (13)

Note that, wherp = 0, this expression reduces to that given in
eq 8.
Two-dimensional correlation spectra may be simulated as

initial transformation into theQ; PAS must be performed to described above. but now using eas 11 and 13 in coniunction
obtain expressions that involve the relative orientation of the " ! g €q )
with egs 4 and 9. In the case where both quadrupole tensors

two tensors. The expansion of the Wigner elements becomes ! S
P 9 are axially asymmetric, i.ey; = 0 and#, = 0, then the

D (EpOpdhy) = calculation is performed with powder averaging ofeandy;
0p\>2272 as described previously, but with three fixed angtesg’, and
zZD"o,m(O,x,th) D4m,n(a11ﬁl’yl)D4n,p(alvﬁ'vy') (12) Y desc_ribing the relz_itiv_e tensor orientation. All three angles
= & appear in the expression in eq 13 and, althawgdlways occurs
as @' + v1), the angley; appears in eq 11 while' does not,
whered’, #', andy' are the three fixed angles that describe the with the result that in a correlation simulation the valueoof
relative orientation of the two tensors. On averaging over a rotor cannot be ignored. However, for the case where the asymmetry
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of only one of the quadrupole tensors is nonzero, g= 0
but , = 0, the two frequencies correlated in the cross-peaks
now involve the expressions in eq 6 and eq 13. The apgle
does not appear in eq 6 with the result that the value'ds
irrelevant and the relative orientation of the two tensors in this
case is described by only two fixed angle$, and y'.
Furthermore, it should be noted thatyif = 0 buty, = 0, the
cross-peak is simulated via correlation of eq 8 and eq 11 and is
again described by only two fixed angles, nowandf'.

Some cross-peaks from triple-quantum MAS correlation
spectra of two spin E 3/2 nuclei that both have £= 2.0
MHz andn = 0.7 are simulated in Figure 4. As both quadrupole

J. Phys. Chem. A, Vol. 106, No. 41, 2002475
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Figure 5. (a) Experimental and (b) computer-simulated two-
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tensors possess nonzero asymmetries their relative orientatiorlimensional single-quanturfiNa MAS NMR spectrum of borax.

is defined by three Euler angles/, ', and y'. Figure 4

Experimental parameters in (a): pulse sequence in Figure 1la; 8

demonstrates that the shape of the cross-peak is very dependertfansients averaged for 2¥gincrements of 10s; 7m = 400 ms with

upon the values of these angles, with significant changes
occurring when any one of the three is varied. When all three
angles are zero, i.e., whépy and Q, share a common PAS,
and wheny is the same for each tensor, the cross-peak is a
sharp ridge line shape (Figure 4a).

In Figure 4 the three Euler angles describing the relative
tensor orientation are shown varied over different ranges of
values. By definitiona’ andy' lie between 0 and 36Qwhile
B’ is defined only between 0 and 18% However, the symmetry

of the expressions described above and the effects of powder

averaging limit the meaningful range to0a’' < 180° and 0

< f',y" = 90°, with unique cross-peaks only found between
these values. Thus, the cross-peak described by (280, ',

y') is distinct from the cross-peak described by, (', ') and
both of these are unique shapes within the defined range.
However, the cross-peaks described by, (80 — g', y') or

(o', p', 180 — y') are identical to that described by (86

o, B 7).

Experimental Results

The theory outlined above has demonstrated that the shape

of the cross-peaks obtained in experimental MQMAS correlation
spectra may be analyzed to obtain the three angleg,, and

y', describing the relative orientation of the quadrupole tensors
involved, provided that the quadrupolar parametegsands,

and isotropic chemical shifécs of each nucleus, may be
accurately determined. The experimental MAS spectra shown
so far @Na NMR of borax in Figures 2df and 3) have not
necessitated a multiple-quantum approach to resolve the two
distinct Na sites and, owing to the two very smal values
involved, the cross-peaks obtained in both single- and multiple-
guantum correlation spectra do not possess much well-defined
structure. However, a previodd®Na NMR single-crystal study

of borax has determined the relative orientation of the two
tensord® and provides a simple test of the method. Figure 5a
shows the two-dimensionaPNa MAS NMR NOESY-type

no 'H decoupling; 2.5 s recycle interval between transients; and 4.0
kHz MAS rate. Simulation parameters in (b): relative tensor orientation
(o, B, y) = (81°, 52, 40°); Co, = 0.541 MHz; G, = 0.849 MHz;
nm= 0449,172 = 0.143;6031 =114 ppl’T‘l;(S(:s2 =-1.6 ppm,a)ol27r =
105.8 MHz; and 26 Hz Lorentzian linebroadening (full-width at half-
height).

81 (ppm)

81 (ppm)

0

-10 -20 -30 -10 -20 -30
dz (ppm) dz (ppm)

Figure 6. (a, b) Experimental and (c) computer-simulated two-
dimensional triple-quantun?®Na MAS NMR spectra of sodium
metasilicate pentahydrate (MHO;-5H,0). Experimental parameters

in (a): pulse sequence in Figure Xh;= 0; 48 transients averaged for
512t; increments of 16.6#s; 2.0 s recycle interval; and 9.0 kHz MAS
rate. Experimental parameters in (b): pulse sequence in Figure,1b;
= 400 ms with no'H decoupling; 192 transients averaged for %76
increments of 14.7%s; 2.0 s recycle interval; and 9.0 kHz MAS rate.
Spinning sidebands are denoted by *. Simulation parameters in (c):
relative tensor orientationa(, £, y') = (90°, 35°, 10°); Co, = 1.8
MHz; Cq, = 2.8 MHz; 71 = 0.75;7, = 0.17;dcs, = 9.0 ppm;dcs, =

9.5 ppm;wo/2r = 105.8 MHz; and 60 Hz Lorentzian linebroadening
(full-width at half-height).

0

spectrum of borax, recorded using the pulse sequence in Figure—7/o, corresponding to the two crystallographically inequivalent

la with a mixing time of 400 ms. Figure 5b shows the
corresponding spectrum, simulated with a fixed orientatedn (
p',y") of (81°, 52°, 40°) between two nuclek = 1 with Cg, =
0.541 MHz,n1 = 0.449 andcs, = 11.4 ppm, ank = 2 with
Cq, = 0.849 MHz,7, = 0.143, anddcs, = —1.6 ppm, with
wo/2r = 105.8 MHZz18 Despite the lack of much fine structure

Na sites in this compourid. Other ridges, marked with an
asterisk, correspond to spinning sidebands. Cross sections along
the ridges reveal anisotropically broadened line shapes corre-
sponding to quadrupolar parametersQyf, = 1.8 MHz, 1 =

0.75, andCq, = 2.8 MHz,77, = 0.17, and to isotropic chemical
shifts of dcg, = 9.0 ppm anddcs, = 9.5 ppm. The inclusion of

in the cross-peaks, it can be seen that the simulated spectruna mixing time,z, = 400 ms with no'H decoupling, into the

is in good agreement with the experimental spectrum.

Figure 6a shows a two-dimensional triple-quanfiha MAS
NMR spectrum of sodium metasilicate pentahydrate,8\@;-
5H,0), recorded using a conventiorsfilter pulse sequenc®.
Two ridge line shapes are observed lying along gradients of

MQMAS experiment, as shown in Figure 1b, results in cross-
peaks that cross-correlate the two autocorrelation ridges, as
shown in Figure 6b. These cross-peaks, although of low
amplitude, show well-defined fine structure and are well
separated from each other owing to the increase in resolution
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Figure 7. Two-dimensional triple-quantum MAS NMR spectra, simulated using¥a parameters for sodium metasilicate pentahydrateSie
5H,0): Cq, = 1.8 MHz; Gy, = 2.8 MHz; 1 = 0.75; 7, = 0.17;dcs, = 9.0 ppm;dcs, = 9.5 ppm;wo/2r = 105.8 MHz; and 60 Hz Lorentzian
linebroadening (full-width at half-height). The Euler angleis varied between T0and 90, while o' andy’ are 90 and 10, respectively.

provided by the MQMAS approadchalthough there is still some
overlap with the autocorrelation ridges.

The distinctive shapes of the cross-peaks in Figure 6b are
characteristic of the', ', andy' angles that define the relative
orientation of the two quadrupole tensors. Figure 7 shows triple-
quantum correlation spectra, simulated using #a NMR
parameters of sodium metasilicate pentahydrate, foiride-
ments of thef’ angle (for the purposes of illustration, tle
andy' angles are fixed at 9&and 10, respectively). Inspection
of this figure reveals that the two cross-peaks simulated with
' = 30° are most similar to those obtained experimentally. This
procedure was repeated in an interactive fashion, cycling through
the three Euler angles with ever finer angle increments, until a
satisfactory match was obtained with the anglés= 90° +
10°, f' = 35° + 2°, andy' = 10° £ 5°. This simulation is
shown in Figure 6c.

Although the cross-peaks in a NOESY-type, single-quantum
correlation experiment are usually overlapped with each other

a1 (ppm)

81 (ppm)

. . . . . 20 0 -20 -40 20 0 -20 -40
and with the autocorrelation diagonal, considerable fine structure 82 (ppm) 82 (ppm)

often remains observable. Figure 8a shows_gtwo-dlmen5|onaIFigure 8. (a b) Experimental and (c) computer-simulated two-
?*Na NOESY-type spectrum of sodium metasilicate pentahydrate gimensional single-quantur®a MAS NMR spectra of sodium
recorded using the pulse sequence in Figure 1a wyith= O. metasilicate pentahydrate (}0;-5H,0). Experimental parameters
The two inequivalent Na sites are not resolved and the spectrumin (a, b): pulse sequence in Figure 1a; ta)= 0 and (b)tm = 1.0 s
consists of a single ridge along the autocorrelation diagonal. With no *H decoupling; (a) 8 and (b) 96 transients averaged fortp12

increments of 25us; 2.0 s recycle interval; and 9.0 kHz MAS rate.
Simulation parameters in (c): same as those in Figure 6¢c, except 40
Hz Lorentzian linebroadening (full-width at half-height).

Figure 8b shows the corresponding spectrum obtained with a
mixing time ofz, = 1.0 s (with no'H decoupling applied during
this period). The spectrum displays well-structured cross-peaks
overlapping both each other and the diagonal. The relative detailed analysis. However, it is possible to use such a spectrum
orientation of the two quadrupole tensors is difficult to determine as a test of the parameters obtained from the triple-quantum
from this spectrum alone as the overlapping of the peaks hindersMAS correlation experiment. Figure 8c displays the correspond-
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Figure 9. Cross-sections parallel to tlde = o, diagonal through the NagMoO,.2H,0

experimental and computer-simulated two-dimensional single-quantum

2%Na MAS NMR correlation spectra in Figure 8b,c. 8 ;
ing spectrum simulated with the quadrupolar and chemical shift -

parameters determined previously and with a relative tensor

orientation, {', #', y'), of (90°, 35°, 10°) as found above. Good

agreement may be seen between this simulated spectrum an .

the experimental spectrum in Figure 8b, confirming the orien-

tational information obtained from the triple-quantum correlation

experiment.
As it is notoriously difficult to compare experimental and Figure 10. Experimental and computer-simulated two-dimensional
simulated contour plots, Figure 9 shows a series of cross-sectiongriple-quantum®Na MAS NMR spectra of (ad) sodium tungstate
extracted parallel to the autocorrelation diagonal in the experi- dihydrate (NaWO,-2H;0) and (e, f) sodium molybdate dihydrate
mental and simulated spectra in Figures 8b and 8c, respectively.]sgfg'\’écr’%ézgégg- izhg))cg’sj'?(ga:‘s”; (gi)rr‘lllsj;{iloixev?t?fll%r;a?i(/;h?ell’(l);l\(l)-r
T_he cross-sections tak_en from the simulated spectrum dlsplay rientation (. B, ') = (9%, 24°, 15°). The cross-peak in (€) is an
line shapes which are in excellent ag.reem.ent to those Obta'”e(gxpansion of the corresponding cross-peak in the spectrum,bfd@y-
experimentally, providing further confirmation of the accuracy 2H,0 and (f) is a simulation with relative orientation as in (d).
of the angle determination. Although computer-fitting of the Experimental parameters in (a, b): pulse sequence in Figure 1t (a)
full two-dimensional spectrum may be difficult, it could be = 0and (b)rm = 200 ms with ndH decoupling; 48 transients averaged
envisaged that an automated fitting of selected cross-sectiongor 512 t increments of 16.6%s; 3.0 s recycle interval; and 9.0 kHz

; " At MAS rate. Simulation parameters in (dEq, = 0.88 MHz;Cq, = 2.70
may provide an efficient and objective method for the accurate MHZ: 71 — 0.35:7 = 0.09: dcg, = —0.9 pplm;écsz — 6.3 ppm-wy2t

determination of thet', /', andy" angles. . = 105.8 MHz; and 35 Hz Lorentzian linebroadening (full-width at half-
A further example of the use of the triple-quantum MAS  height). Experimental parameters in (€): pulse sequence in Figure 1b;
correlation method to obtain the relative orientation of two ¢, =200 ms with nd"H decoupling; 24 transients averaged for 512

quadrupole tensors is shown in Figure 10. Figure 10a showsincrements of 16.6%s; 3.0 s recycle interval; and 9.0 kHz MAS rate.
the two-dimensional triple-quantut®Na MAS NMR spectrum Sirguzlgtion pgfggngtem in ({)Sol = 0588 MZZC;CQZ = 20-/32 M%;Sn%

i [ . = 0.23;72 = 0.08;0cs, = —1.4 ppm;dcs, = 4.0 ppm;wo/2r = 105.
Z{,jog;)upn;rgj:gs(t:?)tﬁedslgséir;;eg(Q:g{ot?]5HthOO) ' I:I;gt;iz%?:;ﬁisa”y MHz; and 35 Hz Lorentzian linebroadening (full-width at half-height).
inequivalent Na sites, with one ridge much longer than the other.

The NMR parameters obtained from this spectrurg, <€ 0.88 of the molybdate (g, = 0.88 MHz, G, = 2.68 MHz, 7, =

MHz, Cq, = 2.70 MHz, 71 = 0.35,72 = 0.09, 6cs, = —0.9 0.23,72 = 0.08,0cs, = —1.4 ppm, anddcs, = 4.0 ppm)3°

ppm, anddcs, = 6.3 ppm, confirm the literature valuésFigure Figure 10d therefore shows the tungstate cross-peak simulated
10b shows the two-dimensional spectrum after the inclusion of using the tungstate NMR parameters and a relative tensor
a mixing time,7, = 200 ms with no'H decoupling, into the orientation given by the Euler angles'(f', v') = (90°, 24°,
experiment, as in Figure 1b. Two cross-peaks appear in this15°) found in our earlier molybdate studyFor comparison,
spectrum as a result of dipolar-driven spin diffusion, with that the corresponding cross-peak from a triple-quantum MAS
at low-field exhibiting the most structure. An expansion of this correlation spectrum of sodium molybdate dihydrate is shown
cross-peak is shown in Figure 10c. We have not been able toin Figure 10e and its simulation in Figure 10f. Although all
obtain a satisfactory match between this cross-peak and afour cross-peaks expanded in Figure 10 show broad agreement,
simulation, despite an extensive search though all possiblethe experimental tungstate cross-peak in Figure 10c differs
relative orientations. However, sodium tungstate dihydrate is significantly from its simulation. Possible reasons for this
exactly isostructural with sodium molybdate dihydrate Ai@O,- difference include poor sample crystallirfityor motional
2H,0) 3 while its NMR parameters are almost identical to those effects®?
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Conclusions (5) Samoson, A.; Lippmaa, E.; Pines, Wol. Phys.1998 65, 1013.
) ) ) ) (6) Frydman, L.; Harwood, J. §. Am. Chem. S0d.995 117, 5367.

We have provided a detailed discussion of a novel two- (7) Gan, Z.J. Chem. Phys2001, 114 10845. _ _
dimensional MAS NMR technique that allows the relative (8) Dowell, N. G.; Ashbrook, S. E.; McManus, J.; Wimperis JSAm.

. . . Chem. Soc2001, 123 8135 [Correction:2002 124, 1125].
orientation of quadrupole tensors to be determined from ™ g) Formandez, C.; Amoureux, J. Bolid State Nucl. Magn. Reson.

powdered crystalline solids. The use of a multiple-quantum 1996 5, 315.
approach offers an increase in resolution over conventional MAS _ (10) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.;

; : lorian, P.; Grandinetti, P. $olid State Nucl. Magn. Resot®96 6, 73.
techniques allowing accurate measurement of the Euler angleéz (11) Brown, S. P.: Wimperis, Sl. Magn. Resoni997, 124 279,

(o, B, y') that describe the relative orientation. We have derived  (12) Brown, S. P.; Wimperis, Sl. Magn. Reson1997, 128, 42.

analytical expressions that permit simulation of the two-  (13) Pike, K. J.; Malde, R. P.; Ashbrook, S. E.; McManus, J.; Wimperis,
i i _ ica i i i . Solid State Nucl. Magn. Reso200Q 16, 203.

dimensional cross peaks that arise in this experiment and ha\./e‘5 (14) Linder, M.. Hihener A Emst, R. RJ. Chem. Phys1980 73

shown the sensitivity of the cross-peak shape to a change inggsg

any of the three Euler angles. We have demonstrated the utility (15) Shore, J. S.; Wang, S. H.; Taylor, R. E.; Bell, A. T.; Pines/JA.

of this method through®Na NMR of borax (NaB4O;+10H,0), Chem. Phys1996 105 9412.
(16) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, Rl.Rhem. Phys.

sodium metasilicate pentahydrate (S#D;-5H,0), sodium 1979 71, 4546,
tungstate dihydrate (N#O,-2H,0), and sodium molybdate (17) Ding, S. W.; McDowell, C. AMol. Phys.1995 85, 283.
dihydrate (NaMoO4-2H,0). (18) Cuthbert, J. D.; Petch, H. B. Chem. Phys1963 39, 1247.

(19) Bloembergen, N.; Shapiro, S.; Pershan, P. S.; Artman, Bh@s.
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