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Abstract

We report here an efficient multiple-quantum magic-angle spinning (MQMAS) pulse sequence involving fast amplitude-mod-

ulated (FAM) radio-frequency pulses for excitation and conversion of five-quantum (5Q) coherences of spin-5/2 nuclei. The use of a

FAM-I type pulse train for the conversion of 5Q into 1Q coherences proves to be easier to implement experimentally than the earlier

suggested use of a FAM-II type sequence [J. Magn. Reson. 154 (2002) 280], while delivering at least equal signal enhancement.

Results of numerical simulations and experimental 27Al 5QMAS spectra of aluminium acetylacetonate for different excitation and

conversion schemes are compared to substantiate these claims. We also demonstrate the feasibility of acquiring 5QMAS spectra of

spin-5/2 systems using cogwheel phase cycling [J. Magn. Reson. 155 (2002) 300] to select the desired coherence pathways. A cog-

wheel phase cycle of only 57 steps is shown to be as effective as the minimum conventional nested 77-step phase cycle.

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

The multiple-quantum magic-angle spinning

(MQMAS) experiment, introduced by Frydman and

Harwood [1] in 1995, allows the acquisition of high-

resolution NMR spectra of quadrupolar nuclei with

half-integer spin in solids, by refocusing the fourth-rank
elements of the second-order quadrupolar Hamiltonian

in spin space. The simplest MQMAS experiment [2,3]

involves two radio-frequency (RF) pulses of constant

amplitude and phase (‘‘continuous-wave’’ pulses), and is

commonly referred to as the CW–CW scheme. The first

RF pulse excites all possible multiple-quantum (MQ)

coherences, the desired coherence order being selected

by appropriate phase cycling. The second RF pulse
converts this MQ coherence into observable one-quan-
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tum (1Q) coherence after an evolution period t1. The
resulting two-dimensional (2D) MQMAS spectrum then

correlates the conventional anisotropic MAS lineshape

in the detection dimension with a high-resolution iso-

tropic spectrum in the indirect dimension.

As the MQMAS technique is relatively straightfor-

ward to implement on standard MAS NMR hardware,
it has found widespread applications in solid-state NMR

of quadrupolar nuclei, mostly in the form of the three-

quantum (3Q) experiment, which can be performed on

all nuclei with half-integer spin I P 3=2. The 3Q as well

as higher-order coherence experiments have successfully

been employed in the characterisation of inorganic

materials such as minerals, ceramics, catalysts, and

glasses [4]. However, MQMAS NMR suffers from in-
herently low sensitivity, caused mainly by the ineffi-

ciency of the CW pulses in exciting higher-order

coherences and later converting them to 1Q coherence.

This is especially true for polycrystalline or amorphous

samples, where the orientation-dependent quadrupolar
reserved.
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frequencies are distributed over a wide range. The low
sensitivity problem becomes progressively worse when

attempting to observe higher coherence orders (five-,

seven-, and nine-quantum) for nuclei with spin quantum

numbers larger than 3/2. Nevertheless the acquisition of

5Q, 7Q, or 9Q spectra is of interest, as for most samples

they may yield a substantial improvement in resolution

[5]. For spin-5/2 systems, the best resolution has been

achieved by so-called 5Q3Q spectra [6], where not the
1Q but the 3Q coherence is used for refocusing the

second-order quadrupolar broadening. However, for

experiments of this type, the lack of sensitivity is par-

ticularly severe.

Consequently, many efforts have been devoted to

achieving better sensitivity for MQMAS spectroscopy.

The majority of the strategies developed so far has been

aimed at improving the efficiency of the MQ! 1Q
conversion process. A number of pulse schemes replac-

ing the simple CW conversion pulse has been suggested,

the principles and applications of which have been dis-

cussed in recent review articles [7,8]. Signal enhance-

ments of up to a factor of 3 have been reported by the

use of conversion techniques relying on adiabatic pas-

sage mechanisms. These pulse schemes include rota-

tionally induced adiabatic coherence transfer (RIACT)
[9], double frequency sweeps (DFS) [10,11], and fast

amplitude modulation (FAM) [12,13]. The FAM

method approximates an amplitude modulation of ap-

propriate frequency by a series of pulse pairs, with each

of the pairs consisting of two pulses with a 180� phase
shift between them. The simplest FAM pulse train

(‘‘FAM-I’’) is formed by a block of pulse pairs of uni-

form duration, separated by constant interpulse delays.
Such a FAM pulse train can induce a change in the

coherence order of magnitude j2j, e.g., 3Q! 1Q. While

the three techniques mentioned above were originally

designed for spin-3/2 nuclei, it has been shown that DFS

[14] and FAM [15,16] conversion also work for the ac-

quisition of both 3Q and 5Q spectra of spin-5/2 nuclei,

even though the spin physics for these nuclei is more

complex because of the additional energy levels involved
in the conversion process.

The utilisation of these enhancement techniques for

improving excitation efficiency has been explored only

very recently. It has been shown that for spin-3/2 nuclei,

higher 3Q intensity can be obtained by preceding the

RIACT [9] or RIACT–FAM sequence [17] by a FAM

block lasting for a rotor period [18–20]. It was also

demonstrated that population transfer induced by mul-
tiple frequency sweeps (MFS) can improve the initial

generation of 3Q coherence for spins with I ¼ 5=2 [21].
In a recent article, Goldbourt and Vega [22] have re-

ported a novel excitation scheme for creating 5Q co-

herences of spin-5/2 nuclei, employing a CW pulse

immediately followed by a train of simple FAM pulse

pairs. The idea underlying this approach is to convert
3Q coherence generated by the initial CW pulse into the
desired 5Q coherence by use of the FAM train, which

induces a population transfer between the j � 3=2i and
j � 5=2i energy levels. In the Goldbourt–Vega sequence,
the subsequent 5Q! 1Q conversion is effected by

means of amplitude-modulated RF pulses of the FAM-

II type [15], consisting of a number of pulses of varying

duration and alternating phase. Experimentally, this

sequence was shown to give a 5Q signal enhancement of
a factor of 2.3 over the simple 5QMAS experiment with

two CW pulses [22].

To consecutively manipulate the populations across

the outer and inner satellite transitions of a spin-5/2

nucleus (to give a total coherence order change of j4j),
the FAM-II conversion pulse used by Goldbourt and

Vega [22] is composed of two blocks of amplitude-

modulated pulses with different pulse durations. Con-
sequently, a large number of pulse program parameters

needs to be optimised before the desired signal en-

hancement can be obtained, and this somewhat impairs

the practical applicability of such a scheme. In this ar-

ticle, we demonstrate that the Goldbourt–Vega sequence

can be simplified by using FAM pulse pairs with uni-

form pulse duration (FAM-I) for conversion. Numerical

simulations suggest that the use of FAM-I pulse trains
produces a 5Q signal enhancement at least equal, and in

certain cases superior, to that of the Goldbourt–Vega

sequence using FAM-II. The modified pulse sequence is

also tested by acquiring 5Q spectra of the spin-5/2 nu-

cleus 27Al on a sample of aluminium acetylacetonate.

The experimental results convincingly show that the use

of a FAM-I type conversion pulse does not compromise

the performance of the Goldbourt–Vega sequence, while
considerably simplifying the practical implementation.

In addition, the application of cogwheel phase cycling

to the acquisition of 5QMAS spectra is demonstrated.

Cogwheel phase cycling, as recently proposed by Levitt

et al. [23], allows the duration of phase cycles calculated

according to conventional principles [24,25] to be greatly

reduced, by incrementing the phase of irradiation blocks

simultaneously. For example, the split-t1 pulse sequence
used for the 5QMAS experiments in this paper employs

three pulse blocks and requires a minimum conventional

phase cycle of 77 steps [23]. In contrast, the cogwheel

phase cycling for the same experiment needs only 57

steps. The validity of the cogwheel approach for

5QMAS spectra is also shown experimentally by ac-

quiring an 27Al spectrum of aluminium acetylacetonate,

using the 57-step phase cycle, and comparing it with one
obtained using the minimum 77-step nested phase cycle.
2. FAM pulses in 5QMAS: classification and notation

Ideally speaking, the FAM train for the conversion of

5Q! 1Q coherence should be composed of two blocks
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Fig. 1. Schematic representation of (a) the two-pulseMQMAS sequence

(CW–CW), using continuous-wave RF pulses for both excitation and

conversion of the MQ coherences; (b) the CW –F In sequence; (c) the
CF In–F

II
n0 ;n00 sequence of Goldbourt and Vega [22]; (d) the CF In–F

I
n0 se-

quence suggested in this work, and below, the coherence pathway for the

5QMAS experiment. For details about the pulse sequence notation, see

text.
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of pulses with different modulation frequencies [15], a
faster one followed by a slower one, so that both the

outer transitions and the inner transitions are manipu-

lated. We may write the basic building block of a fast

amplitude-modulated pulse train with uniform pulse

durations (FAM-I) as ½bx–sw–b�xx–sw�, where x and �xx are
the phases of the pulses with a duration of b, separated
by a delay of sw. The basic FAM pulse pair can be re-

peated several times, leading to a FAM block with a
total number of pulses n. This block may be followed by
another one with a different modulation frequency, i.e.,

with different values for b and sw. A block of FAM-II

with 4 pulses, on the other hand, can be represented in

the above notation as follows: ½b1x–sw–b
2
�xx–sw–b

3
x–sw–b

4
�xx �.

Here, b1 equals the duration of the optimised CW

conversion pulse in the CW–CW scheme and b1 > b2 >
b3 > b4. A second FAM-II block, again with 4 pulses, of
the form ½b5x–sw–b6�xx–sw–b7x–sw–b8�xx � may be added to the
above block to mimic a different modulation frequency,

where b5 > b6 > b7 > b8 and usually b1 > b5 > b2. The
number of pulses in each FAM block (and their dura-

tion) has to be optimised experimentally. In the 5Q ex-

periment, both FAM-I and FAM-II may consist of two

blocks of pulses with different modulation frequencies

for the conversion pathway 5Q! 3Q! 1Q (as is the
ideal case), or only one block with a single modulation

frequency.

For a short yet precise notation of MQ pulse se-

quences involving fast amplitude-modulated pulses in

either the excitation or conversion part, we denote a

FAM train composed of several pulse blocks with dif-

fering modulation frequencies by F I=IIn;n0..., where the Ro-

man numeral in the superscript indicates FAM-I or
FAM-II type of pulses. In the subscript, n; n0 . . . corre-
spond to the number of pulses in each FAM-I or FAM-

II block. For example, F I4;6 symbolises a FAM-I train
with two blocks of different modulation frequencies, the

first one having 4 pulses (two repetitions of the x, �xx pulse
pair), and the second one having 6 pulses (three x, �xx
pulse pairs). F II4;6, on the other hand, symbolises a FAM-
II train with two modulation blocks, the first one having
4 pulses, and the second one having 6 pulses of alter-

nating phases and decreasing duration.

Following the convention to separate the excitation

and conversion part by a hyphen, we can also incorpo-

rate the above notation into designations of full 5QMAS

pulse sequences. The simple two-pulse experiment, as

shown in Fig. 1a, is usually abbreviated to CW–CW,

whereas a sequence using a FAM-I conversion pulse
(Fig. 1b) may now be written as CW –F In . The Gold-
bourt–Vega sequence [22] as drawn in Fig. 1c can be

represented by CF In–F
II
4;4, where CF stands for a CW

pulse followed by a FAM train. In the drawn example,

the FAM-II conversion comprises two blocks of four

pulses each, mimicking two different modulation

frequencies. Our modification of the Goldbourt–Vega
sequence is shown in Fig. 1d with a one-block FAM-I
conversion and will be denoted by CF In–F

I
n0 .
3. FAM pulses in 5QMAS: computational results

The following pulse sequences were evaluated by

numerical simulations with regard to the obtainable

5QMAS signal intensity: CW–CW, CW –F In , CF In–F
II
n0 ,

and CF In–F
II
n0;n00 (two-block conversion), CF In–F

I
n0 and

CF In–F
I
n0;n00 (two-block conversion). A model spin-5/2

system with a nuclear quadrupolar coupling constant

v ¼ ðe2qQÞ=h ¼ 6:0MHz and an asymmetry parameter
g ¼ 0:5 was used for these simulations. The respective
5Q echo intensities were calculated using the SIMPSON

package [26] considering 232 powder orientations ac-

cording to the ZCW scheme [27–29], and allowing a 5Q
evolution time of 400 ls. As the efficiency of a MQ pulse
sequence may depend markedly on the magnitude of the

nuclear quadrupolar coupling constant, further simula-

tions were performed for the above pulse schemes to

evaluate the 5Q echo intensities as a function of v. The
detailed simulation parameters are given in Table 1, and

the relevant SIMPSON input files are available from the

corresponding authors upon request.



Table 1

Optimised parameters used for numerical simulations of the 5QMAS

signal intensity

Spinning frequency 10 kHz

RF power m1 ¼ 100 kHz

CW excitation pulse 4.5ls
CW conversion pulse 2.1ls
CF In excitation pulse ½4:5þ 4� ð0:6; 0:6Þ�ls
CF In interpulse delay 0.2ls
FAM-I conversion pulse, F In0 5� ð1; 1Þls
FAM-I interpulse delay 1ls
FAM-I conversion pulse, F In0 ;n00 ½5� ð0:4; 0:4Þ�lsþ

½5� ð0:8; 0:8Þ�ls
FAM-I interpulse delays, F In0 ;n00 0.4ls (first block),

0.8ls (second block)
FAM-II conversion pulse, F IIn0 2:1; 1:4; 0:8; 0:5ls
FAM-II conversion pulse, F IIn0 ;n00 ½2:1; 1:4; 0:8; 0:5�lsþ

½1:8; 1:4; 0:8; 0:5�ls
FAM-II interpulse delays 0.2ls

Fig. 2. Numerical simulation of the 5Q echo signal for the four pulse

sequences shown in Figs. 1a–d. (a) Echo intensities for: (I) CF In–F
I
n0 , (II)

CF In–F
II
n0 , (III) CW –F In , and (IV) CW–CW. (b) Echo intensities for: (I)

CF In–F
I
n0 , (II) CF In–F

II
n0 , (V) CF In–F

I
n0 ;n00 (two-block conversion), (VI)

CF In–F
II
n0 ;n00 (two-block conversion), (c) Echo intensities as a function of

the nuclear quadrupolar coupling constant v, where the labels corre-
spond to the legend given above for plot (a). The parameters used in

the simulations are listed in Table 1.
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Fig. 2a shows the 5Q echo obtained from the pulse

sequences CW–CW, CW –F In , CF
I
n–F

I
n0 , and CF In–F

II
n0 , us-

ing only one-block FAM trains for coherence conver-

sion. It is evident from the figure that the CF In–F
I
n0 type

of sequence (here with n ¼ 8 and n0 ¼ 10) is superior in

performance to all the other pulse schemes. This is

possibly due to the fact that the use of a single modu-

lation frequency leads to a direct 5Q! 1Q coherence
conversion. Since this process is adiabatic, the most ef-

ficient conversion pulse would be an adiabatic scheme,

or in other words, a FAM-I type of scheme.

Fig. 2b shows the same plot with the pulse sequences

using CF In excitation now having FAM conversion pulse

trains with two modulation blocks for an effective co-

herence transfer along the 5Q! 3Q! 1Q route. Such

an approach enhances the 5Q echo further, but the best
performance is still obtained for the CF In–F

I
n0;n00 scheme.

Notably, in this case, the CF In–F
II
n0;n00 (Goldbourt–Vega)

sequence performs almost as well. However, to reach

this level of signal enhancement with the CF In–F
II
n0;n00

scheme, optimal values for nine parameters need to be

found.

Fig. 2c shows the echo response of the various se-

quences as a function of the nuclear quadrupolar cou-
pling constant v, with v ranging from 3 to 10MHz. With
pulse sequence parameters optimised for v ¼ 6:0MHz,
both CF In–F

I
n0 and CF In–F

II
n0 give substantially better re-

sults than the CW –F In and CW–CW sequences for the v
range from 3MHz to about 8MHz, after which the

performance becomes nearly equal unless further opti-

misations are done on the FAM trains.

Preliminary simulations of echo intensity at spinning
speeds of 20 and 30 kHz (results not shown) indicate

that the CF In–F
I
n0 sequence continues to give much higher

intensity than the CW–CW scheme. The signal en-

hancement delivered by FAM-type sequences depends

on the rotor speed via the induced level crossings in the

energy diagram of the nucleus. However, the exact na-
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ture and extent of this dependence will not be further
explored in the context of this article.

The numerical simulations hence point to a superior

efficiency of the CF In–F
I
n0 scheme, giving a performance

comparable to the Goldbourt–Vega sequence with a

two-block conversion pulse. Because of the reduced set

of optimisable parameters, the experimental implemen-

tation of the CF In–F
I
n0 scheme is expected to be compar-

atively easy.
4. FAM pulses in 5QMAS: experimental results

To test the performance of the pulse sequences ex-

perimentally, we acquired 27Al 5QMAS spectra of alu-

minium acetylacetonate, Al(CH3COCHCOCH3)3, using

the CW–CW, CW –F In , and CF In–F
I
n0 sequences, respec-

tively. All spectra were obtained on a Chemagnetics

Infinity 600 spectrometer without proton decoupling, at

a Larmor frequency of mð27AlÞ ¼ 156:37MHz, using a
Chemagnetics MAS probe with a rotor diameter of

3.2mm. The whole echo was acquired using the split-t1
method [30,31], the idea of which is to prevent the mi-
Table 3

The experimental parameters used to acquire comparative 27Al 5QMAS spec

and different phase cycling schemes (Fig. 5)

Pulse sequences (Fig. 3)

Data points (t2 � t1) 1024� 32
Dwell times (Dt2 � Dt1) ð10� 4Þls
RF power, m1 100 kHz

CW excitation pulse 4.5 ls
CW conversion pulse 2.0 ls
FAM-I conversion pulse 1� ð1:1; 1:1Þls
FAM-I interpulse delay 0.2 ls
CF In excitation pulse ½4:0þ 2� ð0:8; 0:8Þ�ls
CF In interpulse delay 0.2 ls
Echo pulse (RF power, m1) 7.5 ls (�23 kHz)
Echo delay 51� sR ¼ 5:1ms

Spinning frequency (1=sR) 10 kHz

No. of transients in t2 160� 2 ¼ 320

Relaxation delay 2.0 s

Reference compound AlCl3(aq) at 0 ppm

Table 2

The 160 step nested phase cycle used for acquisition of the 5QMAS

spectra shown in Fig. 3

Phase Value/degrees

/exc ð0; 18; 36; 54; 72; 90; 108; 126; 144; 162;
180; 198; 216; 234; 252; 270; 288;

306; 324; 342Þ8
/con ð0Þ160
/echo ð0Þ20, ð45Þ20, ð90Þ20, ð135Þ20, ð180Þ20,

ð225Þ20, ð270Þ20, ð315Þ20
/rec fð0; 270; 180; 90Þ5; ð90; 0; 270; 180Þ5;

ð180; 90; 0; 270Þ5; ð270; 180; 90; 0Þ5g2
Subscripts indicate the number of times the phase cycle in paren-

theses or brackets must be repeated.
gration of the echo in the acquisition time domain (t2) by
incorporating appropriate factors into the pulse pro-

gram. The rate of the echo progression in t2 is deter-
mined by the ratio k of second-order coefficients CðI ;mÞ,
which in turn depend on the spin quantum number I ,
and the coherence order m [1,7,8]. For spin I ¼ 5=2 with
m ¼ 5, k ¼ 25=12. Thus, as shown in Fig. 1a, the evo-
lution time t1 is split into two parts, namely ½1=ð1þ kÞ�t1
and ½k=ð1þ kÞ�t1, so that no shearing transformation is
needed for the resulting spectrum. An additional delay

of an integral number of rotor periods, nsR, was added
to allow the acquisition of the whole echo, which ensures

pure absorptive lineshapes in the 2D spectrum. A nested

phase cycle with 160 steps (as listed in Table 2) was used

to select the f0;þ5;þ1;�1g coherence pathway. For the
composite CF In excitation scheme, the FAM train pulses

need to be phase-cycled in conjunction with the CW

pulse phase (i.e., 0�þ Uexc and 180�þ Uexc), to prevent

the mixing of unwanted coherences into the acquired

signal.

Parameter optimisation was performed by running

the 5QMAS pulse sequence in 1D mode (i.e., the first t1
slice) with an interval of about 1 ls between excitation
and conversion pulses, and then comparing the obtained

echo intensities for different values of the parameter in
question. For a FAM train, the pulse duration, the

number of pulse pairs, and the interpulse delay consti-

tute the optimisable parameters. In addition, the best

value for the duration of the initial CW excitation pulse

needs to be found. A sensible optimisation strategy is to

obtain an appreciable 5Q signal first by finding the best

RF pulse durations for the CW–CW sequence. Subse-

quently, the CW –F In pulse program can be used to find
the best values for the FAM conversion pulse, and fi-

nally the full CF In–F
I
n0 sequence with the additional

modulation in the excitation part can be optimised. We

found that re-optimising the excitation CW pulse after
tra of aluminium acetylacetonate for different pulse sequences (Fig. 3)

Phase cycling (Fig. 5)

512� 64
ð10� 10Þls
50 kHz

—

—

4� ð1; 1Þls
1ls
½5:0þ 2� ð0:8; 0:8Þ�ls
0.5ls
10ls (�16 kHz)
25� sR ¼ 2:5ms

10 kHz

nested: 231, cogwheel: 228

2.0 s

AlCl3(aq) at 0 ppm
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completing the full set-up may lead to a slight im-
provement in the signal intensity. The final, optimised

values for all relevant pulse durations and delays are

listed in Table 3. The acquired time domain data were

processed following the methods outlined in [22,32].

The resulting 27Al 5QMAS spectra of aluminium

acetylacetonate are shown in Figs. 3b–d. Depicted are

the 2D spectra with their anisotropic (f2) and isotropic
(f1) projections on the left-hand side, and normalised f2
(a)

(b)

(c)

(d)

Fig. 3. 27Al NMR spectra of aluminium acetylacetonate, Al(CH3

COCHCOCH3)3: (a) single-pulse MAS spectrum (32 transients, re-

cycle delay 2 s, spinning frequency 10 kHz). The 5QMAS 2D spectra

were acquired with the (b) CW–CW, (c) CW –F In , and (d) CF
I
n–F

I
n0 pulse

sequences shown in Figs. 1a, b, and d, and with the experimental pa-

rameters listed in Table 3. The 2D contour plots and sky projections

are shown on the left. The relevant anisotropic traces of the 2D ridge

are plotted on the right in absolute intensity mode.
slices of the 2D ridge on the right-hand side. When de-
termining the integrated line intensities of these slices,

we found that the CF In–F
I
n0 sequence (Fig. 1d) outper-

forms the CW–CW sequence (Fig. 1a) by a factor of 3,

and the CW –F In sequence (Fig. 1b) by a factor of 1.8. In
addition, when comparing the anisotropic projections of

the 5QMAS spectra to the single pulse MAS spectrum

shown in Fig. 3a, it is clear that both CW –F In and

CF In–F
I
n0 deliver better lineshapes than CW–CW. The

exact nature of the influence of modulated pulses on the

lineshapes of spin-5/2 nuclei is not yet entirely under-

stood. An extensive discussion of this issue for 3Q

spectra of spin-3/2 nuclei can be found in [17]. For the

present case, the better lineshapes observed for the

modulated pulse sequences may qualitatively be as-

cribed to the ability of the FAM pulses to excite and

convert MQ coherences for a more representative set of
differently oriented crystallites in the powder.

No direct experimental comparison of the new

CF In–F
I
n0 sequence with the original CF

I
n–F

II
n0 sequence of

Goldbourt and Vega [22] was attempted, since the large

number of experimental parameters of the FAM-II

pulse train makes it very difficult to find an echo in-

tensity maximum that can be considered global. How-

ever, the extensive numerical simulations described
above can be taken as a strong indication of the fact that

CF In–F
I
n0 is at least equal if not superior in performance

to the original sequence, while being easier and faster to

optimise. A possible explanation for the surprisingly

good results obtained by this simplified pulse sequence

can be sought in the nature of the direct 5Q! 1Q co-

herence conversion effected by a one-block FAM pulse.

As mentioned above, this conversion process is adia-
batic, and therefore, an adiabatic FAM-I train with

uniform pulse durations seems to be working as effi-

ciently as a two-block FAM-II train. Clearly, further

work is needed to elucidate the details of adiabatic and

non-adiabatic coherence transfer processes for spin-5/2

nuclei.
5. Cogwheel phase cycling for 5QMAS

A new concept of phase cycling, called cogwheel

phase cycling, was introduced recently by Levitt et al.

[23]. In conventional phase cycling, which is based on

the work by Bain [24] and Bodenhausen et al. [25], the

phases of the RF pulses or pulse trains are incremented

consecutively, leading to a nested phase cycle. In con-
trast, the cogwheel approach involves simultaneous in-

crementation of the phases of the RF pulses, which leads

to a marked reduction in the total number of phase

cycling steps required for selection of a given coherence

pathway.

The 160-step phase cycle listed in Table 2 is widely

used for 5QMAS experiments. It allows the selection of



Fig. 4. Cogwheel selection diagram for the cogwheel phase cycle

COG57()5,0,1;27) used in the 5QMAS pulse sequence. The labels A
and C indicate the respective RF blocks.
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the coherence pathway f0;þ5;þ1;�1g for all systems
with spin I P 5=2, and involves phases that are easily
and reliably realised on most spectrometers. However,

the required minimum number of phase steps for a

5QMAS experiment is actually only 77, as can be shown

in the following way. Defining the desired coherence

transfer as Dp, an N -step phase cycle will select all co-
herence order changes Dp � nN , with n ¼ 0; 1; 2; . . . [25].
In the case of 5QMAS, the desired change in the co-
herence order due to the excitation pulse is Dpexc ¼ þ5,
with all other changes Dpexc ¼ �5;�4; . . . ;þ4 being

undesired. A unique selection of Dpexc ¼ þ5 pathway
can be obtained by an 11-step phase cycling of the ex-

citation pulse, leading to a selection of coherence order

changes given by Dp ¼ þ5� n� 11. This ensures that
all the undesired pathways are suppressed. Similarly, if

the phase of the conversion pulse (Dpcon ¼ �4) is kept
constant at zero, the echo pulse (Dpecho ¼ �2) needs to
be phase cycled with at least seven steps, in order to

exclude coherence order changes other than Dpconþ
Dpecho ¼ �6. While the minimum number of nested

phase cycle steps is hence 11� 7 ¼ 77, the minimum

cogwheel cycle has only 57 steps.

For cogwheel phase cycles, the phase step with which

each pulse and receiver is incremented can be written as
ð2p=NÞm, where N is the number of phase cycle steps,

and m is the winding number [23]. One of the solutions for

the minimum 5QMAS cogwheel phase cycle of N ¼ 57

steps can then be represented in a convenient notation

by COG57()5,0,1;27). The first three numbers in

brackets corresponds to the winding numbers of the

three pulses in the 5QMAS pulse schemes, and the

fourth number correspond to the winding number of the
receiver. This concise representation, with phases de-

fined by the winding numbers and the total number of

steps, obliterates the need for writing explicit phase ta-

bles as is normally done.

For the case of the 5QMAS sequence under consid-

eration, the number of phase steps N and the winding

numbers may be obtained using the simple rules given

by Levitt et al. [23]. The three independent RF segments
of the sequence (excitation, conversion, and echo pulse)

are denoted as A, B, and C. The order of coherences in
the interval between A and B is represented by p0AB,
similarly p0BC for the interval between B and C, and the
maximum coherence order supported by the spin system

is denoted as pmax. We can then obtain the following
relations [23]:

N ¼ ðpmax þ 1þ jp0ABjÞðpmax þ 1þ jp0BCjÞ � 4jp0ABp0BCj;
DmAB ¼ ðsignp0ABÞðpmax þ 1� jp0BCjÞ;
DmBC ¼ ðsignp0BCÞðpmax þ 1� jp0ABjÞ; ð1Þ

where sign x is equal to 1 if xP 0 and is equal to )1
otherwise. In the above, DmAB ¼ mB � mA and DmBC ¼ mC
�mB. For the 5QMAS experiment in spin-5/2 systems, we
have pmax ¼ 5, p0AB ¼ 5, and p0BC ¼ 1. This yields N ¼ 57,
DmAB ¼ 5 and DmBC ¼ 1. By fixing mB ¼ 0 (i.e., using a

constant null phase for the conversion pulse), we then

get mA ¼ �5 and mC ¼ 1. Following the master equation

[25]
X

i

Dpi/i þ /rec ¼ 0; ð2Þ

where Dpi is the change in the coherence order induced
by the ith pulse of phase /i, and /rec is the receiver
phase, we get the winding number of the receiver in

the case considered here as mrec ¼ 27, since /rec ¼
ð2p=NÞmrec.
Fig. 4 gives a diagrammatic illustration of the cog-

wheel phase cycle, COG57()5,0,1;27). This is a cogwheel
selection diagram for the cycle with fN ;DmAB;
DmBCg ¼ f57;þ5;þ1g. According to the cogwheel se-

lection rules, feasible cogwheel cycles should satisfy the
following inequality [23]:

ðDmABpAB þ DmBCpBCÞ 6¼ ð5DmAB þ DmBCÞ þ N � integer
ð3Þ

for all pathways p 6¼ p0 which start at the coherence

order 0, terminate at coherence order )1, and which
pass through coherence orders such that �56 pAB 6 þ 5
and �56 pBC 6 þ 5. In the case being considered here,
p0 ¼ f0;þ5;þ1;�1g. The cogwheel selection diagram,



(a)

(b)

Fig. 5. 27Al 5QMAS NMR spectra of aluminium acetylacetonate,

Al(CH3COCHCOCH3)3, acquired with the CF
I
n–F

I
n0 pulse sequence

shown in Fig. 1d, using (a) the minimum nested phase cycle of 77 steps

with 231 transients and (b) the cogwheel phase cycling scheme

COG57()5,0,1;27) with 228 scans. Also shown are the anisotropic

traces of the 2D ridges.
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Fig. 4, shows the possible values of DmABpAB þ DmBCpBC
plotted as horizontal levels. The construction of the

levels is split into two steps, with level spacings in a 5:1

ratio that reflect the winding numbers DmAB ¼ þ5 and
DmBC ¼ þ1. For the case shown here, the coherence or-
ders pAB and pBC take all integer values between )5 and
+5. Hence, each of the 10 branches splits into 10 sub-

branches. The barrier on the right has holes spaced by

57 units. This is just enough to clearly separate out the
fpAB; pBCg ¼ fþ5;þ1g pathway from all the undesired

ones.

Fig. 5 shows 27Al 5QMAS spectra of aluminium

acetylacetonate with both the minimum nested phase

cycle steps and the cogwheel solution COG57()5,0,1;27)
acquired on the same Chemagnetics Infinity 600 spec-

trometer described above, but using a Chemagnetic

MAS probe with a 4mm rotor diameter. Both spectra
were recorded with the new CF In–F

I
n0 scheme, and the

detailed experimental parameters are given in Table 3.

The number of transients was 3� 77 ¼ 231 for the

nested phase cycle and 4� 57 ¼ 228 for the cogwheel

phase cycle. The anisotropic slices of the 5QMAS

spectra clearly show that the selectivity is the same for

both phase cycling schemes. The results also demon-

strate the ability of modern spectrometers to generate
the predominantly non-integer cogwheel phases with

sufficient accuracy.
6. Conclusions

Two methods have been presented to make the ac-

quisition of 5QMAS NMR spectra of spin-5/2 nuclei

more efficient: (a) increasing the signal intensity by using

a new pulse sequence employing amplitude-modulated

RF pulses, and (b) shortening the required minimum

phase cycle by adopting the new concept of cogwheel

phase cycling.
We have shown that the 5QMAS pulse sequence for

signal enhancement recently introduced by Goldbourt

and Vega [22] can be conveniently simplified by using a

FAM-I conversion scheme with uniform pulse durations

instead of the rather complex FAM-II scheme used

originally. The thus created CF In–F
I
n0 sequence (Fig. 1d)

retains the desired signal enhancement, and was demon-

strated to be decisively more efficient than the CW–CW
and CW –F In pulse schemes by both experiment and sim-
ulation.While delivering equal or better 5Q echo intensity

than theGoldbourt–Vega sequence, theCF In–F
I
n0 scheme is

easier to optimise and implement experimentally, by vir-

tue of having a smaller number of adjustable parameters.

Finding a good set of parameters forCF In–F
I
n0 is therefore a

fairly straightforward procedure, and the authors hope

that this will facilitate the use of fast amplitude-modu-
lated RF pulses in 5QMAS pulse sequences. The clear

advantage of incorporating FAM trains into 5Q excita-

tion and conversion pulses is the considerable increase in

the signal intensity obtained. In addition, it has been re-

ported before that the use of FAM conversion pulses in

the acquisition of 3QMAS spectra leads to lineshapes that

are less distorted than those obtained from CW conver-

sion pulses [17,20]. In this work, the same effect was ob-
served for 5QMAS lineshapes, underlining again the

advantages of using FAM pulses for the acquisition of

high-quality MQMAS spectra needed for the elucidation

of quadrupolar parameters.

Furthermore, the application of cogwheel phase cy-

cling [23] to the acquisition of 5QMAS spectra was suc-

cessfully demonstrated on 27Al spectra of aluminium

acetylacetonate. Bymaking the choice of the number of t2
transients for large 2D spectra more flexible and thus re-

ducing acquisition time, cogwheel phase cycling allows

for a more effective set-up of 5QMAS experiments. Fur-

ther work is in progress to extend the cogwheel approach

to MQMAS of higher coherence orders for spins with

I > 5=2, and to experiments of theMQNQ type [6], where
drastic reductions of the phase cycle length are expected.
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