
Journal of Magnetic Resonance 162 (2003) 402–416

www.elsevier.com/locate/jmr
SCAM-STMAS: satellite-transition MAS NMR of
quadrupolar nuclei with self-compensation for magic-angle misset

Sharon E. Ashbrook and Stephen Wimperis*

School of Chemistry, University of Exeter, Stocker Road, Exeter EX4 4QD, UK

Received 25 October 2002; revised 16 January 2003
Abstract

Several methods are available for the acquisition of high-resolution solid-state NMR spectra of quadrupolar nuclei with half-

integer spin quantum number. Satellite-transition MAS (STMAS) offers an approach that employs only conventional MAS

hardware and can yield substantial signal enhancements over the widely used multiple-quantum MAS (MQMAS) experiment.

However, the presence of the first-order quadrupolar interaction in the satellite transitions imposes the requirement of a high degree

of accuracy in the setting of the magic angle on the NMR probehead. The first-order quadrupolar interaction is only fully removed if

the sample spinning angle, v, equals cos�1ð1=
ffiffiffi
3

p
Þ exactly and rotor synchronization is performed. The required level of accuracy is

difficult to achieve experimentally, particularly when the quadrupolar interaction is large. If the magic angle is not set correctly, the

first-order splitting is reintroduced and the spectral resolution is severely compromised. Recently, we have demonstrated a novel

STMAS method (SCAM-STMAS) that is self-compensated for angle missets of up to �1� via coherence transfer between the two

different satellite transitions STþðmI ¼ þ3=2 $ þ1=2Þ and ST�ðmI ¼ �1=2 $ �3=2Þmidway through the t1 period. In this work we
describe in more detail the implementation of SCAM-STMAS and demonstrate its wider utility through 23Na (I ¼ 3=2), 87Rb

(I ¼ 3=2), 27Al (I ¼ 5=2), and 59Co (I ¼ 7=2) NMR. We discuss linewidths in SCAM-STMAS and the limits over which angle-misset

compensation is achieved and we demonstrate that SCAM-STMAS is more tolerant of temporary spinning rate fluctuations than

STMAS, resulting in less ‘‘t1 noise’’ in the two-dimensional spectrum. In addition, alternative correlation experiments, for example

involving the use of double-quantum coherences, that similarly display self-compensation for angle misset are investigated. The use

of SCAM-STMAS is also considered in systems where other high-order interactions, such as third-order quadrupolar effects or

second-order quadrupole–CSA cross-terms, are present. Finally, we show that the sensitivity of the experiment can be improved

through the use of amplitude-modulated pulses.

� 2003 Elsevier Science (USA). All rights reserved.
1. Introduction

The acquisition of high-resolution solid-state NMR

spectra of half-integer quadrupolar nuclei may be

achieved using the recently developed satellite-transition

(ST) magic-angle spinning (MAS) NMR experiment

[1,2]. This technique is conceptually similar to the widely

used multiple-quantum (MQ) MAS method [3], with
both experiments involving two-dimensional correlation

under MAS conditions. In MQMAS, this correlation is

between a multiple-quantum transition (e.g., mI ¼
þ3=2 $ �3=2) and the central transition (mI ¼
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þ1=2 $ �1=2), while in STMAS the correlation in-

volves (single-quantum) satellite transitions (e.g., mI ¼
�3=2 $ �1=2) and the central transition (CT). The

second-order quadrupolar broadening [4,5] of the tran-

sitions involved in each experiment differ only by a

simple scaling factor, allowing this interaction to be

refocussed and a high-resolution or ‘‘isotropic’’ spec-

trum to be obtained.
Despite recent advances [6–9], the low efficiency of

the excitation and conversion of multiple-quantum co-

herences, particularly those of higher coherence order,

remains a severe limitation of MQMAS [10,11]. In con-

trast, the STMAS experiment involves purely single-

quantum coherences, thus potentially offering a significant

sensitivity advantage over MQMAS [1,2], experimen-

tally often found to be a factor of 3 or more [12,13].
reserved.
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Furthermore, the STMAS signal intensity is predicted to
remain largely invariant as the spinning rate is increased

[13], whereas the MQMAS signal intensity becomes

significantly reduced at high MAS rates [14]. In

STMAS, however, the presence of the large first-order

quadrupolar interaction in the satellite transitions ne-

cessitates both a very high degree of accuracy in the

setting of the magic angle on the NMR probehead (of-

ten better than �0:004�) [1,13] and a stable MAS rate to
allow rotor-synchronized t1 acquisition [1,2]. These

technically demanding requirements have proved the

major restrictions on the practical implementation of

STMAS.

Recently, we have introduced a novel STMAS ex-

periment (SCAM-STMAS) that is self-compensated for

angle missets of up to �1� [15]. When the angle between

the sample rotation axis and the magnetic field B0 is not
set accurately to the magic angle (cos�1ð1=

ffiffiffi
3

p
Þ ¼

54:736�) the first-order quadrupolar interaction is rein-

troduced into the satellite transitions, thereby signifi-

cantly reducing the spectral resolution. The two satellite

transitions STþðmI ¼ þ3=2 $ þ1=2Þ and ST�ðmI ¼
�1=2 $ �3=2Þ have first-order quadrupolar interac-

tions that are equal in magnitude but of opposite sign.

Therefore, if the t1 period of an STMAS experiment is
split into two halves to allow evolution of STþ coher-

ences followed by evolution of ST� coherences (and vice

versa), the first-order quadrupolar interaction will be

refocussed, once again yielding a high-resolution spec-

trum. The aim of the SCAM-STMAS technique, there-

fore, is to allow STMAS to be implemented in cases

where (i) for instrumental reasons, the magic angle

cannot be set with the accuracy required by the original
version of the technique and (ii) the quadrupolar inter-

action is very large and, even with ideal, state-of-the-art

instrumentation, it is difficult to set the magic angle with

sufficient accuracy.

In this work we describe in more detail the imple-

mentation and uses of SCAM-STMAS, using 23Na

(I ¼ 3=2), 87Rb (I ¼ 3=2), 27Al (I ¼ 5=2), and 59Co

(I ¼ 7=2) NMR as examples. The possible limits of an-
gle misset over which compensation is achieved are

considered. The SCAM-STMAS experiment is shown to

display greater tolerance to small fluctuations in spin-

ning rate than STMAS, resulting in much less ‘‘t1 noise’’
in the two-dimensional spectrum. For nuclei with spin

quantum number I > 3=2, SCAM-STMAS experiments

that refocus mI ¼ �5=2 $ �3=2, or ST�
2 , satellite tran-

sitions are possible and these are demonstrated using
27Al NMR. In addition, alternative refocussing experi-

ments involving double-quantum coherences (mI ¼
�3=2 $ 	1=2Þ are described. The use of SCAM-

STMAS is also discussed in systems where other high-

order effects, such as third-order quadrupolar interac-

tions or second-order quadrupolar–CSA cross-terms are

present. Finally, it is shown that the sensitivity of SCAM-
STMAS experiments may be increased through the use
of amplitude-modulated, or FAM-type [7], pulses.
2. General experimental details

Experiments were performed using a Bruker Avance

400 spectrometer equipped with a widebore 9.4 T mag-

net, operating at a Larmor frequency, m0, of 105.8MHz
for 23Na, 104.3MHz for 27Al, 94.5MHz for 59Co, and

130.9MHz for 87Rb. A conventional Bruker MAS

probe was used, with powdered solids packed inside 2.5-

mm rotors and inserted/ejected pneumatically. Spinning

rates, mR, were between 10 and 30 kHz. Radiofrequency

field strengths, m1 ¼ jcB1j=2p, were between 130 and

180 kHz. When required, highly accurate setting of the

magic angle was achieved by maximising the height of
the ST ! CT shifted-echo 87Rb signal in a one-dimen-

sional STMAS experiment [12,13] and confirmed by

running a two-dimensional STMAS spectrum of

RbNO3. In the off-angle STMAS and SCAM-STMAS

experiments described here, the misset of the magic an-

gle was estimated by comparison with simulated spectra:

note, however, that there would be no need for this in

routine use of SCAM-STMAS. Other experimental de-
tails are given in the figure captions.

Andalusite (South Africa) was obtained from a pri-

vate mineral collection. All other materials were pur-

chased commercially and used without further

purification.
3. Background to STMAS

In a reference frame rotating at m0, the frequency of a
mI ¼ �ðq� 1Þ $ �q single-quantum transition (with

q ¼ 1=2; 3=2; . . . ; I) can be written for a rapidly spinning
sample as the sum of first- and second-order terms

m�ðq�1Þ$�q ¼ mð1Þ�ðq�1Þ$�q þ mð2Þ�ðq�1Þ$�q: ð1Þ

If, for simplicity, axial symmetry of the quadrupole

tensor is assumed, i.e., g ¼ 0, the contributions from the
first- and second-order quadrupolar interactions are gi-

ven by

mð1Þ�ðq�1Þ$�q ¼ �ð2q� 1ÞmPASQ d20;0ðvÞd20;0ðbÞ; ð2Þ

mð2Þ�ðq�1Þ$�q ¼
ðmPASQ Þ2

m0
A0ðI ; qÞ

n
þA2ðI ; qÞd20;0ðvÞd20;0ðbÞ

þA4ðI ; qÞd40;0ðvÞd40;0ðbÞ
o
; ð3Þ

respectively. Here, v is the angle between the sample
rotation axis and the external magnetic field B0; b is the

Euler angle describing the orientation of the quadrupole

tensor with respect to the spinning axis, and the dl
m0 ;mðhÞ

are reduced Wigner rotation matrix elements of rank l



Table 1

Spin- and transition-dependent coefficients, AlðI; qÞ, for mI ¼
�ðq� 1Þ $ �q single-quantum transitions

A0ðI ; qÞ A2ðI ; qÞ A4ðI; qÞ

I ¼ 3=2

q ¼ 1=2 (CT) )2/5 )8/7 54/35

q ¼ 3=2 (ST) 4/5 20/35 )48/35

I ¼ 5=2

q ¼ 1=2 (CT) )16/15 )64/21 144/35

q ¼ 3=2 (ST1) 2/15 )20/15 6/5

q ¼ 5=2 (ST2) 56/15 80/21 )264/35

I ¼ 7=2

q ¼ 1=2 (CT) )30/15 )120/21 270/35

q ¼ 3=2 (ST1) )12/15 )140/35 168/35

q ¼ 5=2 (ST2) 42/15 8/7 )138/35
q ¼ 7=2 (ST3) 132/15 340/35 )648/35

I ¼ 9=2

q ¼ 1=2 (CT) )48/15 )192/21 432/35

q ¼ 3=2 (ST1) )30/15 )156/21 330/35

q ¼ 5=2 (ST2) 24/15 )48/21 24/35

q ¼ 7=2 (ST3) 114/15 132/21 )486/35
q ¼ 9=2 (ST4) 240/15 384/21 )1200/35

Fig. 1. Pulse sequence and coherence transfer pathway for (a) three-

pulse shifted-echo STMAS experiment, (b) STMAS experiment with

self-compensation for magic-angle misset (SCAM), and (c) split-t1
SCAM-STMAS experiment. In (c), k, k0, and k00 are chosen to refocus

the second-order quadrupolar broadening at the end of the t1 period
(k ¼ ð1þ jRðI; qÞjÞ�1 and k þ k0 þ k00 ¼ 1, with k0 ¼ 0 for RðI; qÞ > 0

and k00 ¼ 0 for RðI ; qÞ < 0). In (a), a 32-step phase cycle can be used to

select the desired coherence pathways: first pulse, 0�; second pulse, 0�
45� 90� 135� 180� 225� 270� 315�; third pulse, 8(0�) 8(90�) 8(180�)
8(270�); receiver, 8(0�) 8(180�). In (b), a 100-step phase cycle can be

used: first pulse, 0�; second pulse, 0�, 72�, 144�, 216�, 288�; third pulse,
5(0�), 5(72�), 5(144�), 5(216�), 5(288�); fourth pulse, 25(0�), 25(90�),
25(180�), 25(270�); receiver, 25(0�), 25(180�).

404 S.E. Ashbrook, S. Wimperis / Journal of Magnetic Resonance 162 (2003) 402–416
[16]. The quadrupolar frequency parameter, mPASQ , is gi-

ven by 3CQ=4Ið2I � 1Þ, where CQ ¼ e2qQ=h. The spin-

and transition-dependent coefficients, AlðI ; qÞ, can be

calculated using perturbation theory and are given in

Table 1. Note that for the central transition, where

q ¼ 1=2, the first-order quadrupolar interaction, pro-

portional to (2q� 1), is always zero, in contrast to the

satellite (q ¼ 3=2; 5=2; . . . ; I) transitions.
If sample rotation is performed at precisely the magic

angle (v ¼ cos�1ð1=
ffiffiffi
3

p
Þ), the second-rank reduced ro-

tation matrix elements d20;0ðvÞ in Eqs. (2) and (3) are zero
and the first-order quadrupolar interaction is removed

from all transitions. However, the second-order quad-

rupolar interaction is not fully removed as the fourth-

rank anisotropic term in Eq. (3), proportional to d40;0ðvÞ,
remains [4]. All transitions now comprise an isotropic
shift, A0ðI ; qÞ ðmPASQ Þ2=m0, and, in a powdered solid, an

anisotropic fourth-rank quadrupolar broadening, pro-

portional to A4ðI ; qÞ ðmPASQ Þ2=m0. Thus, under MAS, the

quadrupolar broadenings of the central and satellite

transitions differ by a simple factor.

The pulse sequence for a shifted-echo STMAS ex-

periment is shown in Fig. 1a [12,13]. This technique

correlates satellite transitions in the (rotor-synchro-
nized) t1 period with the central transition in the t2 pe-
riod of a two-dimensional experiment, a correlation that

we denote ST ! CT. A fixed (rotor-synchronized) s
interval is present in order to acquire a whole-echo

signal and obtain two-dimensional lineshapes which

are in pure absorption [17,18]. When t2=t1 ¼
A4ðI ; q 6¼ 1=2Þ=A4ðI ; 1=2Þ the fourth-rank anisotropic

broadening is refocussed while the isotropic shifts are
retained. A complex (not hypercomplex!) Fourier
transformation yields a two-dimensional spectrum that
consists of a series of ridge-like lineshapes correspond-

ing to the crystallographically distinct sites. The ridges

lie along a gradient equal to the ratio of the fourth-rank

broadenings, A4ðI ; q 6¼ 1=2Þ=A4ðI ; 1=2Þ, termed the

STMAS ratio, RðI ; qÞ [1,2,13]. A high-resolution one-

dimensional spectrum is obtained from a projection

orthogonal to this gradient. Fig. 2a displays a spin

I ¼ 3=2 STMAS spectrum simulated with CQ ¼ 2MHz,
g ¼ 0; m0 ¼ 100MHz and v ¼ 54:736� (the magic angle).
The spectrum is shown so that the STMAS ridge ap-

pears parallel to the F2 axis, as would be obtained after

an appropriate shearing transformation [19]. The high-

resolution or isotropic spectrum, now obtained from a

projection onto the F1 axis, consists of a single narrow

resonance.

If the magic angle is misset, d20;0(v) is no longer zero
and a first-order quadrupolar interaction is reintroduced

into the satellite transitions [1,2] but not, as previously

described, into the central transition. The perturbations

of the two q ¼ 3=2 satellite transitions are equal in

magnitude but opposite in sign, resulting in a splitting,

equal to 4mPASQ d20;0ðvÞd20;0ðbÞ if g ¼ 0, in the F1 dimension
of the STMAS spectrum. This can be seen in Fig. 2b,

where the sheared spectrum is simulated with



Fig. 2. Simulated two-dimensional I ¼ 3=2 STMAS spectra and iso-

tropic projections showing effects of spinning angle (v) misset. (a–c)
Single crystallographic site, with (a) v ¼ 54:736� (the magic angle), (b)
54.741�, and (c) 54.756�. Other parameters: CQ ¼ 2MHz, g ¼ 0, and

m0 ¼ 100MHz. (d) Five distinct sites with CQ ¼ 1, 2, 3, 4, and 5MHz

and v ¼ 54:741�. Other parameters: g ¼ 0; m0 ¼ 100MHz. In each

case the spectra are presented as if a shearing transformation has been

used to yield the isotropic projection in the F1 dimension.
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v ¼ 54:741�. The F1 projection is no longer truly iso-

tropic but contains a ‘‘Pake doublet’’ powder pattern,

consistent with the reintroduction of a first-order

quadrupolar interaction. The spectrum in Fig. 2c, sim-

ulated with v ¼ 54:756�, shows a much greater effect

with a significantly larger doublet splitting in the F1 di-
mension. In contrast, the second-order quadrupolar
shifts in both F1 and F2 frequency dimensions appear

essentially unaffected by the angle misset as this inter-

action is proportional, not to mPASQ as for a first-order

quadrupolar interaction, but to ðmPASQ Þ2=m0, which is

typically one or two orders of magnitude smaller.

The unwanted effects of magic-angle misset become

increasingly important when the quadrupolar interac-

tion is large, owing to the dependence of the reintro-
duced first-order quadrupolar interaction upon mPASQ .

Fig. 2d shows an I ¼ 3=2 STMAS spectrum simulated

for distinct nuclei with CQ values of 1, 2, 3, 4 and 5

MHz, respectively. Other simulation parameters include

g ¼ 0; m0 ¼ 100MHz and v ¼ 54:741�. Five ridge line-
shapes are observed and each displays a doublet split-
ting in the so-called isotropic projection. The splitting

increases with increasing CQ, resulting in a significant

decrease in peak height.
4. Self-compensation for angle misset

Fig. 1b shows a pulse sequence for a STMAS exper-
iment that is self-compensated for angle misset (SCAM-

STMAS) [15]. Comparison with the conventional

STMAS sequence in Fig. 1a shows that the t1 period of

the experiment is now split into two parts of equal du-

ration by a pulse that induces coherence transfer

between the STþ (mI ¼ þ3=2 $ þ1=2) and ST�

(mI ¼ �1=2 $ �3=2) transitions. Note that the t1=2
periods must now be rotor synchronized, thereby halv-
ing the maximum F1 spectral width, and that the

ST� ! ST	, or SCAM, pulse must be phase-cycled so

as to conserve the sign of the coherence order, p, thereby

avoiding premature refocussing of the second-order

shift. As the STþ and ST� transitions possess first-order

quadrupolar shifts that differ only in sign, this interac-

tion can be refocussed allowing a high-resolution spec-

trum to once again be obtained.
Fig. 3 compares 23Na STMAS and SCAM-STMAS

NMR spectra of sodium oxalate (Na2C2O4) in both the

absence and presence of a misset of the spinning angle.

Fig. 3a shows a two-dimensional 23Na STMAS spec-

trum of Na2C2O4 recorded with an accurate magic-

angle setting. In addition to the peak resulting from

ST ! CT transfer lying along Rð3=2; 3=2Þ ¼ �8=9, there
is a peak resulting from CT ! CT transfer lying along
the autocorrelation diagonal (+1) [1,12]. This peak is a

characteristic feature of experimental STMAS spectra

as, owing to its purely single-quantum nature, it cannot

be removed by phase cycling. Different approaches for

its removal have met with limited success, often at the

expense of signal intensity [1,2,12,13,20]. When a

significant magic-angle misset is present, estimated to be

�0:07�, the ST ! CT peak displays a considerable d1
splitting, as shown in Fig. 3b. As expected, the

CT ! CT peak is unaffected.

Fig. 3c shows a two-dimensional 23Na SCAM-

STMAS spectrum of Na2C2O4 recorded with an accu-

rately set magic angle. The spectrum is similar to that in

Fig. 3a except that an additional ridge is observed

midway between the two ridges in the STMAS spectrum

[15]. This is a consequence of the additional pulse in the
SCAM-STMAS experiment which results in an in-

creased number of possible single-quantum correlations.

The peak resulting from CT ! CT ! CT transfer ap-

pears along the autocorrelation diagonal while

ST� ! ST	 ! CT and ST� ! ST� ! CT transfers

yield the peak along )8/9. However, ST� ! CT ! CT

and CT ! ST� ! CT transfers are also possible and



Fig. 3. 23Na STMAS and SCAM-STMAS NMR of sodium oxalate,

Na2C2O4. (a,b) STMAS spectra recorded with the pulse sequence in

Fig. 1a and (c,d) SCAM-STMAS spectra, recorded with the pulse

sequence in Fig. 1b. In (a,c) the magic angle was set as accurately as

possible, while in (b,d) the magic angle was misset by �0.07�. In (a)

32, (b) 96, and (c,d) 200 transients were averaged with a recycle in-

terval of 2.0 s for each of 128 t1 increments of 66.6ls. The MAS rate

was 30 kHz. All ppm scales are referenced to 1.0 M NaCl (aq).

Contour levels are shown at 10, 20, 40, and 80% of the maximum

intensity.
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appear midway between the former peaks with a gra-

dient of ðþ1� 8=9Þ=2 ¼ þ1=18. When the magic angle

is set accurately all these peaks appear with significant

intensity. In contrast, Fig. 3d shows the SCAM-STMAS

spectrum recorded with an angle misset of �0:07�.
The ST� ! ST� ! CT; ST� ! CT ! CT, and CT !
ST� ! CT peaks are now split by the first-order

quadrupolar interaction and are almost unobservable.
However, ST� ! ST	 ! CT transfer refocuses the first-

order quadrupole interaction and results in a sharp ridge
along a gradient of )8/9, allowing the acquisition of a
high-resolution spectrum.

As with all pulses in MQMAS and STMAS, the

parameters of the SCAM pulse should be carefully

selected for optimum performance. The radiofrequency

field strength should be as high as possible (as for the

first and third pulses in Fig. 1b), while the pulse du-

ration can often be optimised in a one-dimensional set-

up experiment (performed off angle!), in a manner
similar to that used for STMAS [13]. Frequently, we

find that the optimum durations of the two ‘‘hard’’

STMAS pulses are both close to (4m1Þ�1 (e.g., �1:5ls
if m1 � 150 kHz), while a typical SCAM pulse is per-

haps �10% longer. Empirically, we have also found

that the intensity of the peaks resulting from unwanted

coherence changes, such as ST� ! CT ! CT, may be

reduced significantly by a judicious choice of the du-
ration of the SCAM pulse.

Fig. 4a shows an 27Al STMAS NMR spectrum of

aluminium acetylacetonate (AlðacacÞ3), recorded with

the pulse sequence in Fig. 1a. As 27Al has spin quantum

number I ¼ 5=2, two different satellite transitions are

present: q ¼ 3=2 (ST1) with mI ¼ �3=2 $ �1=2 and

q ¼ 5=2 (ST2) with mI ¼ �5=2 $ �3=2. Three ridges

are present in the spectrum, therefore: CT ! CT along
+1, ST1 ! CT along Rð5=2; 3=2Þ ¼ þ7=24, and

ST2 ! CT along Rð5=2; 5=2Þ ¼ �11=6 [13]. The inten-

sity of the ST2 ! CT peak is considerably lower than

that of the ST1 ! CT peak mainly owing to the reduced

efficiency of the coherence transfer processes [13]. Fig.

4b shows the STMAS spectrum recorded with an angle

misset of �0.09�. A significant first-order splitting is

introduced into the STMAS peaks, resulting in a loss of
resolution and a significant decrease in peak height. Eq.

(2) predicts that the first-order splitting of the q ¼ 5=2 or
ST2 satellite transitions will be larger than that of the

q ¼ 3=2 or ST1 satellite transitions by a factor of two. In

Fig. 4b, the ST2 ! CT peak is no longer observable at

the contour levels shown. The CT ! CT peak remains

unaffected by the angle misset.

An 27Al SCAM-STMAS spectrum, recorded using
the pulse sequence in Fig. 1b with an accurately set

magic angle, is shown in Fig. 4c. As was observed pre-

viously, an additional ridge is present in this spectrum,

lying along ðþ1þ 7=24Þ=2 ¼ þ31=48, midway between

the autocorrelation diagonal and the q ¼ 3=2 STMAS

ridge. This results from ST�
1 ! CT ! CT and

CT ! ST�
1 ! CT coherence transfers. Other additional

ridges are also present, resulting from correlations in-
volving the q ¼ 5=2 satellite transitions. Fig. 4d shows

the 27Al SCAM-STMAS spectrum recorded with an

angle misset of �0.09�. The unwanted ridges now ex-

perience a large first-order quadrupolar interaction and

are barely observable. The ST�
1 ! ST	

1 ! CT peak,

however, consists of a intense narrow ridge allowing the

high-resolution spectrum to be obtained.



Fig. 5. Isotropic projections of (a) on-angle 27Al STMAS, (b) off-angle
27Al SCAM-STMAS and (c) off-angle 27Al triple-quantum MAS

spectra of AlðacacÞ3. The relative intensities are absolute. All spectra
were recorded with split-t1 shifted-echo pulse sequences. The angle

misset was �0.09�. In (a) 192, (b) 200, and (c) 192 transients were

averaged with a recycle interval of 1.0 s for each of 256 t1 increments of
129.16ls. The MAS rate was 20 kHz. All ppm scales are referenced to

1.0M AlðNO3Þ3 (aq).

Fig. 4. 27Al STMAS and SCAM-STMAS NMR of aluminium acet-

ylacetonate, AlðacacÞ3. (a,b) STMAS spectra recorded with the pulse

sequence in Fig. 1a and (c,d) SCAM-STMAS spectra recorded with the

pulse sequence in Fig. 1b. In (a,c) the magic angle was set as accurately

as possible, while in (b,d) the magic angle was misset by �0.09�. In
(a,b) 32 and (c,d) 200 transients were averaged with a recycle interval

of 1.0 s for each of 256 t1 increments of 100ls. The MAS rate was 20

kHz. All ppm scales are referenced to 1.0 M AlðNO3Þ3 (aq). Contour
levels are shown at (a,c) 4, 8, 16, 32, and 64%, (b) 16, 32, 64%, and (d)

8, 16, 32, and 64% of the maximum intensity.
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One of the goals of a two-dimensional STMAS ex-

periment is to obtain the isotropic spectrum from a

projection of the two-dimensional spectrum onto an axis

orthogonal to the ridge lineshapes. Such an isotropic

projection may be obtained through the use of a
shearing transformation so that the lineshapes appear

parallel to the F2 (or d2) axis followed by a projection

onto the F1 (or d1) axis [19]. As an alternative to

shearing, ‘‘split-t1’’ experiments [21–24], with a t1 period
which is split between satellite- and central-transition
evolution, may be employed [12,13]. The pulse sequence

for a split-t1 SCAM-STMAS experiment is shown in

Fig. 1c. The position of the central-transition section of

the t1 evolution period, either before or after the final

pulse, is dependent upon the sign of the STMAS ratio,

whereas the values of k, k0, and k00 are dependent upon
the magnitude of this ratio. For example, for a spin

I ¼ 5=2 nucleus the q ¼ 3=2 STMAS ratio is
Rð5=2; 3=2Þ ¼ þ7=24. The central-transition t1 evolu-

tion, therefore, is placed after the final pulse, i.e., k0 ¼ 0.

The values of k ¼ ð1þ jRðI ; qÞjÞ�1 and k00 are given by

24/31 and 7/31, respectively (note that k þ k0 þ k00 ¼ 1).

Fig. 5 compares the signal intensities in isotropic 27Al

STMAS, SCAM-STMAS, and MQMAS NMR spectra

of AlðacacÞ3, obtained using split-t1 shifted-echo exper-

iments. The STMAS spectrum was recorded with the
magic angle accurately set while the SCAM-STMAS

and MQMAS spectra were recorded with an angle

misset of �0.09�. As with the central transition, the

frequencies of symmetric (mI $ �mI ) multiple-quantum

transitions are always independent of the first-order

quadrupolar interaction and MQMAS spectra, there-

fore, will not be affected by small deviations of the

magic-angle setting. The intensities of the single isotro-
pic peak in each spectrum are in the ratio 5.3:2.2:1.0 for

STMAS, SCAM-STMAS and MQMAS, respectively.

Although carefully optimised, the isotropic MQMAS

spectrum in Fig. 5c was recorded without utilising any

special methods to enhance sensitivity, such as RIACT,

FAM, DFS, FASTER, and RAPT [6–9,25]. Despite

much success having been achieved with these methods,

it is notable that some of the most impressive relative
signal enhancements have been attained for spin I ¼ 3=2
nuclei, using only modest radiofrequency field strengths,

and for solids where a good MQMAS signal-to-noise

ratio is already available, thereby allowing easy opti-

misation.

Fig. 6a shows a two-dimensional 87Rb STMAS

spectrum of rubidium sulphate (Rb2SO4), recorded us-

ing a split-t1 shifted-echo pulse sequence, with the magic



Fig. 6. 87Rb STMAS and SCAM-STMAS NMR of rubidium sulphate,

Rb2SO4. Two-dimensional (a) STMAS spectrum recorded with a split-

t1 pulse sequence and (b) SCAM-STMAS spectrum recorded with the

split-t1 pulse sequence in Fig. 1c. In (a) the magic angle was set as

accurately as possible using our normal procedure, while in (b) the

angle misset was �0.09�. In (a) 96 and (b) 400 transients were averaged
with a recycle interval of 0.5 s for each of (a) 300 and (b) 150 t1 in-

crements of (a) 62.96ls and (b) 125.92ls. The MAS rate was 30 kHz.

All ppm scales are referenced to 1.0 M RbNO3 (aq). Contour levels are

shown at (a) 1, 2, 4, 8, 16, 32, and 64% and (b) 4, 8, 16, 32, and 64% of

the maximum intensity. (c) Isotropic projections of split-t1 STMAS,

SCAM-STMAS and triple-quantum MAS NMR spectra. The peak

amplitudes have been scaled in (c) to reflect the signal amplitude per

unit experiment time. The peaks appear in different places in the iso-

tropic STMAS and triple-quantum MAS spectra in (c) owing to (i)

different chemical-shift scaling factors, xCS, and (ii) aliasing.
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angle set as accurately as possible using our normal

procedure. There are expected to be two crystallo-

graphically distinct Rb nuclei in this material with 87Rb

CQ values of 2.7 and 5.3MHz [26] and two distinct

lineshapes are observed in the spectrum. One lineshape

is a short ridge parallel to the d2 axis, while the other, a
much longer ridge, exhibits a very small but distinctive

d1 splitting. The large quadrupolar interaction experi-
enced by this 87Rb nucleus results in an extreme sensi-

tivity to any angle misset, making the setting of the angle

with sufficient accuracy exceedingly difficult. The 87Rb

SCAM-STMAS spectrum of Rb2SO4, recorded using

the pulse sequence in Fig. 1c, is shown in Fig. 6b. In this

spectrum, recorded with an angle misset of �0.09�, both
ridge lineshapes are narrow and precisely parallel to the

d2 axis. Here, as with the 27Al results in Fig. 5, the
SCAM-STMAS spectrum exhibits a signal intensity that

is less than the STMAS spectrum but considerably

greater than the corresponding triple-quantum MAS

spectrum, with the three experiments yielding intensity

ratios of 9.2:3.0:1.0 per unit measurement time, as

shown by the isotropic projections in Fig. 6c. This

particularly large sensitivity difference between SCAM-
STMAS and MQMAS is probably a consequence of the
fast MAS rate (30 kHz) required owing to the presence

of large quadrupolar interactions (see below).
5. Linewidths in STMAS, SCAM-STMAS, and

MQMAS spectra

The full linewidth at half-height in the isotropic 27Al
SCAM-STMAS spectrum of AlðacacÞ3 in Fig. 5b

(23Hz) is significantly narrower than in the STMAS

spectrum in Fig. 5a (44Hz) despite the two experiments

being recorded with the same maximum value of t1.
(Note that the SCAM-STMAS signal evens shows evi-

dence of truncation in t1.) This could be the result of a

residual, but unavoidable, inaccuracy in the setting of

the magic angle in the STMAS experiment. Interest-
ingly, however, the SCAM-STMAS linewidth is also

significantly narrower than the MQMAS linewidth in

Fig. 5c (40Hz). In order to gain an insight into the

reason for the differing linewidths it is necessary to

consider the possible mechanisms that may broaden

these ‘‘isotropic’’ spectra.

In both STMAS and MQMAS experiments the

quadrupolar interaction, first- and second-order in the
case of STMAS and second-order only in the case of

MQMAS, is removed from the isotropic spectrum by

a combination of MAS and the correlation of two

different transitions. Although it is known that other

high-order interactions, including second-order quad-

rupolar–dipolar or quadrupolar–CSA cross-terms [27–32]

and third-order quadrupolar effects [33], are not fully

removed by MAS, in a large majority of cases these
effects can be shown to be insignificant. (SCAM-

STMAS experiments on solids where this is not the case

are described in more detail below.) When measured in

Hz, the isotropic shifts observed in high-resolution

STMAS and MQMAS spectra are scaled relative to

those found in a conventional MAS spectrum [13,34,35].

The chemical-shift scaling factors, xCSðI ; qÞ and xCSðI ; pÞ
for STMAS and MQMAS, respectively, can be found in
the literature [13,34]. Any inhomogeneous broadening

present in the high-resolution spectrum, as a result of

distributions of isotropic chemical shifts, distributions

of quadrupolar parameters, or B0 inhomogeneity, will

be scaled by the corresponding xCS factor [34]. This may
result in linewidths that differ between various STMAS

and MQMAS spectra: for example, it is almost certainly

the explanation for much of the additional linewidth
found in the isotropic 87Rb MQMAS spectra in Fig. 6c

compared with that in the STMAS and SCAM-STMAS

spectra. However, the spin I ¼ 5=2 scaling factors

xCSð5=2; q ¼ 3=2Þ and xCSð5=2; p ¼ 3Þ, for q ¼ 3=2
STMAS and p ¼ 3 MQMAS, respectively, are identi-

cal and so this cannot be the reason for the differing

linewidths found in Fig. 5b and c.
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It is known that MAS will remove all inhomogeneous
broadening resulting from CSA or purely heteronuclear

dipolar interactions, although any homogeneous broad-

ening arising from strong homonuclear dipolar cou-

plings is only removed when the MAS rate, mR, is much
greater than the homogeneous static dipolar linewidth,

Dmhomostat . Most quadrupolar nuclei have low or modest c
values and it seems likely that the condition

mR � Dmhomostat holds in all cases considered in this work.
In this strongly narrowed limit, homonuclear dipolar-

driven spin diffusion will still oppose the narrowing ef-

fects of MAS and produce a residual homogeneous

broadening [36,37]

DmhomoMAS / ðDmhomostat Þ2kSD
mR2

; ð4Þ

where kSD is the rate constant for spin diffusion across

the static linewidth, itself probably proportional to

Dmhomostat . The homogeneous static linewidth, Dmhomostat , is

proportional to the coherence order jpj and hence dif-

ferent between STMAS and MQMAS experiments. For
example, Dmhomostat in the triple-quantum dimension of an

MQMAS experiment will be three times greater than in

the corresponding dimension of an STMAS experiment.

Owing to the ðDmhomostat Þ2 (or, possibly, ðDmhomostat Þ3 if

kSD / Dmhomostat ) dependence of the residual broadening

under MAS, it might then be expected that isotropic

triple-quantum MAS spectra would display increased

linewidths compared with isotropic SCAM-STMAS
spectra, as observed in Fig. 5.
6. Effects of fast spinning

The signal intensity in an MQMAS experiment is

known to decrease significantly as higher MAS rates, mR,
are used [14]. In contrast, it has been shown that
Fig. 7. The effect of MAS upon the amplitude of I ¼ 3=2 SCAM

(STþ ! ST�) coherence transfer as a function of pulse duration.

Simulations were performed for an on-resonance pulse with a radio-

frequency field strength m1 ¼ jcB1j ¼ 150 kHz and with mPASQ ¼ 450kHz,

g ¼ 0, and m0 ¼ 130MHz.
STMAS signal intensity remains almost invariant as the
spinning rate changes [13]. Fig. 7 shows the effect of

the MAS rate upon the amplitude of spin I ¼ 3=2
SCAM (STþ ! ST�) coherence transfer as a function of
pulse duration. Simulations were performed for an on-

resonance pulse with a radiofrequency field strength,

m1, of 150 kHz and with CQ ¼ 1:8MHz, g ¼ 0 and

m0 ¼ 130MHz. The maximum coherence transfer am-

plitude decreases slightly as the spinning rate increases.
For example, when mR ¼ 30 kHz the amplitude is only

90% of that obtained when mR ¼ 10 kHz. This behaviour

is intermediate between that observed in STMAS and

MQMAS. The excitation efficiencies in I ¼ 3=2 STMAS

(Iz ! ST) and MQMAS (Iz ! 3Q) when mR ¼ 30 kHz

can be calculated to be 100 and 66%, respectively, of

those obtained when mR ¼ 10 kHz [13]. The efficiency of

the conversion pulses in STMAS (ST ! CT) and
MQMAS (3Q ! CT) have both been shown to have

similarly weak dependencies on the MAS rate [14]. It is

expected, therefore, that the sensitivity of both STMAS

and SCAM-STMAS will improve relative to MQMAS

as higher spinning rates are used. Fig. 6c is probably an

excellent example of this. Fast MAS rates are often re-

quired when large quadrupolar interactions are present

(again, for example, as in Fig. 6) and these increase the
difficulty of setting of the magic angle with sufficient

accuracy, possibly making SCAM-STMAS the pre-

ferred method in these cases.
7. Tolerance of MAS rate instability

The rotor-synchronized acquisition employed in the
t1 dimension of STMAS experiments requires a stable

spinning frequency, mR [1,2]. If the MAS rate drifts away

from its desired value, even for a short period of time,

the t1 sampling will not be synchronized with the rotor

and no STMAS signal will be obtained during this pe-

riod. This will result in significant amounts of ‘‘t1 noise’’
in the two-dimensional spectrum [38]. However, in many

SCAM-STMAS spectra there appears to be a consid-
erable reduction in the t1 noise present, suggesting a

increase in tolerance to these temporary spinning rate

variations. An example is shown in Fig. 8a where two-

dimensional 87Rb STMAS and SCAM-STMAS spectra

of RbNO3 are compared, with low contour levels dis-

played. The STMAS spectrum displays a band of

‘‘noise’’, significantly larger than the true thermal noise

and not appearing to be completely random, that runs
parallel to the d1 axis wherever there is a strong reso-

nance in the spectrum. This t1 noise is therefore present
in the isotropic STMAS projection shown in Fig. 8b.

Note that this (and other projections in this work) is a

true projection, with all signal intensity summed, not a

so-called ‘‘skyline projection’’. However, the two di-

mensional SCAM-STMAS spectrum in Fig. 8a and its



Fig. 8. 87Rb STMAS and SCAM-STMAS NMR of rubidium nitrate,

RbNO3. (a) Two-dimensional on-angle STMAS and off-angle (�0.08�)
SCAM-STMAS spectra recorded with split-t1 pulse sequences, with (b)
isotropic projections and (c) cross-sections parallel to the d2 axis at

d1 ¼ �26 ppm. The relative intensities in (b) and (c) are absolute. For

STMAS and SCAM-STMAS, respectively, 192 and 200 transients

were averaged per t1 increment with a recycle interval of 0.25 s. In each
case, 128 t1 increments of 188.89ls were recorded. The MAS rate was

20 kHz. All ppm scales are referenced to 1.0M RbNO3 (aq). Contour

levels are shown at 1, 2, 4, 8, 16, 32, and 64% and 4, 8, 16, 32, and 64%

of the maximum intensity for the STMAS and SCAM-STMAS spec-

tra, respectively.

Fig. 9. Two-dimensional 87Rb split-t1 (a,c) STMAS and (b,d) SCAM-

STMAS time-domain data sets (shown in magnitude mode) for

RbNO3. A t1 increment much smaller than a rotor period was used to

reveal the detailed structure of the satellite-transition rotational spin

echoes. Coherence transfer echoes involving only satellite transitions in

t1 are labelled ST, those involving only central transitions are labelled

CT, and those involving both satellite and central transitions in t1 are
labelled ST-CT.
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isotropic projection in Fig. 8b show very little t1 noise,
with the lower contour levels in Fig. 8a revealing only a

small amount of signal resulting from the unwanted

ST ! CT ! CT and CT ! ST ! CT transfers. In

contrast, Fig. 8c compares d2 cross-sections through one
of the 87Rb ridge lineshapes in both the STMAS and

SCAM-STMAS spectra. The noise levels in both spectra
are now identical as they result from true thermal noise

only.

To demonstrate the origin of the increased tolerance

to fluctuations in the MAS rate displayed by SCAM-

STMAS, Fig. 9 shows (in magnitude mode) two-

dimensional 87Rb STMAS and SCAM-STMAS time-

domain data sets for RbNO3. These were recorded with

increments of the t1 evolution period that were much
smaller than those needed for rotor synchronization and

reveal the fine structure of the satellite-transition rota-

tional spin echoes. In Fig. 9a, the STMAS time-domain
data, two signals are observed; the CT ! CT signal

running throughout the t1 acquisition, and the ST ! CT

signal appearing only when the t1 period is equal to an

integer number of rotor periods, i.e., when t1 is rotor
synchronized. In the SCAM-STMAS time-domain data

in Fig. 9b, the ST� ! ST	 ! CT signal is observed

only at even numbers of rotor periods. This is a conse-

quence of the splitting of the t1 period into two, with

each half needing to be rotor synchronized for signal to

be observed. The CT ! CT ! CT signal is observed

throughout the t1 acquisition, while the signal resulting
from ST ! CT ! CT transfer is also observed but with
low intensity. Figs. 9c and d show similar contour plots

to those in Fig. 9a and b, expanded to show the area

around a t1 duration of 42 rotor periods (2100 ls). The
STMAS time-domain data in Fig. 9c possess a maxi-

mum satellite-transition signal intensity when t1 is ex-

actly equal to 42 rotor periods, and significant signal

intensity is only obtained when t1 differs from this value

by less than �0:5ls. In contrast, the SCAM-STMAS
time-domain data in Fig. 9d display significant satellite-

transition signal intensity for t1 ¼ 2100� 2ls. This

greater width of the SCAM-STMAS rotational spin

echoes in the t1 dimension is a consequence of the ad-

ditional satellite-transition refocussing brought about by

the SCAM pulse and explains the increased tolerance to
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MAS rate fluctuations. It is easily seen that the effects of
any mismatch between the t1 sampling and the position

of the rotational spin echoes will be less deleterious the

broader those echoes are in the t1 dimension.
8. Limits of angle-misset compensation

It has been shown above that SCAM-STMAS can
refocus the first-order quadrupolar interaction intro-

duced by a misset of the magic angle, but what are the

limits to this angle-misset compensation? It can be seen

from Eq. (3) that a misset of the angle v will also affect

the second-order quadrupolar shifts, although both the

magnitude and sign of this interaction are the same for

the two q ¼ 3=2 satellite transitions. Therefore, a second-
order quadrupolar broadening introduced by an angle
misset into the high-resolution dimension cannot be re-

focussed in a SCAM-STMAS experiment. However, this

effect is expected to be much smaller than the for first-

order interaction considered previously. For example,

the two spin I ¼ 3=2 satellite transitions have a first-or-
der splitting of 4mPASQ d20;0ðvÞd20;0ðbÞ if g ¼ 0. For a typical

mPASQ value of 500 kHz this splitting will be of the order of

250Hz if the magic angle is misset by �0:005�. However,
the second-order quadrupolar interaction is propor-

tional to ðmPASQ Þ2=m0 and, assuming m0 ¼ 100MHz, this

same misset of the magic angle would result in an un-
Fig. 10. Simulated two-dimensional I ¼ 3=2 SCAM-STMAS spectra

showing effects of severe spinning angle (v) misset. The angle of the

spinning axis v is (a) 54.736� (the magic angle), (b) 55.736�, (c) 57.736�,
and (d) 59.736�. Other parameters: CQ ¼ 2MHz, g ¼ 0, and

m0 ¼ 100MHz.
wanted second-order broadening of K1Hz. The spin-
ning angle would have to deviate from the magic angle by

up to �1� to produce unwanted second-order broaden-

ings of the order of 100Hz.

Fig. 10 shows spin I ¼ 3=2 SCAM-STMAS spectra

simulated using CQ ¼ 2MHz, g ¼ 0; m0 ¼ 100MHz and

v values of 54.736� (the magic angle), 55.736�, 57.736�,
and 59.736�, respectively. When the magic angle is

correctly set, a narrow SCAM-STMAS ridge is ob-
served lying along )8/9 (Fig. 10a). For an angle misset

of +1� (Fig. 10b) all first-order splittings have been

refocussed but a very small broadening of the ridge

lineshape is observed as a result of the residual second-

order quadrupolar interaction. As the angle misset is

increased, the broadening of the ridge also increases

and ‘‘isotropic’’ resolution is lost. When v is misset by

+5� (Fig. 10d) a broadening of several hundred hertz is
observed. Of course, such significant deviations from

the magic angle will also result in the reintroduction of

dipolar and CSA interactions into SCAM-STMAS

spectra and these, rather than the second-order quad-

rupolar interaction, are likely to be the limiting factors

on isotropic resolution. Finally, it should be remem-

bered that the MQMAS experiment will show similar

sensitivity to these very large missets of the magic
angle.
9. Alternative SCAM-STMAS experiments

9.1. SCAM-STMAS utilising q ¼ 5=2 satellites

Nuclei with spin quantum number I > 3=2 possess
more than one pair of satellite transitions, i.e., q ¼ 5=2,
7/2, etc. For example, the 27Al STMAS spectrum of

AlðacacÞ3 in Fig. 4a shows three ridges corresponding to
CT ! CT; ST1 ! CT, and ST2 ! CT transfer. It has

been shown that the signal intensity in an STMAS

spectrum decreases as the satellite-transition order q

increases [13]. However, different STMAS experiments

yield different chemical-shift scaling factors, xCSðI ; qÞ,
and therefore may offer the possibility of increased res-

olution [13], depending upon the nature of the broad-

ening mechanisms present [34]. As shown previously, the

first-order quadrupolar interaction experienced by all

pairs of satellite transitions is equal in magnitude but

differs in sign. For example, for a spin I ¼ 5=2 nucleus,

such as 27Al, the first-order quadrupolar shifts of the

two satellite transitions are �2mPASQ d20;0ðvÞd20;0ðbÞ and
�4mPASQ d20;0ðvÞd20;0ðbÞ for q ¼ 3=2 and 5/2, respectively. In
principle, therefore, SCAM-STMAS can be used to re-

focus the first-order quadrupolar interaction for any

pair of satellite transitions, ST�
n . Experimentally, the

pulse duration required to obtain optimum STþ
n ! ST�

n
transfer will be dependent upon the satellite-transition

order.



Fig. 11. 27Al q ¼ 5=2 STMAS and p ¼ 5 MQMAS NMR of AlðacacÞ3.
(a) On-angle two-dimensional SCAM-STMAS spectrum recorded with

the split-t1 pulse sequence in Fig. 1c. (b) Corresponding off-angle

(�0.07�) spectrum. In each case, 200 transients were averaged with a

recycle interval of 1.0 s for each of 184 t1 increments of 283.33ls. The
MAS rate was 20 kHz. All ppm scales are referenced to 1.0 M

AlðNO3Þ3 (aq). Contour levels are shown at (a) 8, 16, 32, and 64% and

(b) 10, 20, 40, and 80% of the maximum intensity. (c) Isotropic pro-

jections of split-t1 q ¼ 5=2 STMAS, q ¼ 5=2 SCAM-STMAS and

p ¼ 5 MQMAS NMR spectra. The peak amplitudes have been scaled

in (c) to reflect the signal amplitude per unit experiment time. Owing to

the different chemical-shift scaling factors between the q ¼ 5=2

STMAS and p ¼ 5 MQMAS experiments the peaks in (c) have dif-

ferent d1 shifts.

Fig. 12. (a) Pulse sequence and coherence transfer pathway for a

shifted-echo SCAM-DQSTMAS experiment. A 160-step phase cycle

can be used to select the desired coherence pathways: first pulse, 0� 45�
90� 135� 180� 225� 270� 315�; second pulse, 0�; third pulse, 32(0�)
32(72�) 32(144�) 32(216�) 32(288�); fourth pulse, 8(0�) 8(90�) 8(180�)
8(270�); receiver, 2(0� 270� 180� 90�) 2(180� 90� 0� 270�). (b) Two-di-
mensional 87Rb SCAM-DQSTMAS spectrum of RbNO3 recorded

with the pulse sequence in (a) with an angle misset of �0.08�. Eight
hundred transients were averaged with a recycle interval of 0.25 s for

each of 128 t1 increments of 100ls. The MAS rate was 20 kHz. All

ppm scales are referenced relative to 1.0M RbNO3 (aq). Contour

levels are shown at 8, 16, 32, and 64% of the maximum intensity. (c)

Isotropic projections of 87Rb SCAM-STMAS and SCAM-DQSTMAS

spectra, recorded with split-t1 pulse sequences. The peak amplitudes in
these projections have been scaled to reflect the signal amplitude per

unit experiment time.
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Fig. 11a shows the two-dimensional 27Al SCAM-

STMAS spectra of AlðacacÞ3 recorded using the split-

t1 pulse sequence shown in Fig. 1c, with k ¼
ð1þ jRð5=2; 5=2ÞjÞ�1 and an accurately set magic angle.

All pulse durations have been experimentally optimized

for transfers involving the q ¼ 5=2, or ST2, satellite
transitions. A narrow ridge lying parallel to the d2 axis is
observed, corresponding to the single crystallographi-

cally distinct Al site. The other ridges, lying along dif-

ferent gradients, result from mixed transfer pathways

involving the CT, ST1 and ST2 transitions. When the

magic angle is misset by �0.07�, as shown in Fig. 11b,

these unwanted ridges experience a large first-order

quadrupolar interaction and are unobservable. How-
ever, SCAM-STMAS has refocussed the angle misset

through ST�
2 ! ST	

2 ! CT transfer, yielding a single

narrow ridge parallel to d2. Although, the intensity of

the q ¼ 5=2 SCAM-STMAS spectrum is only 25% of

that obtained using a q ¼ 5=2 STMAS experiment, as

shown in Fig. 11c, the linewidth is considerably nar-

rower and the t1 noise considerably less. Both experi-

ments yield less signal intensity than the corresponding
q ¼ 3=2 STMAS experiment and, moreover, the q ¼ 5=2
SCAM-STMAS spectrum possesses less signal than a
triple-quantum MAS spectrum (not shown). However,

both q ¼ 5=2 STMAS and q ¼ 5=2 SCAM-STMAS

display considerably more signal intensity than the five-

quantum MAS spectrum, also shown in Fig. 11c. The

q ¼ 5=2 SCAM-STMAS spectrum displays the nar-

rowest linewidth of the three projections in Fig. 11c,

with a full-width at half-height of 18Hz, compared with

30Hz and �90Hz for the q ¼ 5=2 STMAS and p ¼ 5
MQMAS spectra, respectively. Again, it should be

noted that, although the chemical-shift scaling factor

for an I ¼ 5=2 five-quantum MAS experiment (xCS
ð5=2; 5Þ ¼ 85=37) is larger than that for a q ¼ 5=2
STMAS experiment (xCSð5=2; 5=2Þ ¼ þ1), this cannot

fully explain the relatively large linewidth found in the

five-quantum MAS experiment.

9.2. Self-compensated double-quantum satellite-transition

MAS

All the SCAM-STMAS experiments described above

achieve refocussing of the angle misset through corre-

lation of single-quantum STþ
n and ST�

n coherences
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during the t1 period. It is also possible to refocus an
angle misset through correlation of single-quantum sa-

tellite transitions with any other transitions that possess

a first-order quadrupolar broadening, such as double-

quantum coherences. Fig. 12a shows a pulse se-

quence and coherence transfer pathway diagram for a

double-quantum (DQ) STMAS experiment that self-

compensates for angle misset. An initial pulse creates

double-quantum coherences which evolve for a period
t1=2, after which they are converted to single-quantum

satellite-transition coherences for the remainder of the t1
period. Although the second-order shifts are different,

the two inner double-quantum satellite transitions (DQþ
1

with mI ¼ þ3=2 $ �1=2 and DQ�
1 with mI ¼ þ1=2 $

�3=2) exhibit first-order quadrupolar shifts that are

identical to those of the two q ¼ 3=2 satellite transitions.
A two-dimensional 87Rb SCAM-DQSTMAS spectra

of RbNO3, recorded with the pulse sequence in Fig. 12a

and with v misset by �0.08�, is shown in Fig. 12b. Three
ridge lineshapes, corresponding to the three distinct Rb

sites, are observed lying along the predicted gradient of

)7/18, showing that the splitting arising from the angle

misset has been refocussed. The use of double-quantum

coherences is expected to result in a significant decrease

in signal intensity, however. Fig. 12c shows isotropic
projections of both 87Rb SCAM-STMAS and self-

compensated double-quantum satellite-transition MAS

(SCAM-DQSTMAS) spectra of RbNO3 with the latter

exhibiting only �35% of the intensity observed in the

former. We would expect that any of the many other

possible multiple-quantum satellite-transition experi-

ments providing angle-misset compensation would also

yield similarly reduced sensitivity.
10. Refocussing of other high-order interactions

It has recently been shown that lineshapes in

MQMAS spectra may exhibit splittings or broadenings

if there is dipolar coupling to another quadrupolar nu-

cleus [27–32]. This quadrupolar–dipolar cross-term in-
teraction limits the spectral resolution as it is second

order in nature and, therefore, not removed fully by

MAS. Similar high-order effects, such as quadrupolar–

dipolar and quadrupolar–CSA cross-term interactions,

are present in STMAS spectra [12,27,32]. More recently,

the presence of third-order quadrupolar effects in

STMAS spectra has been demonstrated [33]. The effect

of some of these high-order interactions upon SCAM-
STMAS spectra are now considered.

10.1. Third-order quadrupolar effects

When the quadrupolar interaction is very large a

third-order approximation may be required to describe

the system. Third-order quadrupolar effects are pro-
portional to ðmPASQ Þ3=m20, increasing rapidly, therefore,
with increasing mPASQ or with decreasing Larmor fre-

quency [33]. The third-order quadrupolar interaction is

expected to consist of zero-, second-, fourth- and sixth-

rank terms, and consequently will not be removed fully

by MAS [33]. As with the first-order interaction, the

third-order quadrupolar interaction does not perturb

central or symmetric multiple-quantum transition fre-

quencies and so will not affect MQMAS spectra. How-
ever, a third-order splitting is present in the satellite

transitions and is predicted to affect STMAS spectra,

ultimately limiting the achievable spectral resolution.

Although any third-order shifts will be much smaller

than the first- and second-order quadrupolar shifts, they

may be observable in the isotropic dimension of an

STMAS spectrum where both the first- and second-or-

der interactions are fully suppressed (provided the magic
angle is accurately set).

Fig. 13 shows two-dimensional 27Al split-t1 STMAS

and SCAM-STMAS spectra of andalusite (Al2SiO5), an

aluminosilicate mineral. Two distinct 27Al resonances are

expected in andalusite, with CQ values of 5.6 and

15.3MHz, respectively [39]. The STMAS spectrum in

Fig. 13a displays two 27Al ridge lineshapes and both

possess a considerable d1 splitting indicating that there is
a misset of the magic angle (estimated to be )0.03�). As
the spinning angle v is gradually increased by manual

adjustment of the NMR probehead, the d1 splitting of

the Al site with the smaller CQ value decreases until, as

shown in Fig. 13b, a narrow ridge is obtained for this

site. Further increase in the spinning angle reintroduces

an d1 splitting into this resonance, hence we can assume

that a magic-angle misset (estimated to be +0.02�) is now
present again. However, the behaviour of the broader

lineshape in Figs. 13a–c is much more complex, with very

different lineshapes observed in the three spectra. A

considerable d1 splitting is always observed, even when

the magic angle is apparently set accurately, as in Fig.

13b [33]. It has been suggested that this splitting arises

from a third-order quadrupolar effect resulting from the

large quadrupolar interaction, mPASQ ¼ 1:15MHz [33].
The effect is surprisingly large, of the order of 1 kHz, but

still considerably smaller than the second-order quad-

rupolar broadening of �30 kHz. It should also be noted

that the spectra recorded with a spinning angle v below

and above 54.736� exhibit significantly different line-

shapes. If this is indeed a third-order quadrupolar in-

teraction, it is interesting to note that there must be a

strong dependence upon the spin quantum number I

[32,33]. One of the two distinct spin I ¼ 3=2 87Rb nuclei

in Rb2SO4 possesses a CQ value of 5.3MHz [26], corre-

sponding to a mPASQ value of 1.33MHz, considerably

larger than that found in andalusite. However, a much

smaller splitting, less than 40Hz, was observed in the
87Rb STMAS spectrum in Fig. 6a when the magic angle

was set as accurately as possible.



Fig. 13. 27Al STMAS and SCAM-STMAS NMR of andalusite, Al2SiO5. (a–c) Two-dimensional STMAS spectra recorded with a split-t1 pulse se-
quence. The spinning angle was varied such that it appears to be set to the magic angle in (b) and either side of it in (a) and (c). (d) Two-dimensional

SCAM-STMAS spectrum and isotropic projection, recorded using the pulse sequence in Fig. 1b with an angle misset of �0.07�. In (a-c) 288 transients
were averaged with a recycle interval of 0.5 s for each of 230 t1 increments of 43.02ls. In (d) 1600 transients were averaged with a recycle interval of

0.5 s for each of 192 t1 increments of 86.04ls. The MAS rate was 30 kHz. All ppm scales are referenced to 1.0M AlðNO3Þ3 (aq).

Fig. 14. 59Co STMAS and SCAM-STMAS NMR of cobalt acetyl-

acetonate, CoðacacÞ3. Two-dimensional (a) on-angle STMAS and (b)

off-angle (�0.08�) SCAM-STMAS spectra and corresponding isotro-

pic projections, recorded using the pulse sequences in Figs. 1a and b,

respectively. In (a) 640 and (b) 3200 transients were averaged with a

recycle interval of 1.0 s for each of (a) 128 and (b) 80 t1 increments of
(a) 50 and (b) 100ls. The MAS rate was 20 kHz. The asterisks in the

projections indicate signal intensity from CT ! CT and ST2 ! CT

peaks. All ppm scales are referenced to 1.0 M K3½CoðCNÞ6� (aq).
Contour levels are shown at (a) 6, 12, 22, 32, 52, 72, and 92% and (b)

12, 22, 32, 52, 72, and 92% of the maximum intensity.
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It can be seen from Fig. 13b that the two q ¼ 3=2
satellite transitions exhibit third-order quadrupolar

shifts which are equal in magnitude but opposite in sign.

As with a first-order quadrupolar interaction, therefore,

SCAM-STMAS should refocus the splitting and pro-
duce a high-resolution spectrum. Fig. 13d shows a

two-dimensional 27Al SCAM-STMAS spectrum of an-

dalusite, recorded using the pulse sequence in Fig. 1c,

with an angle misset of �0.07�. Two ridge lineshapes

lying parallel to the d2 axis are observed and the high-

resolution spectrum consists of two narrow resonances.

Therefore, the resolution of a SCAM-STMAS spectrum

is not limited by the presence of these third-order
quadrupolar effects.

10.2. Quadrupolar–CSA cross-term interactions

We have recently demonstrated that STMAS spectra

are affected by the presence of a cross-term interaction

between the quadrupolar and CSA interactions [32].

Typically, this cross-term interaction is small, but for
nuclei with very large CSA interactions, such as 59Co

(I ¼ 7=2), significant F1 splittings may be observed. The
central and symmetric multiple-quantum transitions

remain unaffected by this interaction and so similar

splittings are not found in MQMAS spectra. Fig. 14a

shows a 59Co STMAS spectrum of cobalt acetylaceto-

nate, CoðacacÞ3, recorded using the pulse sequence
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shown in Fig. 1a. Although the magic angle is accurately
set (determined from 87Rb STMAS experiments on

RbNO3, recorded both prior and subsequent to this

spectrum), the ST1 ! CT peak displays a splitting of

�200Hz in the isotropic projection as a result of a

quadrupolar–CSA cross-term interaction [32]. The other

peaks observed in the two-dimensional spectrum origi-

nate from CT ! CT and ST2 ! CT correlations. A

third-order quadrupolar splitting can be ruled out in this
case as the quadrupolar interaction is small (mPASQ ¼
200 kHz), while the CSA is large (dCSA ¼ 700 ppm). Fig.

14b displays the corresponding SCAM-STMAS spec-

trum recorded using the pulse sequence in Fig. 1b with

an angle misset of �0.08�. Despite the significant misset
of the magic angle, a single ridge is observed arising

from the ST�
1 ! ST	

1 ! CT coherence transfer that re-

focuses both the angle misset and the splitting arising
from the quadrupolar–CSA cross-term.
Fig. 15. 87Rb SCAM-STMAS NMR of RbNO3. (a) Two-dimensional

off-angle (�0.08�) SCAM-STMAS spectra recorded with the split-t1
pulse sequence in Fig. 1c. In the FAM-SCAM version an experimen-

tally optimised ð1:8lsÞx ð1:8lsÞ�x pulse was used in place of the simple

1:4ls SCAM pulse to enhance the sensitivity. For each spectrum, 400

transients were averaged with a recycle interval of 0.25 s for each of

128 t1 increments of 188.9ls. The MAS rate was 20 kHz. All ppm

scales are referenced to 1.0 M RbNO3 (aq). Contour levels are shown

at (a) 8, 16, 32, and 64% and (b) 4, 8, 16, 32, and 64% of the maximum

intensity. (b) Isotropic projections of the two-dimensional SCAM-

STMAS spectra in (a). (c) Isotropic SCAM-STMAS spectra recorded

with a MAS rate of 10 kHz and with 200 transients averaged with a

recycle interval of 0.25 s for each of 64 t1 increments of 377.7ls. A
ð2:0lsÞx ð2:0lsÞ�x experimentally optimised FAM-SCAM pulse was

used.
11. Improved coherence transfer efficiency (FAM-SCAM)

The difference in sensitivity between the STMAS and

SCAM-STMAS experiments demonstrated in this work

is a consequence of the relative inefficiency of
ST� ! ST	 coherence transfer by the second pulse of

the sequence in Fig. 1b. An important developmental

aim, therefore, is to increase the efficiency of this

transfer. Amplitude-modulated composite pulses, which

in this application are often termed fast-amplitude-

modulated (FAM) pulses [7], have been used to enhance

triple- to single-quantum transfer in MQMAS experi-

ments by factors of up to 2 or 3. Pulses of the form
fbx � s � b�x � s�gn and bxb

0
�xb

00
x � � � have been em-

ployed for spin I ¼ 3=2 and I ¼ 5=2 experiments, re-

spectively, often with the largest enhancements observed

in the former case. We have employed a mixture of

computer minimization and experimental optimisation

of FAM-SCAM pulses of the form bxb
0
�xb

00
x � � � to en-

hance SCAM-STMAS transfer.

Fig. 15a shows two-dimensional off-angle (�0.08�)
87Rb SCAM-STMAS NMR spectra of RbNO3, re-

corded with the pulse sequence in Fig. 1c. In the FAM-

SCAM version, the second pulse has been replaced with

a ð1:8lsÞx ð1:8lsÞ�x composite pulse which enhances the

sensitivity of the experiment by an average of �25%, as
shown in the isotropic projections in Fig. 15b. Note also,

in Figs. 15a and b, that the FAM-SCAM pulse appears

to have reduced the intensity of some of the unwanted
correlations occurring in SCAM-STMAS. Similar re-

sults are obtained at a slower MAS rate of 10 kHz, with

the enhancement here closer to an average of �50%, as
shown in Fig. 15c. These results, although only pre-

liminary, suggest that there is considerable scope for

reducing the sensitivity gap between SCAM-STMAS

and STMAS.
12. Conclusions

The major limitation to the implementation of

STMAS has been the required accuracy of the magic-

angle setting, with an accuracy of close to �0:001� often
needed. Here, we have described a variant of the

STMAS experiment (SCAM-STMAS) that self-

compensates for angle missets of up to �1�. The tech-
nique has been successfully demonstrated on a variety of

I ¼ 3=2, 5/2, and 7/2 systems with differing quadrupolar
interactions. We envisage the main uses of this technique

to be: (i) in materials with large quadrupolar interac-

tions where accurate setting of the magic angle is prac-

tically difficult and where MQMAS suffers from a severe

lack of sensitivity owing to the poor coherence transfer
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efficiencies and fast MAS rates required and (ii) on
NMR probeheads whose design makes very accurate

calibration and retention of the magic angle difficult.

It has been shown that SCAM-STMAS has a lower

sensitivity than STMAS but preliminary results using

composite pulses have yielded sensitivity enhancements

of between 25 and 50% and offer great promise for fu-

ture work. The sensitivity of SCAM-STMAS was found

to be higher than that of MQMAS in all cases consid-
ered here (i.e., Figs. 5 and 6) and in [15]. The resolution

of SCAM-STMAS has been demonstrated to be con-

sistently higher than that of STMAS, as might perhaps

be expected, but has also been shown in some cases to be

significantly higher than that of MQMAS. One possible

explanation considered here lies in the nature of the

residual homogeneous dipolar broadening under MAS.

The SCAM-STMAS experiment has also been shown to
display an increased tolerance of MAS rate fluctuations,

resulting in a significant reduction in the t1 noise present
in the two-dimensional spectrum.

In addition to SCAM-STMAS experiments involving

only the q ¼ 3=2 or ST1 satellite transitions, we have

successfully demonstrated SCAM-STMAS experiment

utilising the q ¼ 5=2 or ST2 transitions in a spin I ¼ 5=2
experiment. Angle-misset compensated STMAS experi-
ments involving double-quantum coherences have also

been demonstrated but, although easy to implement,

display reduced sensitivity owing to the inefficiency of

double-quantum excitation and conversion. Finally, we

have shown that the resolution of SCAM-STMAS ex-

periments is not limited by the presence of other high-

order effects that can broaden satellite transitions, such

as quadrupolar–CSA cross-term or third-order quad-
rupolar interactions.
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