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The practical aspects of applying CPMG for acquisition of wideline powder patterns are examined. It is
shown that most distortions/modulations of spikelet spectra can be traced to the incoherent signal aver-
aging from multiple coherence transfer pathways. A strategy for minimizing these distortions/modula-
tions is described. Also, a few interesting observations regarding the implementation of the wideline
WURST-QCPMG experiment are presented, namely the accumulation of second-order signal phase and
the effects of varying the sweep rate and rf field of chirp pulses.
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1. Introduction

There is much interest in the investigation of quadrupolar nu-
clei in non-spherically symmetric chemical sites which give rise
to NMR patterns spanning hundreds to thousands of kHz, so called
‘wideline’ spectra. This interest stems largely from the ubiquity of
quadrupolar nuclei, which represent ~75% of the NMR-active nu-
clei in the Periodic Table and thus constitute integral components
of many industrially and biologically relevant substances [1-13].
Many quadrupolar nuclei (nuclei with spin quantum numbers
greater than 1/2) exhibit poor sensitivity due to low gyromagnetic
ratios, low natural abundances and/or strong interaction between
their electric quadrupole moments with surrounding electric field
gradients.

The quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) experi-
ment [14] is a method for signal enhancement of quadrupolar nu-
clei adapted from the CPMG sequence [15,16]. Using the QCPMG
sequence, the magnetization is refocused repetitively giving rise
to a train of echoes, which upon Fourier transformation gives a
set of spikelets with a manifold resembling the conventional pow-
der pattern. Since all the intensity is allocated into sharp spikelets,
a large gain in signal-to-noise ratio (S/N) is obtained at the expense
of resolution, which is dictated by the spikelet separation. The
(Q)CPMG pulse sequence has been applied on numerous occasions
to facilitate the acquisition of dilute or unreceptive quadrupolar
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nuclei including 2H [17], **N [18,19], 170 [20,21], 2®Mg [9,22-25],
277 [26-28], 23S [29], 3°C1 [13,30-32], >°K [24,33,34], 47/4°Ti [35-
37], 53Cr [11], 5Mn [38], >°Co [39], ®3/5°Cu [7], ®"Zn [8,24,40-47],
87Rb [48], 87Sr [24], °'Zr [23,49], °>Nb [50], ®Mo [51,52], 1**/'37Ba
[53] and 2%°Bi [54], as well as some spin-1/2 nuclei [21,55-64]. It
is interesting to note that the CPMG sequence had been used since
early on for sensitivity enhancement of spin-1/2 nuclei, such as >C
[58,59,65] and 89Y [60], as well as for discerning homogeneous and
inhomogeneous contributions to solid-state line widths [65-67].
CPMG acquisition has also proven beneficial in combination with
magic angle spinning (MAS) [68,69] and two-dimensional experi-
ments, such as magic-angle-turning [70] and multiple-quantum
correlation techniques [20,26,27,71-74]. In addition, it has re-
cently been shown that the rapid cyclical refocusing of QCPMG
makes it an ideal experiment for application in powered resistive
magnets due to its reduced sensitivity to field inhomogeneity
and instability [75].

The typical excitation bandwidth of monochromatic radio fre-
quency (rf) pulses is limited to a range of ~200 kHz by currently
achievable rf amplitudes and the Q factor of NMR probes. There-
fore, for patterns with breadths greater than the excitation band-
width, the full spectrum must be reconstructed from segments
acquired at different offset frequencies [4,5,28,49,76-78]. Attempts
at overcoming excitation bandwidth limitations for quadrupolar
nuclei have recently been reported which include the use of micro-
coils [79-81] or frequency-swept pulses [81-84]. In particular, the
combination of either of these techniques with QCPMG has much
potential [81].
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In this work, several aspects concerning the acquisition of wid-
eline spectra using the QCPMG and WURST-QCPMG experiments
are examined. In particular, the effects of varying the pulse se-
quence parameters on the resulting time-domain signal and fre-
quency-domain spectra are investigated. It is shown that many
spectral distortions can be caused by destructive interference be-
tween the two coherence transfer pathways (denoted p = +1 and
-1) selected by a two-step CPMG phase cycling scheme. Therefore,
pulse sequence parameters should be set appropriately to ensure
that the two pathways always average coherently. In cases where
this might not be possible, the two coherence pathways can be
separately recorded and processed prior to being combined; noting
that this requires a doubling of the number of acquired transients
and a consequent loss in efficiency by a factor of /2. Consider-
ations regarding: (a) the enhancement in S/N, (b) optimal process-
ing methods and (c) simulation of QCPMG spectra (including the
effects of dynamics) have been reported in the literature [27,68-
70,85-87] and will not be discussed.

2. Experimental

The sample of zirconocene dichloride Cp,ZrCl, was purchased
from Strem Chemicals, Inc. and used without further purification.
A 19.6 T (830 MHz) narrow bore magnet equipped with a Bruker
DRX console was used to acquire spectra at the Larmor frequency
of 35Cl (81.6 MHz). A single-resonance home-built probe using a
4.0 mm Samoson MAS stator was used for all experiments. Para-
film plugs were used to restrict the sample volume to the middle
5 mm of the rotor to coincide with the coil position, as well as to
minimize exposure to air and moisture. The *>Cl anisotropic NMR
parameters of Cp,ZrCl, have been reported previously [13]. All
spectra were externally referenced by setting the 3°Cl resonance
of a saturated NaCl(aq) solution to d;5, = 0.0 ppm.

2.1. The CPMG pulse sequence

The ‘Carr-Purcell Meiboom-Gill’ (CPMG) experiment [15,16] is
used extensively for the measurement of T, transverse relaxation
constants and consists of an excitation unit followed by a cycle
(henceforth denoted as a CPMG cycle) containing a refocusing
and an acquisition unit, which is repeated M times (Fig. 1a). The
excitation unit is usually a simple monochromatic pulse with a flip
angle of 90° followed by a t; delay, which is used to position the
resulting echo maxima in the middle of the t, acquisition periods.
A 180°-pulse is often employed within the refocusing unit to max-
imize the refocusable signal. This pulse is sandwiched by a pair of
T, delays which reduces artifacts from probe ringing. The length of
the acquisition period (t,) dictates the separation of spikelets (1/
T,) in the frequency-domain after Fourier transformation of the
time-domain signal. Notably, the definition of 1, should take into
account the finite length of p1 such that t; = (t, - p1)/2. The power
of the CPMG experiment stems from the simplicity of its pulse se-
quence, which requires little (if any) optimization of parameters:

1. p1 and p1 are set to maximize the signal (usually by using /2
and m-pulses),

. Ty is set to (t,-p1)/2,

. Ty is set to reduce the effects of probe ringing,

. T, is set to capture most (or all) of the full-echo, and

. M is set to acquire as many echoes as possible/necessary.

[S2 I NV ]

For MAS spectra, the entire CPMG cycle should be synchronized
to the rotation period t,=1/v,, such that 2N-t,=21, +p2 +1,,
where N is an integer [68].
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Fig. 1. (a). Schematic of the CPMG pulse sequence. (b) Schematic of the
conventional (Q)CPMG implementation used for acquisition of quadrupolar powder
patterns from Ref. [14]. The phase cycling scheme for (a) is ¢ =g ={0, m} and
@2 = /2, while the phase cycling of (b) can be found in Ref. [14]. Parameters: p1 and
p2 are the excitation and refocusing pulses, T, is the acquisition time for each echo
which determines the spikelet separation 1/t, after Fourier transformation. The t;
delay should be set equal to (t,-p1)/2, while the 1, delays should be set
appropriately to reduce the effects of probe ringing. The 7,/ delays commonly
defined for the conventional (Q)CPMG experiment can be related to t; and T, as
shown in (b). For the case of MAS, the CPMG cycle should be synchronized with the
rotation period (t;) to ensure proper echo formation.

The CPMG phase cycling scheme contains a total of two steps:
(0, ™) alternation of the p1 and receiver phases (¢; and ¢g), and
a fixed p2 phase (¢,) which is offset by 90° from ¢. The two-step
@1 phase cycle ensures that only the p=+1 single-quantum (1Q)
coherences are retained for the p1 pulse, while a fixed ¢, pulse
phase means that all coherence orders (i.e., p = {+1, 0, —1}) gener-
ated by p2 are allowed to contribute to the signal. It has been
shown that a considerable portion of the signal may pass through
zero-quantum (0Q) coherence order when spectra exhibit signifi-
cant frequency offsets, or p2 is not a pure m-pulse (i.e., the flip an-
gle is not exactly 180°) [88-90]. Simulations illustrating this are
shown in Fig. 2. A typical CPMG free-induction decay (fid) is shown
in Fig. 2a, which was simulated by filtering the signal to keep only
the p = £ 1 coherences right after p1, in line with the experimental
pulse sequence. The signal resulting from filtration of the signal
after every p2 pulse keeping only the p =+ 1 coherences is shown
in Fig. 2b. The fid consists of only Hahn echoes, i.e., echoes from
evolution of the magnetization solely in the transverse plane. Note
that the first echo remains completely unperturbed, while a signif-
icant loss of intensity is observed for subsequent echoes. Thus, the
first echo is a pure Hahn echo, while subsequent echoes are a com-
bination of Hahn and stimulated echoes [91], i.e., echoes which
form due to coherence transfer pathways that pass through 0Q or-
der. The amount of observable signal is therefore maximized by the
use of a minimal phase cycling scheme.

In addition to the simplicity of the pulse sequence and the min-
imal phase cycling scheme, the symmetry of the repetitive cycle
also makes the CPMG pulse sequence an extremely robust experi-
ment. The timings within the pulse sequence are such that all pos-
sible coherence transfer pathways (i.e., any combinations of p = +1,
0, -1 evolution periods) eventually form echoes at the same point
in time (in the middle of the 1, periods). This remarkable condition
ensures that all coherence pathways taken by the magnetization
always combine additively. Instances where different coherence
transfer pathways interfere destructively will be discussed further
below.
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Fig. 2. Simulated 3°Cl QCPMG NMR signal of Cp,ZrCl, (a) without coherence
filtration after p2 pulses and (b) with filtration of the p = 0 coherence after every p2
pulse, i.e., keeping only the p=+1 coherences. Time-domain signals are shown
using the same vertical scale. Coherence transfer pathways are shown below the
fids for illustration. Simulations were performed using SIMPSON [92] and the
experimental parameters described in the caption of Fig. 4.

2.2. The conventional QCPMG pulse sequence

To our knowledge, usage of the CPMG experiment for signal
enhancement of spin-1/2 NMR spectra was first reported in the
late 1980s [58,60]. It was not until the late 1990s that this exper-
iment was used for signal enhancement of quadrupolar nuclei
(I>1/2)[14]. The experiment has since been prefixed with the let-
ter ‘Q to denote this particular application as the ‘quadrupolar’
Carr-Purcell Meiboom-Gill (QCPMG) sequence. However, it should
be noted that there is no fundamental difference between the CPMG
and QCPMG experiments. The two different names given to the
same experiment only serve to differentiate between its applica-
tions to spin-1/2 or quadrupolar nuclei. With the new application
of CPMG to quadrupolar nuclei also came a major shift towards
the presentation of powder patterns as spikelet spectra, which re-
sults from Fourier transformation (FT) of the echo train, rather than
FT after summation of the CPMG echoes. It has been shown using
simulations and experiments that the envelope of the spikelet
manifold resembles the appearance of conventional powder pat-
terns [14].

A schematic of the conventional (Q)CPMG experiment [14] is
shown in Fig. 1b. This sequence contrasts with the previously pre-
sented CPMG sequence (Fig. 1a) in three aspects. Firstly, one of the
CPMG cycles is taken out of the M loop and the first half-echo is
discarded. Secondly, instead of two inter-pulse delays (t; and t3),
four T, delays are defined (these can be related to t; and T as
shown in Fig. 1b). Thirdly, a longer phase cycling scheme of 16
steps is employed compared to the two-step phase cycle shown
earlier.

To our knowledge, the sole purpose for discarding the first half-
echo of the fid is so that the resulting spikelet spectrum may be
phased absorptively without the need for a large first-order phase
correction. However, discarding the initial half-echo contradicts

the purpose of signal enhancement and causes baseline distortions
if spectra are presented in absolute value/magnitude mode (as
many researchers are in the habit of doing). Hence, acquisition of
the fid beginning from the first full-echo as in Fig. 1a is recom-
mended. With full-echo acquisition, signal is not discarded and fre-
quency-domain spectra may be presented as: (1) magnitude
spectra with minimal baseline distortion, or (2) absorptively-
phased spectra using a predictable amount of first-order phase cor-
rection (vide infra).

The inter-pulse delays in the (Q)CPMG sequence T, T}, Tj, T, are
related to the delays in the CPMG experiment (T4, T2) as shown in
Fig. 1b. Care must be taken to set the T/, inter-pulse delays appro-
priately (as outlined in Section 2.1) to minimize distortions of the
spectrum. Many literature examples have been found where the
delays have been set such that 1} = 1), ~ 75 = T, without regard
for the length of 1,. When the inter-pulse delays are set in such a
manner, (Q)CPMG spectra will exhibit distortions that are sensitive
to the p2 flip angle if a two-step phase cycle is employed (Fig. 3a).
Modulation of the spikelet manifold arises due to the difference in
time at which Hahn and stimulated echoes form, as has been pre-
viously reported [55,93]. The stimulated echoes which interfere
destructively arise primarily due to the 0Q coherence created by
the first p2 pulse (Fig. 3b, red dashed lines). Hence, the severity
of the spectral distortion is correlated to an increase in the magni-
tude of the 0Q coherence as the flip angle of p2 deviates from 180°.
For this reason, the conventional QCPMG pulse sequence [14] em-
ploys a 16-step phase cycle to filter out this 0Q contribution to the
fid. Due to the symmetry of the CPMG cycle, 0Q coherences created
within the cycle only contribute constructively to the signal. In any
case, the appropriate settings for the t), delays in Fig. 1b should be
T, =T, =1T,/2+ 15 and T = T).

It is reiterated here that there is no fundamental difference be-
tween the two CPMG implementations in Fig. 1. As long as the in-
ter-pulse delays for the (Q)CPMG sequence in Fig. 1b are set
appropriately according to the guidelines in Section 2.1, the spec-
tral distortion mentioned above will be avoided regardless of the
p2 flip angle. However, for the sake of simplicity and maximum
signal, the authors recommend using the CPMG sequence in
Fig. 1a, which will be the basis for all discussion henceforth.

2.3. First-order phasing and the interference of multiple coherence
transfer pathways

First-order phasing is defined so that a shift of the time-domain
signal by a single dwell interval is equivalent to a phase difference
of 360° in the frequency-domain spectrum. The first-order phase
correction is defined as:
phy(te) = S-exp(i2r -~ ) _ s exp(i2m - 7o - f) 1)

dw sw

where S is the frequency-domain signal, 7. is the position of the
echo maximum in the time-domain, dw is the dwell time between
adjacent real data points, sw is the spectrum width and fis the fre-
quency variable ranging from -sw/2 to +sw/2. Spikelet and full-
echo spectra (i.e., spectra for which the echo maximum is not at
the start of the fid) may be phased straightforwardly by using a
first-order phase approximately equal to 360°-t./dw. For CPMG
spectra acquired using the sequence in Fig. 1a, the first-order phase
correction would be ~360°-t,/(2 dw). A distortionless baseline may
at times be difficult to obtain for phased spectra due to overlap be-
tween the spikelets. In such instances, presentation of CPMG spec-
tra in the conventional powder pattern form (by summation of the
time-domain echoes prior to FT) rather than spikelets is advisable
(e.g., Fig. 8 of Ref. [27]).

Many researchers choose to present CPMG spectra in absolute
value/magnitude mode. Although such presentation proves conve-
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Fig. 3. (a). Modulations of the 3>Cl QCPMG NMR spikelet spectra of Cp,ZrCl, at 19.6 T varying the ‘selective’ flip angle of p2 (shown on left) using rf fields of 90.9 kHz and the
pulse sequence in Fig. 1b with p1 =1.35 ps, T} = 7, = 50s,7 = T = 20 s, T, = 100 ps, M = 40, sw = 1.0 MHz, a recycle delay of 1.0 s and a two-step phase cycle: ¢; = ¢r = {0,
n} and @, = 3 = 1t/2. Central-transition ‘selective’ pulses have durations reduced by the factor (I + 1/2); for the case of >>Cl (I = 3/2), conventional pulse widths are divided by
2. (b) Schematic of the conventional QCPMG pulse sequence illustrating the contribution of a stimulated echo (dashed red line) to the nominal QCPMG signal (solid black line)
when using a two-step phase cycling scheme: ¢; = ¢ = {0, ©} and ¢, = @3 = /2. Shown below the pulse sequence is the coherence transfer pathways for the stimulated echo
(dashed red line) and nominal Hahn echoes (solid black lines). (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

nient and baseline imperfections can be concealed, the authors ad-
vise against it because a crucial feature of white-noise is lost: the
ability to correctly estimate S/N from the ratio between peak height
and the noise level in a region without resonances. Absolute value
spectra have reduced root-mean-square noise leading to an artifi-
cial increase in the S/N. Furthermore, the magnitude calculation is
an irreversible process which discards part of the information con-
tent available and complicates least-squares fitting of spectra due
to the uneven distribution of the noise power density. Thus, the
use of absorptively-phased spectra (whenever possible) is recom-
mended, particularly for spectral fitting and the measurement
and comparison of S/N.

As mentioned in previous sections, minimal cycling of the pulse
phases ensures that multiple coherence transfer pathways are col-
lected simultaneously in the CPMG experiment. Aside from the
first acquired echo, all subsequent echoes consist of a mixture of
coherence transfer pathways. Thus, a well-defined echo train is ob-
tained as shown in Fig. 4a. When pulse sequence delays are set
incorrectly, the multiple pathways no longer form echoes at the
same precise times, resulting in spectral distortion. For instance,
when 1; # (T, - p1)/2, a time-domain ‘splitting’ of the echoes equal
to |t, - p1 - 214| is observed and the corresponding spikelet spec-
trum becomes modulated (Fig. 4b). The split echoes can be sepa-
rated into two components (using a standard four-step phase
cycle on p1): the coherence making up the first Hahn echo (de-
noted p = -1) and the symmetric coherence which is not observed
during the first echo (denoted p = + 1) as shown in Fig. 4c. The dif-
ference in position of the first echoes (relative to the start of the
fid) for the two signals means that their resulting spectra will have
different first-order phases. Indeed, it is not possible to have both
spectra phased absorptively using a single set of phasing parame-
ters. Therefore, in recording the two coherence transfer pathways
simultaneously a destructive interference is caused by the convo-
lution of spectra with differing first-order phases. An undistorted
sum spectrum may be obtained if the two coherence transfer path-
ways are acquired and phased separately. However, a doubling of
the total experimental time is required to obtain the same S/N as
when both pathways are recorded simultaneously, i.e., a loss in

efficiency by a factor of v/2. Therefore, one should strive to collect
both CPMG coherence transfer pathways simultaneously to maxi-
mize S/N. If for any reason this is not possible, separate acquisition
of the two pathways would ensure that any artifacts caused by
their destructive interference is avoided.

The preceding interpretation for the modulation of the spectral
envelope lends insight into the spikelet representation of CPMG
spectra. For illustration, the first four time-domain echoes from
the 3°Cl NMR signal of Cp,ZrCl, are shown separated in Fig. 5. As
discussed above, the various echo timings yield spectra with differ-
ent first-order phases. Addition of the individual spectra yields a
spikelet spectrum. Baseline distortions between spikelets can be
reduced with the inclusion of a greater number of echoes (not
shown). Due to the T, periodicity of the time-domain echoes, spec-
tral intensity is reinforced at intervals of 1/t, from the transmitter
frequency, while cancellation of intensity occurs elsewhere. Thus
as is well known, spikelet spectra and powder patterns obtained
from summation of the CPMG echoes are two representations of
the same spectrum. In principle, the S/N enhancement observed
for both representations is the same, while their integrated inten-
sities will differ; further details can be found in Ref. [70].

2.4. Spikelet digitization

Distortion of the CPMG spikelet envelope may also arise during
the fast Fourier transform (FFT) operation commonly used for NMR
spectral processing. CPMG fids are often acquired using a combina-
tion of M cycles and points per T, which does not result in a total of
2" data points (e.g., 256, 512 and 1024). However, FFT intrinsically
requires 2" data points. Hence, the number of data points in a fid
may inadvertently be zero-filled to the next higher 2" number
upon FFT, leading to a modulation of the spectral envelope caused
by disproportionate insertion of points into the sparsely digitized
spikelets. For example, Fig. 6a and 6¢c shows two sets of spectra
with a total of 16 echoes. The only difference between them is
the number of points allotted per echo (100 and 128 for Fig. 6a
and 6c¢, respectively), which add up to form fids with a total of
1600 and 2048 complex data points. Upon Fourier transformation,
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Fig. 4. 3>CI NMR QCPMG time-domain signals and corresponding spectra of Cp,ZrCl, at 19.6 T with (a) accurate and (b) inaccurate setting of ;. Vertical dashed lines in (b-c)
denote the position of echoes in (a) which occur at times (n + 1/2)t,. (b) When 1, # (1, - p1)/2, echoes are split by a time |t, - p1 - 27| and the spikelet manifold is
modulated by a frequency (|1, - p1 - 274|)"\. Spectra were acquired using the pulse sequence in Fig. 1a with rf fields of 90.9 kHz, p1=p2=1.3 ps, t; =50 ps, 1, =20 s,

T,=100 ps, M =40, sw=1.0 MHz and a recycle delay of 1.0s. (c) Separation of the two components (denoted as p =-1 and + 1) making up the signal in (b) with their
corresponding spectra processed using the same zero- and first-order phasing. The corresponding coherence transfer pathways are shown below fids.

the dataset with 2048 points displays the expected lines shape
(Fig. 6¢), but a distortion of the spikelet intensities is observed
for the signal originally containing 1600 points because additional
data points have been added to the dataset to comply with the FFT
process (Fig. 6a). In this case, the spectrum is zero-filled to 2048
points automatically by the FFT operation. These extra points are
incommensurate with the number of spikelets in the spectrum
causing a modulation of the manifold. This effect is only apparent
because there is a scarce number of points digitizing each spikelet.

A number of zero-fills is necessary before the envelope modulation
completely disappears as can be seen from the difference between
the spectra zero-filled to 4096 points (remaining distortions are
highlighted by the arrows). The dataset with 1600 points only
starts to resemble the correct line shape upon zero-filling to
8192. These digitization artifacts are particularly severe if the echo
train intensity has not fully decayed, which is the case for Fig. 6a.
However, these distortions remain even when the signal has de-
cayed, as shown in Fig. 6b where the time-domain signal has been



I. Hung, Z. Gan/Journal of Magnetic Resonance 204 (2010) 256-265 261

-

e

40 /kHz

40 20 0—=20

100 /us 400 200

200 IkHz

Fig. 5. Separation of the first four echoes in Fig. 4a illustrating the resemblance between (Q)CPMG spikelet spectra and typical powder patterns. Each echo contains the signal
information for the complete powder pattern. However, the difference in time at which the echoes appear yield spectra with different first-order phases, which interfere
destructively with each other except at the carrier frequency and at multiples of 1/t,. Expansion of the shaded area to the right shows the coherent superposition of signal
intensity at the spikelet positions and destructive interference between spikelets. The echo spacing 1, has been reduced to 30 ps for the sake of clarity when comparing the
spectra with large first-order phase differences. Frequency scale is shown with respect to the transmitter position, which is denoted with a red dashed line. (For interpretation
of color mentioned in this figure the reader is referred to the web version of the article.)

apodized prior to FFT; further apodization does not remove the dis-
tortions (not shown). In contrast, the correct line shape is always
obtained from the dataset with a total of 2048 points regardless
of zero-filling or the extent of truncation of the echo train, as
shown in Fig. 6¢ and 6d. Therefore, acquisition of CPMG fids with
a total 2" data points is strongly recommended since the possibility
for this kind of distortion is completely avoided. Alternatively,
summation of the CPMG echoes prior to FFT would also produce
spectra without distortions, since this digitization problem only
occurs for the spikelet representation.

2.5. Refocusing flip angle

It is well known that short rf pulses are necessary for excitation
of large bandwidths. This follows directly from the properties of
Fourier spectroscopy, wherein the duration of events in the time-
domain is inversely proportional to its corresponding spectral
range in the frequency-domain. The CPMG refocusing pulse (p2)
has traditionally been a 180°-pulse, which maximizes signal refo-
cusing. However, many recent applications of CPMG have been
for the examination of wideline spectra which tend to exceed the
excitation bandwidth of standard monochromatic pulses, thus
requiring acquisition of the complete spectrum in parts/segments
[13,23,51]. In this context, the total experimental time will depend
on: (1) the number of segments required to cover the complete
powder pattern and (2) the time necessary to obtain adequate S/
N for each individual segment. To this end, recent work using fre-
quency-sweeps show considerable time savings compared to stan-
dard pulses [83,84]. Notably, a simple alternative for increasing the
excitation bandwidth without modification of the pulse sequence
can be achieved by reducing the p2 flip angle. Experiments and
simulations (not shown) reveal that 180°-pulses only provide max-
imum intensity at the transmitter frequency and only a slight loss in
intensity at the transmitter frequency is observed, accompanied by

an increase in bandwidth, when p2 is shortened (Fig. 7). In partic-
ular, flip angles of 120-150° increase the breadth of the p2 excita-
tion profile with minimal loss of intensity at the carrier frequency.
Insensitivity to pulse flip angle is another one of the remarkable
properties of CPMG which makes it applicable even in very inho-
mogeneous fields [94,95].

3. Excitation and refocusing using frequency sweeps

The recently reported WURST-QCPMG experiment [83] is based
on a spin-echo sequence using frequency-swept chirp pulses [84],
and has the same structure as the sequence shown in Fig. 1a except
pl and p2 are replaced by WURST-80 pulses [96] (Fig. 8a). Fre-
quency sweeps provide a method of frequency-independent
broadband excitation and refocusing which is not constrained by
the time x bandwidth ~ 1 relation of monochromatic pulses. Thus,
their application to the acquisition of wideline spectra in combina-
tion with CPMG can greatly reduce experimental times [81]. The
introduction of WURST pulses into the CPMG pulse sequence gives
rise to a few peculiarities which merit consideration in addition to
the practical considerations examined above for the CPMG experi-
ment. Firstly, just as with the CPMG experiment, the t; delay must
be set accurately to account for the first WURST sweep duration,
i.e., T; = (t,—p1)/2. Otherwise, modulation of the spikelet envelope
will arise as shown in Fig. 4. Due to the increased length of fre-
quency-swept pulses compared to ‘rectangular’ pulses this condi-
tion is more stringent.

To the best of our knowledge, identical p1 and p2 pulses are
always applied for the WURST-QCPMG experiment (i.e., both
pulses have the same lengths p1 = p2, sweep rates Ry =R, and rf
fields v{(p1)=v4(p2)). The optimal rf field for broadband fre-
quency-sweep excitation has previously been determined to be
Ve v 0.26/R; (I 4+ 1/2)7" [84,97,98], which is used for experimen-
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Fig. 6. Comparison of >>Cl QCPMG spectra of Cp,ZrCl, acquired at 19.6 T with a total of (a and b) 1600 and (c and d) 2048 complex data points zero-filled to 2048, 4096 and
8192 prior to FFT. The time-domain signals in columns (b) and (d) have been apodized using a sine function to reduce the effects of signal truncation. Arrows point to
positions where distortions remain even after zero-filling. Modulation of the spikelet manifold arises due to the addition of points which are incommensurate with the

number of poorly digitized spikelets.

tal optimization of the WURST-QCPMG sweep amplitudes [83].
Therefore, the typical WURST-QCPMG experiment can be consid-
ered analogous to a (90°-90°) quadrupolar-echo type of pulse se-
quence. The time-domain signal obtained using WURST-QCPMG
exhibits a train of frequency-dispersed echoes, each of which
resembles the frequency-domain powder pattern [84], instead of
a train of sharp echoes usually observed when using hard pulses.

The frequency-dispersed time-domain echoes arise due to accu-
mulation of second-order phase [84,99],

ph, =S -exp 12712 zp’f2 (2)

where R; and Ap; are the sweep rate and change in coherence level
effected by pulse i, and f is the frequency variable ranging from -sw/
2 to +sw/2. Fig. 8b shows the characteristic second-order phase
modulation typically observed in WURST-QCPMG spectra, which
is similar to the modulation observed when applying chirp pulses
for broadband excitation [100]. For spin-echo experiments, the sec-
ond-order phase can be compensated for by applying a refocusing
pulse which has twice the sweep rate of the excitation pulse,
Ry = 2R, [84,97], in accordance with the equation for ph,. However
when R; # R, for WURST-QCPMG, a destructive interference results
as shown in Fig. 8c due to the accumulation of different ph, by the
p=+1 and -1 coherences. This is analogous to the difference in
first-order phase observed for incorrect t; settings (Fig. 4b). The
second-order distortion may be avoided (with a v/2 loss in effi-

ciency) if the p=+1 pathways are acquired with separate experi-
ments and summed after proper processing, as with first-order
distortions shown in Fig. 4. For the purpose of signal enhancement,
R, and R, must be equal to obtain a coherent averaging of thep =+ 1
pathways. A second-order phase correction can then be applied to
obtain absorptively-phased spectra as shown in Fig. 8d.

Though R; and R, must be equal to maximize S/N, the same is
not true for the p1 and p2 rf fields. To our knowledge, the rf field
for maximum signal refocusing when R; = R, has not been reported
in the literature. Experimentally, we have found that a maximum
additional increase in the WURST-QCPMG signal of approximately
10% over most of the powder pattern can be obtained for the cur-
rent sample when v{(p2) ~ 2v,(p1), as shown in Fig. 8e. Further in-
crease in v{(p2) leads to signal loss due to phase dispersion, i.e., the
second-order phase is no longer constant across the powder pat-
tern. An intriguing consequence of employing these rf conditions
is that ¢, must be offset by approximately 7t/2 to observe the sig-
nal. Indeed, numerical simulations (not shown) also reveal that the
‘effective’ relative phase between p1 and p2 varies as a function of
their rf field strengths. Further in-depth analysis of the relation be-
tween the phase and rf field strength of chirp pulses and the result-
ing NMR signal will be discussed elsewhere. A good strategy for
obtaining the aforementioned signal increase is to offset ¢, by 1/
2 and optimize v{(p2) around a starting point of approximately
2v4(p1). If desired, the ¢, offset and v{(p2) may then be optimized
iteratively for maximum signal.
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Fig. 7. 3°Cl QCPMG NMR spectra of Cp,ZrCl, at 19.6 T varying the ‘selective’ flip
angle of p2 using rf fields of 90.9 kHz and the pulse sequence in Fig. 1a with
Ty =50 s, T, =20 ps, T, = 100 ps, M = 40, sw = 1.0 MHz and a recycle delay of 1.0s.
Central-transition ‘selective’ pulses have durations reduced by the factor (I +1/2);
for the case of °Cl (I = 3/2), conventional pulse widths are divided by 2.

a

4. Summary

The Carr-Purcell Meiboom-Gill pulse sequence is a very robust
experiment which provides a straightforward method of signal
enhancement for wideline NMR patterns of both spin-1/2 and
quadrupolar nuclei. Herein we set forth guidelines for the practical
implementation of the CPMG experiment:

1. The pulse sequence shown in Fig. 1a with a two-step phase
cycle (following the guidelines in Section 2.1) is preferred for
its simplicity and minimal chance of inaccurate parameter
settings,

2. A p2 flip angle of 120-150° can be applied to maximize the
excitation bandwidth,

3. The number of points per echo and CPMG cycles should result
in 2" total data points, and

4. Spectra should be absorptively-phased using a first-order phase
correction of ~360°-1,/(2 dw).

CPMG acquisition using a two-step phase cycle may at times yield
spectral modulation due to destructive interference between
coherence transfer pathways. In such instances, application of a
standard four-step phase cycle would ensure that these modula-
tions are completely avoided at the expense of a v2 loss in S/N.

Frequency-swept pulses can be applied if excitation band-
widths greater than those achievable using monochromatic pulses
are desired. For the WURST-QCPMG experiment:

1. The rates of the WURST pulses should be set so Ry = R, to avoid
spectral distortions,
2. In addition to zero- and first-order, spectra require second-
order phase correction,
. V1 ~ 0.26\/R;(I+1/2)"" can be used as a starting point for opti-
mization of the WURST rf field strengths of both pulses, and,

w

T, .M

200 0 -200 400 kHz

200 0 -200 -400 kHz

Fig. 8. (a) WURST-QCPMG pulse sequence. 3>Cl WURST-QCPMG spectra of Cp,ZrCl, at 19.6 T using the parameters: (b,d) p1=p2, R, =R; and v;(p2) = v;(p1); (c) p1 =p2,
Ry =2R; and v1(p2) = 2v41(p1); (e) p1 = p2, R, = Ry and v4(p2) = v1(p1) (dashed black line) and p1 = p2, R, = R; and v1(p2) ~ 2v1(p1) (solid red line), where R; and v;(pi) are the
sweep rates and rf fields for pulses i of length pi. Spectra in (b) and (c) were processed with and without second-order phasing, respectively. Spectra in (e) are obtained by
summing of the QCPMG echoes, rather than Fourier transformation of the echo train, to facilitate visual comparison. Acquisition parameters: p1 =50 ps, Ry = 20 kHz-ps ™",
v1(p1) =17.3 kHz and WURST-80 [101]. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)
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4. The rf field strength of p2 can be further optimized around
v1(p2) ~ 2v4(p1) to obtain further gain in signal noting that
the relative phase of the WURST pulses will vary as v{(p2) is
increased.
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