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Abstract

The often annoying imperfections in the phases and pulses of typical radiofrequency multiple-pulse irradiation schemes for
homonuclear dipolar decoupling are revisited and analysed here. The analysis is with respect to one such multiple-pulse sequence,
namely, the windowed phase-modulated Lee-Goldburg sequence. The error terms in the Hamiltonian due to pulse imperfections
may lead to effective rotation of the spins around the z-axis giving rise to image free and high-resolution 'H spectra. Certain
precautions to be taken with regard to scale factor estimation are also detailed. The analysis also points out the range of off-set
values where the best homonuclear dipolar decoupling performance of a particular pulse scheme may be obtained.
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1. Introduction

High-resolution proton NMR spectroscopy of
organic compounds and bio-molecules has become an
integral part of modern solid-state NMR spectroscopy.
Unlike the solution-state counterpart, in solids, proton
NMR has been implemented only recently in two-di-
mensional (2D) spectroscopy [1-4]. Better theoretical
understanding of the spin interactions under radio-
frequency (RF) irradiation and magic-angle spinning
(MAS) together with an improved performance of
modern solid-state NMR spectrometers to apply accu-
rate phase, amplitude and frequency modulation of RF
irradiation are some of the reasons. The pulse sequences
for '"H-'"H homonuclear dipolar decoupling require
these modulations as do many other multiple pulse
schemes for decoupling or recoupling experiments [5].
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The averaging of the dipolar interactions to near-zero
in coupled proton systems is presently accomplished by
combining MAS and RF irradiation, the latter being
heralded by the Lee-Goldburg (LG) off-resonance RF
irradiation [6], and by the near on-resonance multiple-
pulse scheme WAHUHA [7,8]. While MAS averages the
chemical shift anisotropy (CSA), the RF pulse sequences
influence the dipolar interactions in spin space. Combi-
nation of the two, the CRAMPS experiments [9,10], has
led to proton spectra narrowed to sub-ppm linewidths.
At spinning frequencies of about 10kHz the favourite
decoupling techniques are FSLG [11] and PMLG [12-
14], the R-symmetry based sequences [15], and DUMBO
[16]. Although perhaps not always the most efficient, we
have been using the phase-modulated LG (PMLGn)
techniques, based on the frequency switched LG (FSLG)
method, to obtain 1D and 2D proton spectra. The re-
peating pulse unit of this sequence consists of a set of
short and constant amplitude pulses with varying phases.
Detection windows can be inserted between the pulse
units (WPMLGn) [17] and different numbers of 2n pulses
can be chosen according to the RF amplitude and unit
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length [13]. Since these pulse sequences are applied on
rotating samples care must be taken at high spinning
frequencies regarding the MAS and RF unit periods. The
performance of wPMLGn has been studied theoretically
using bimodal Floquet theory and has been shown ex-
perimentally on a variety of compounds [17]. These
experimental results are strongly dependent on the ac-
curacy of the pulse shapes, their phases and amplitudes.
For example, inhomogeneities of the RF amplitude
across the sample volume contribute significantly to the
line broadening [8]. Other imperfections such as phase
glitches and pulse dead-times can influence the spectra
significantly. The effects of phase glitches have been
discussed extensively in the past, as well as ways to
reduce their influence on the spectra close to, and far off-
resonance (second averaging) [18].

Direct detection of the proton signals by introducing
short detection windows during the RF irradiation puts
strong restrictions on the pulse sequences as well as on
the RF probe design. Imperfections of the RF parame-
ters are however inevitable in these experiments and they
have been a source of many investigations leading to
efforts undertaken to eliminate these errors or compen-
sate for them [8,19,20]. A list of eight imperfections was
identified by Haeberlen, namely, finite pulse widths, flip
angle errors common to all pulses, RF inhomogeneity,
power droop, flip angle errors different for the different
set of pulses, phase errors, phase transients, and timing
errors [8].

In this publication we will discuss the influence of RF
phase and pulse imperfections on proton spectroscopy
and show how we can benefit from these imperfections.
We will focus on the effects of the experimental imper-
fections of the pulses composing the wPMLGn sequence,
although the treatment and conclusions are valid for any
homonuclear decoupling sequences. First, we will give a
short description of the PMLGn decoupling scheme us-
ing an effective interaction Hamiltonian in order to
provide a theoretical basis for the experimental obser-
vations. A simple vector representation will be given that
defines the zero-order chemical-shift Hamiltonian of the
distorted wPMLG# sequence. Simulated spectra will be
shown displaying the effects of the pulse imperfections
and finally experimental results will be presented that
demonstrate the applicability of these effects.

2. The zero-order effective Hamiltonian

The homonuclear dipole-dipole (DD) decoupling
experiment on a coupled proton spin system rotating at
the magic-angle is described by a spin Hamiltonian in
the rotating frame that can be divided into four terms:
the dipolar spin Hamiltonian (Hpp(¢)), the chemical-
shift Hamiltonian (Hcs(#)), the Hamiltonian represent-
ing the ideal RF irradiation (Hrr(¢)) and the error terms

containing the RF imperfections (Hg(¢)), and is given as
(neglecting the weak scalar coupling)

H(t) = Hpp(t) + Hes(2) + Hre(t) + Hi(2). (1)

The time dependence of Hpp and Hcs originates from
MAS, and that of Hgrr and Hg from the specific RF
irradiation field. When we assume that the RF irradia-
tion, including the pulse errors, is periodic with a char-
acteristic time constant ¢, =2n/w, and the rotor
frequency is w,, the different terms can be expanded in a
Fourier series as:
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Here, w; = yyy°7i/4nr]; are the dipolar interaction fre-
quencies, Aw; are the isotropic chemical-shift values
plus some constant offset values and w; are the CSA
frequencies. G,; and g,; are complex geometric factors
depending on the initial directions of the distance vec-
tors r;; between spins i and j and the CSA tensor ori-
entations [21]. The relative Fourier coefficients a4, and
bi1; are the parameters describing, respectively, the
ideal part and the imperfections of the RF irradiation
field experienced by the spins in the rotating frame.
‘Hrr(f) represents one of the homonuclear dipolar de-
coupling schemes that can be used to narrow the proton
spectra of solids. w; is the RF nutation frequency.

In the PMLG# [12], BLEW12 [22], and DUMBO [16]
schemes the RF phases change from pulse to pulse but
the RF amplitude stays constant, while in the windowed
sequences like wPMLGn [17], MREVS [23], BR24 [24],
and MSHOT3 [25,26] the RF trains vary in phase and
amplitude due to the presence of observation windows
in between the RF pulse trains where w; = 0.

The common way to evaluate the spin response to a
periodic set of RF pulses under MAS is to transform the
Hamiltonian to the RF interaction frame. The trans-
formation of a Hamiltonian to the RF interaction frame
is then given by

H(t) = Ugh(YH(0) Une (). 3)
The transformation operator Ugg is given by
tC
Urr(t.) =7 exp {1/ HRF(t)dt} =1. (4)
0
If the irreducible tensor components 7\, (m = —1, ..., ])

transform like
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Omk = Z {b+1k’d+1 m,(k—k') +b- lk’d 1,m, (k— k’)} (7)
7

are the relative Fourier components of the RF imper-
fections transformed to the ideal RF interaction frame.
The error terms could be added to the isotropic chemi-
cal-shift terms and considered as isotropic chemical-shift
error terms, do miAw; — (dé?,z‘k Aw; + ®10,,,). With this
consideration, it can thus be expected that the decoupled
chemical-shift spectrum will be dependent on the mag-
nitude of the RF imperfections. Both DD and CSA in-
teraction terms become periodic with two independent
time constants after the transformation to the RF in-
teraction frame.

To proceed let us assume that the ideal decoupling
sequence ehmmates the zero-order effective interaction
Hamiltonian HDD o Utilising the bimodal Floquet
theory approach, and assuming that the characteristic
frequencies w. and w, do not satisfy the condition
vo, = ko, for integers v and k with v/k <2 and
v/Kk = 3,4, this effective Hamiltonian is zero as long as
the dipolar coefficients in Eq. (6) are smaller than their
corresponding Floquet energy differences [5,17]:

‘wlﬁ/ w,ijd, ‘ << |no, — kaoy|. (8)

In this case the total zero-order effective Hamiltonian
contains the scaled isotropic chemical-shift terms plus
the correction terms

(0) (1) #(1) (1) (1) (1) (1)
Her = E Awoj{dO,O,OTOJ' +d0,1,0Tl,j +dofmTfl,j} )
J

+ {50,0T0(‘1j) + 51,0T1(5-) + 571,0T£11?j}. (10)

The two parts of this corrected chemical-shift Hamil-
tonian are the “ideally” scaled isotropic chemical-shift
Hamiltonian plus a constant correction Hamiltonian.
Both can be represented in terms of a linear angular
momentum component, pointing in some directions s,
and ¢ with polar angles (0,.,¢,.) in the rotating
frame:

Hy = sAoyl, + con . (11)
j

The “ideal” scale factor is defined by the Fourier coef-

ficients of the specific decoupling sequence

1/2
= {|do,(10|2 + |a'0‘+1,0|2 + |d0,—1,o|2} (12)

and the effective chemical-shift direction by
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These angles and the scale factor s are independent of
the magnitudes and signs of the offset values Acw;. The
constant RF correction term, independent of Awy,, is
defined in a similar fashion by

12
= {|50,0|2 + 1040 + |5—1,0|2} (14)
and
2 2
(1) (1)
) ()
50 ’
0,0
n 5
tan ¢, = 1M (15)
5+1ﬁ0 + 571,0

Since the value of the c-coefficient is determined by the
RF imperfections it is almost always impossible to
predict its value. Thus we must conclude that the cor-
rected isotropic chemical-shift Hamiltonian terms can be
characterised by effective off-resonance fields that are
composed of the ideal scaled chemical-shift fields plus a
correction field that is constant and pointing in some
arbitrary direction. When, to zero-order, the line posi-
tions in the decoupled proton spectrum are defined by
Eq. (11), the vector sum of the two fields determines
their overall off-resonance value

(can)?, (16)

where the + is chosen to keep the signs of the offset
values Awy; and experimentally observed off-resonance
values Aw; equal. The polar angles (0;, ¢;) of the sum
of the fields are chosen according to this rule. Thus at
very far off-resonance we can assume that 0, ~ 0, and
¢; ~ ¢,. These direction angles can vary strongly for
small Aw,; values. This is demonstrated for some arbi-
trary correction field in Fig. 1.

Before discussing the practical aspects of the influence
of the RF imperfections on proton spectra, we should
consider the higher-order terms of the effective Hamil-
tonian. Following the van Vleck perturbation approach

Aw; = jE\/(SACOOJ)Z +
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Fig. 1. A schematic of the effective field in the rotating frame created by
the sum of the two fields: field due to the effective isotropic chemical
shift and offset values (sAwy/;), and the field induced by the RF pulse
imperfections (cw;l;). Two cases are shown: (A) positive Aw, value
and (B) negative Awg value.

in the bimodal Floquet description of the Floquet space
representation of the interaction Hamiltonian in Eq. (6),
we have shown that for protons at high spinning fre-
quencies the most important higher-order effective
Hamiltonian term is the first-order dipole—dipole effec-
tive Hamiltonian 7:(](31])) and not the mixed chemical shift-
dipolar first-order Hamiltonian terms [5]. In the same
way we can expect that the error terms in the interaction
Hamiltonian will have a very minor contribution to
mixed error-dipolar first-order terms. Furthermore, we
can expect that the error terms, as long as they are small

(@10ms << Awqjdy)) ), will shift the lines in the spec-

trum as predicted above, but will not cause any signifi-
cant broadening.

3. Numerical simulations

To verify these theoretical predictions we employed
spectral simulations using SPINEVOULTION [26]
programme. The wPMLGS5 decoupling sequence was
used and phase and amplitude imperfections were in-
troduced in the perfect irradiation scheme. To find some
typical example of a possible RF distortion an experi-
mental high power wPMLGS5 pulse sequence, entering a
tuned MAS-probe of the DSX 300 MHz spectrometer,
was detected by an RF directional coupler, and dis-
played on a digital oscilloscope. The result of this
measurement is shown in Fig. 2A. The individual pulses
of 1.73 us are distorted in amplitude and phase at least
for a time period of about 100 ns at their start. The exact
imperfections appearing in the RF field at the place of
the sample are of course unknown. The wPMLGS5*
pulse sequence used in the simulations is shown in
Fig. 2B. The RF train resembles the experimentally
achieved pulse profile, the * denoting a sequence with
imperfections. In the simulations the RF amplitude was

time(usec)

Fig. 2. (A) The RF profile of the 10 RF pulses composing the wPMLGS5 pulse unit, generated on a DSX-300 spectrometer, measured by a linear
power detector and displayed on a digital oscilloscope. (B) The pulse unit used for the wPMLGS5* simulations (shown in Figs. 3-5). The black pulses
are constant amplitude RF irradiations with phases chosen according to the ideal WPMLG scheme. The gray areas represent RF irradiations with
phases that are equal to the average of the phases of the irradiations before and after these short pulses. The actual values of the RF intensity and

phases are discussed in the text.
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assumed to be 95kHz and the total irradiation period,
which is the length of a wPMLGS unit, was 17.3 us. The
RF amplitude was kept constant during this period ex-
cept during the first 100 ns and during an extension of
the sequence of 750 ns. The amplitudes of the RF pulses
was 50kHz during the initial 100 ns of the RF profile.
The amplitudes of the RF pulses during the last 750 ns
of the RF profile were 5.1, 4.5, 3.8, 3.2, 2.6, 1.9, and
1.3kHz for a duration of 100 ns each and 0.6 kHz for the
last duration of 50ns. The ideal infinitesimal phase
switches between the pulses were replaced by 200 ns ir-
radiation periods with phases equal to the average val-
ues of the previous and following pulses. In addition,
during the 300ns duration in the middle of the RF
profile, the phase value was equal to the value of the
previous pulse phase. The total duration of each
wPMLGS unit, with a detection window of 3.4 us, was
not modified and the characteristic RF frequency of the
wPMLGS5 sequences was ./2n = 1/1. = 48.31 kHz.

Simulations of single-spin spectra were performed as
a function of its isotropic chemical shift value
Avy = Awy /2w, employing wPMLGS5*. Following a 90°
excitation pulse and wPMLGS5* irradiation the mag-
netisation of the spins precesses around an effective field
in the rotating frame, with a Hamiltonian of the form
(sAvoLs + cvI7), the effective chemical-shift field point-
ing in the 5 direction plus an additional field pointing in
the ¢ direction. Here, v = w;/2n. The direction of the
total effective field can be described by polar angles
{0, ¢} and an amplitude corresponding to the detected
off-resonance value as in Eq. (16) can be estimated as
Av = Aw/2x. The values of the two polar angles and the
observed off-resonance as a function of Avy were mea-
sured and the results are plotted in Fig. 3 for both
wPMLGS5* and ideal wWPMLGS. As expected, for large
chemical shifts (Avy >> cv;) the total field direction is
mainly determined by the effective chemical-shift direc-
tion and hence, it should be close to the ideal wWPMLGS5
effective field direction, which is near the magic-angle
direction with 6; = 54.7° and, for our pulse sequence,
¢, = 0. When the chemical shifts are small, the effective
field direction is strongly influenced by the imperfec-
tions. At on-resonance, Avy = 0, the effective field di-
rection is solely determined by the imperfection term
cvilz. From Fig. 3 it can be deduced that for our dis-
torted wPMLGS5* sequence this direction almost points
in the +x direction: {0, = 95.6°, ¢, = 15.3°}.

There is a region at negative Avy values around
—4.5kHz, where the vector sum of the two fields results
in an effective field direction almost parallel to z. Hence,
around this value the magnetisation will precess about
around the z direction resulting in a single-peak spec-
trum. The magnetisation trajectories, monitored syn-
chronously, and the direction of their effective fields are
shown in Fig. 4 for three cases: for wPMLGS5* irradia-
tion with Avy =+5kHz and Avy =—5kHz and for an

10

Av(kHz)

-10
180 —tt

120 |- -

120

0 h I n === [ I il |

15 10 5 0 -5 -10 -15
Avy(kHz)

Fig. 3. Single-spin simulations of the synchronously detected mag-
netisation pathways during wPMLGS5* irradiation (continuous lines),
as shown in Fig. 2B, enable the determination of the effective rotation
frequency Av and the direction angles (0, ¢) of the norm to the plane of
rotation. In this figure Av, 0, and ¢ are plotted as a function of the
offset value Avy. Also shown are the respective plot for ideal WPMLGS
(dashed lines).

ideal PMLGY9 scheme with Avy = —5kHz. It is illus-
trated in this figure that in the case of positive Avy, as
well as in the ideal PMLG case, the projection of the
magnetisation trajectory on to the x — y plane generates
an observable that corresponds to an elliptical pathway,
and, hence, after Fourier transformation an image peak
will appear in the spectrum. On the contrary, for
wPMLG5*, around Avg ~ —5kHz the rotation axis is
close to the z-direction (0 ~ 0°) and the x — y magneti-
sation trajectory is close to a circle, and hence the image
peak is very small. We chose PMLG9 for comparison as
this is the closest to FSLG in the ideal case with
0 =54.7°.

The off-resonance measured in the spectrum, Av,
corresponds to the magnitude of the effective field.
Hence, at large chemical shifts the observed off-reso-
nance value Av is shifted from sAvy by the same constant
value, while for small Ay, values the effective scale factor
s(Avg) = 0Av/dAv, varies. In our simulations this scale
factor is zero around Avg~ —-2kHz. This leads to
spectral distortions in multi-spin spectra when s is not a
constant. To verify the decoupling efficiency of the
wPMLGS5* sequence proton spectra were simulated for
a model system containing five protons, as shown in
Fig. 5. The relative positions and the chemical shifts of
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B

Fig. 4. Calculated magnetisation trajectories in the rotating frame starting from the —y axis during a wPMLGS5* irradiation shown for (A)
Avy = +5kHz and (B) for Avy = —5kHz. Response for ideal PMLG9 is shown in (C) for Avy = —5kHz. In addition to the synchronously detected
magnetisation pathways their projections onto the x — y plane are also shown. The unit vectors in the three spheres are pointing in the direction of the

norm to the planes of rotation of the magnetisations.
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Fig. 5. Simulated wPMLGS5* spectra of the five coupled protons of the
model compound shown on the top. The proton Larmor frequency
was assumed to be 600 MHz and the spinning frequency was
13.75kHz. The chemical-shift and offset parameters of the protons are
summarised in Table 1.

these protons were chosen as shown in Table 1. No
CSA and J-coupling interactions were taken into ac-
count during the simulations. The spinning frequency
used was w,/2n = 13.753kHz, which corresponds to
w, = 3.50,.

In Fig. 5 two spectra of the model compound are
shown that were simulated assuming a proton Larmor

frequency of 600 MHz: (a) with positive offset Avy;, and
(b) negative offset Avy; values as summarised in Table 1.
When the positive offsets are used relatively large image
peaks appear, indicating that the effective fields of the
spins in the rotating frame do not point in the +z di-
rection. On the contrary, at negative offset values, the
image peaks are very small and almost not noticeable.
These results are in agreement with the simple single-
spin calculation results discussed earlier. Notice also the
improved resolution at the negative offset region that is
in particular obvious for the CH, line. This spectral
resolution is obtained in spite of the slightly varying
scale factor. The reason for this line narrowing could be
a result of the truncation of the first-order effective di-
polar Hamiltonian with respect to the modified
zero-order effective chemical shift Hamiltonian. Further
investigation of this effect will be necessary in order to
take full advantage of the wPMLG#* schemes.

4. Experimental

wPMLGS experiments were performed on a Bruker
DSX spectrometer operating at 300 MHz and on a
Varian Infinity Plus spectrometer, operating at
600 MHz. Samples of r-histidine-HCI-H,O, L-tyrosine
and monoethyl fumarate were used at both the magnetic
fields. In addition, a sample of DL-glycine was used at
the 600 MHz field. The repetition delay was 5s for
L-histidine, monoethyl fumarate, and glycine and 10s for
L-tyrosine. The phase increments in the two sequential
parts of each wPMLGS cycle were A¢p = +41.6° starting
with 20.78° for positive increments and 7.02° for nega-
tive increments. In both the spectrometers the individual
PMLG pulse width A¢, and the RF power w;, were fine
adjusted for the best resolution. Single /2 pre-pulses
with phases x,y, —x, —y were applied before the data
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The proton coordinates in an arbitrary molecular reference frame and chemical-shift values of the model compound shown in Fig. 5, together with

positive and negative offset values

x (A) y (A) z (A) 5 (ppm) Avy; > 0 (kHz) Avy; < 0 (kHz)

HO -4.58 12.57 7.26 8.3 4.98 -4.52

H? -2.26 11.71 6.08 4.6 2.76 -6.74

H® -4.42 9.86 6.73 3.12 1.872 -7.628

H® -3.24 9.47 5.93 3.12 1.872 ~7.628

H® -3.81 7.87 8.31 10.1 6.06 -3.44
acquisition with detection phases of 0°, 90°, 180°, and o, ' ' " TN
270°, respectively. On the DSX-300 spectrometer a 4 mm or -
CRAMPS probe was used and the acquisition window o :‘\"“.
t, was of a length 3.4ps. A list of fixed RF phases e & o,
generating the PMLGS profile was employed with 5r —— n %, |
At = 1.74 pus. The spinning frequencies used were 10.00, S et

14.286, and 14.286 kHz for L-histidine, monoethyl fu-
marate and L-tyrosine, respectively. All the samples
were confined by spacers to the center of the rotors in
order to improve the RF inhomogeneity: the L-histidine
sample to 0.5 mm, monoethyl fumarate to 1.5mm and
L-tyrosine to I mm. The synchronously detected free
induction decay signals were collected at the end of the
detection windows and 1 K points were acquired.

On the Infinity Plus 600 spectrometer a 4 mm stan-
dard double resonance probe was used with Az = 1.7 ps.
The acquisition window length was optimised separately
for each sample to obtain the best resolution and
was equal to 4.6, 6.3, 5.3, and 6.1pus for L-histi-
dine-HCI-H,O, monoethyl fumarate, glycine, and 1-ty-
rosine, respectively. Small delays of 0.1 pus were inserted
between all the PMLG pulses to improve the RF per-
formance. The samples were confined to the center of
the rotors: L-histidine-HCI-H,O to 1.5mm, monoethyl
fumarate to 1.5mm, tyrosine to 1 mm, and glycine to
2mm. The spinning frequency was 10kHz in all the
experiments on the Infinity Plus 600 spectrometer. The
signals were detected synchronously in the windows of
the wPMLGS sequence and 256 points were acquired.

5. Results

To measure the scale factor as a function of the offset
value Avg wPMLGS* experiments were performed on
the glycine sample at 600 MHz and on the monoethyl
fumarate sample at 300 MHz. In the former case the
position Av of the NHj3 line was monitored and in the
latter the position of the carboxyl line. The results of
these experiments are shown in Fig. 6. The observed
values of Av show a similar dependence as obtained for
the simulations using the wPMLGS5* sequence of Fig. 3.
It is evident that both the spectrometers result in an
asymmetric response for +Avy with similar profiles as in
Fig. 3. It follows that the fields corresponding to the RF
error terms cwil; in the effective Hamiltonian point

Av(kHz)
} ;

i 1 i I i I i i . I
15 10 5 -5 -10 -15

0
Av, (kHz)

Fig. 6. Experimentally observed position of the NH; proton line of
glycine and the carboxyl proton line of monoethyl fumarate, Av, as a
function of their off-resonance values, Avy, respectively, measured on a
Varian Infinity Plus 600 spectrometer (filled circles) and on a Bruker
DSX-300 spectrometer (filled squares). One scan was used for the ex-
periments on glycine and 4 scans with CYCLOPS phase cycling for the
experiments on monoethyl fumarate. The dotted line shows the line
Av = sAvy with a constant scale factor of 0.577. The optimal offset
regions to be used in the experiments are indicated by horizontal, for
the DSX-300, and vertical, for the Infinity Plus 600 spectrometer,
striped gray areas. In these regions the experimental scale factor de-
fined in Eq. (16) are larger than 0.45, and in part of these regions the
effective rotation axis point about in the direction of the z-axis.

about in the same direction close to the x — y plane. The
scale factors of both experiments away from the on-
resonance condition are about 0.64, while close to res-
onance they approach zero and even become negative.
The figure indicates that the Infinity Plus 600 generates a
larger shift (Av — sAvy) than the DSX-300 spectrometer.
As a result a proton spectrum of a spectral width of
about 15ppm must be collected such that —5kHz
< Avy; < =15 and -2.5kHz < Avy; < —8 kHz for the 600
and 300 MHz spectrometers, respectively. These optimal
ranges are indicated in the figure. The comparison be-
tween these results and the simulated results in Fig. 3A
shows a strong resemblance for the results from the
300 MHz machine. We can therefore expect that the tilt
angles 0 in the detection range behave also similarly and
are smaller than 35°. Similar conclusions about the data
from the the Infinity Plus 600 MHz are possible, but we
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A did not try to generate RF imperfections in the ideal
wPMLGS5 scheme that gave the 600 MHz results as in
Fig. 6.

To verify further the experimental behaviour as a
function of the resonance offset, wPMLG5 measure-
ments at positive and negative offsets were performed on
a L-histidine sample at 300 MHz, the resulting two
spectra shown in Fig. 7. For negative Avy,’s the spectrum
does not show any image peaks or zero-frequency lines.
The scale factor of the positive Avy spectrum is slightly
larger than for Avy < 0, and at the negative side the scale
factor is not constant over the whole spectrum. For an
accurate line position measurement on ppm scale a
calibration curve must be generated to correlate the
observed line positions with their actual chemical-shift
values. Fig. 8 shows proton wPMLGS5* spectra of three
samples: monoethyl fumarate, L-histidine-HCI-H,O and
’ T T T T T T T T T ' L-tyrosine, measured at 300 and 600 MHz magnetic

4 2 0 -2 -4 fields. All spectra were collected with Avy < 0 and do
Av(kHZz) not show image peaks. The improved spectral resolu-

tions are a result of the use of the confinement of the
samples in the middle of the spinners, and the fact that

Fig. 7. L-Histidine-H,O-HCI spectra measured at 300 MHz on a Bru-
ker DSX-300 spectrometer at a spinning frequency of 10 kHz with (A)

the positive offsets Avy; > 0 and (B) negative offsets Avy; < 0. Four- the RF imperfections cause additional line narrowing
phase CYCLOPS phase cycling was used to obtain these spectra. as discussed above. The zero-frequency lines in the
A
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Fig. 8. Experimental wPMLGS5 spectra of (A and D) monoethyl fumarate, (B and E) L-histidine-HCI-H,0 and (C and F) L-tyrosine measured on a
Bruker DSC-300 spectrometer (A-C) and Varian Infinity Plus 600 spectrometer (D-F) with w,/2n = 10kHz and four steps CYCLOPS phase
cycling. The number of transients was 8 in (A and B), 16 in (C), 4 in (D), 60 in (E), and 20 in (F). Certain representative line widths are indicated in
the spectra in kHz.
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600 MHz spectra may be eliminated by adjusting the
phase of the 90° pulse so that there is no component of
the magnetisation vector along the direction of the ef-
fective field during spin evolution.

6. Conclusions

The modifications in the spin evolution due to the RF
imperfections during wPMLGS5 decoupling experiments
were studied and their influence on the decoupled pro-
ton spectra were analysed. The actual distortions of the
experimental RF pulse shapes and phases depend on the
hardware performance of the spectrometer, but they will
always generate some additional effective field in the
rotating frame that will influence the trajectories of the
spin magnetisations. Because it will be very hard to to-
tally eliminate these effects it will be necessary to deal
with the imperfection induced effects and to adjust the
experimental set-up of the decoupling experiments ac-
cordingly. In this publication it was shown that we can
benefit from the imperfections in terms of spectral sen-
sitivity and resolution. Experiments on two different
spectrometers demonstrated similar effect. With the
proper experimental parameters the isotropic chemical
shift spin evolution during wPMLGS5* can be repre-
sented after a single 90° excitation pulse with CYCLOPS
phase cycling in the rotating frame as magnetisation
vectors rotating close to the x — y plane. This enables
simple phase cycling schemes during one-dimensional
data acquisition, generating spectra without frequency
images. Due to the imperfections the scale factors of the
experiments are not constant over the spectra, a fact that
must be realised during chemical-shift data analysis.
Finally, we should mention that an important source of
line broadening observed in high-resolution proton
spectra is the RF inhomogeneity across the samples.
This effect was not discussed here but needs much at-
tention when research efforts are pointing towards fur-
ther resolution enhancement.
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