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Abstract

The efficacy of hetero- and homonuclear dipolar recoupling employing tanh/tan adiabatic inversion pulse
based RF pulse schemes has been examined at high magic angle spinning (MAS) frequencies via numerical
simulations and experimental measurements. An approach for minimising the recoupling RF power level is
presented, taking into consideration the spinning speed, the range of resonance offsets and H; inhomo-
geneities and the available RF field strength. This involves the tailoring of the frequency and amplitude
modulation profiles of the inversion pulses. The applicability of tanh/tan pulse based dipolar recoupling
schemes to spinning speed regimes where the performance with conventional rectangular pulses may not be

satisfactory is demonstrated.

Introduction

Magic angle spinning (MAS) solid state NMR
spectroscopy is a potential alternative tool for the
structural investigations of biomolecular systems
where the solution state NMR approach is difficult
to employ, e.g., due to limited solubility and/or
broad spectral lines, or where X-ray diffraction
techniques pose difficulties, e.g., in obtaining the
required single crystal samples. Although weak
homo- and heteronuclear dipolar couplings be-
tween low gamma nuclei are generally lost under
MAS, a variety of dipolar recoupling procedures
have been developed for inhibiting the spatial
averaging of these couplings (Bennett et al., 1994;
Griffin, 1998; Dusold and Sebald, 2000). This
opened up a route for achieving NMR resonance
assignments and for the extraction of structural
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constraints, e.g., internuclear distances and torsion
angles, employing isotopically labelled powder
specimens. This, in turn, laid the foundation for
MAS solid state NMR based structural studies.
With a view to provide a general theoretical
framework for the design of dipolar recoupling and
decoupling sequences, Levitt and co-workers have
proposed a symmetry-based approach for effecting
the evolution of the spins under the desired average
Hamiltonian of interest (Carravetta et al., 2000;
Brinkmann and Levitt, 2001; Levitt, 2002). This
makes use of the rotational properties of the nuclear
spin interactions and involves the application of
rotor-synchronised RF pulse sequences. Two classes
of symmetry-based pulse sequences, denoted as
CN; and RN; have been introduced till date. The
CN} class of RF pulse schemes involves the re-
peated application of a basic element “C” corre-
sponding to an RF cycle with unity propagator Urpg
(tc) = % 1. N such cycles are applied over n rotor
periods 7. Successive C elements are incremented in
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phase by v2rn/N and typically the complete CN;
sequence is repeated many times. In the RNY
scheme, the basic component is an inversion ele-
ment “R”. A pair of appropriately phase-shifted
pulses are derived from this basic element to form a
RF pulse sandwich “R” and this pulse sandwich is
repeated N/2 times over n rotor periods so as to
form an RF cycle with unity propagator Ugp
(to) = £1. N, nand v are all integers and appro-
priate values for these are chosen, via the selection
rule for CN; and RN] symmetry, to generate the
desired average Hamiltonian with high efficiency.
Symmetry-based RF pulse sequences have found
extensive usage in MAS NMR studies of biological
systems and are typically executed using rectangu-
lar RF pulses. One of the difficulties of the sym-
metry-based RF pulse schemes involving
rectangular pulses is that the RF field strength re-
quired is related to the spinning speed employed.
For example, for CN; sequences the RF field
strength relates to the spinning frequency as (®,/
;) = (N/n)(t¢/t2r), Where 7. and 7, represent the
length of the C element and a 27 pulse, respectively.
This can result in low recoupling RF field strength
requirements and, hence, lead to unsatisfactory
performance. Moreover, the efficacy of pulse se-
quences employing conventional rectangular RF
pulses can be sensitive to the RF field strength
employed and this may lead to degradation in
performance in the presence of RF field inhomo-
geneities. Recent studies (Heise et al., 2002; Leppert
et al., 2002, 2003, 2004; Hardy et al., 2003; Riedel
et al., 2004a, b, 2005) indicate that such difficulties
can be resolved by implementing RF pulse schemes
employing adiabatic inversion pulses.

Since adiabatic pulses were successfully em-
ployed in other areas of magnetic resonance to
overcome the deleterious effects of H; inhomoge-
neities and resonance offsets (Garwood and Del-
aBarre, 2001), the primary objective of many of
our recent investigations has been to ascertain
whether it is equally possible to exploit the po-
tential of adiabatic pulses in MAS solid state
NMR. These studies, typically carried out at low
or moderate spinning speeds, clearly reveal that
the different adiabatic amplitude and frequency
modulation profiles already reported in the litera-
ture (Garwood and DelaBarre, 2001) can be used
for dipolar recoupling/decoupling. Tanh/tan pul-
ses constructed from the following adiabatic half
passage and its time reversed half passage,

wi (1) = wl(max)tanh(gzt/Tp)

Aw(t) = Awmax[tan(x(1 —2¢/Tp))]/tan(x),

with & = 10, tan(x) = 20 and 0 < ¢ < T,,/2, as
originally reported (Hwang et al., 1998), have
found extensive usage. Adiabatic inversion pulse
based RF pulse schemes have been reported for
MAS solid state NMR studies at high magic angle
spinning frequencies (Hardy et al., 2003; Riedel
2004c). Experiments carried out at high spinning
speeds offer potentially many advantages, e.g., im-
proved signal to noise ratio. However, the RF
power requirements for obtaining satisfactory re-
sponse from adiabatic pulse schemes could become
substantially large where inversion pulses of short
durations are required, as typically is the case at
high spinning speeds, and render their experimental
implementation difficult due to hardware limita-
tions. In this context, we have examined at high
MAS frequencies the efficacy of CN} symmetry-
based sequences (Chan and Eckert, 2001; Riedel
et al., 2005) for C—N dipolar recoupling/
chemical shift correlation employing basic C ele-
ments constructed with optimised tanh/tan inver-
sion pulses. The inversion characteristics of the
tanh/tan pulses were tailored to a given experi-
mental situation by optimising the parameters &,
and Ao, (Tesiram and Robin Bendall, 2002).
Additionally, employing tanh/tan adiabatic pulses,
we have also evaluated the performance charac-
teristics of the RN] symmetry-based zero-quantum
(ZQ) dipolar recoupling scheme R62R6,2 (Brink-
mann et al., 2002) for obtaining '*C chemical shift
correlation data.

Numerical and experimental procedures

Basic C elements were constructed by suitable
concatenation of 180°, and 180°_, tanh/tan pulses,
e.g., {xX}, {xxxx} and {xxxxxxxx}. The frequency
and amplitude modulation profiles of the inversion
pulses were tailored so as to obtain satisfactory
performance of CN; symmetry-based RF pulse
schemes at the required RF field strength (®;(max))
and over the expected range of resonance offsets and
H; inhomogeneities. This was achieved by first fixing
the duration of the tanh/tan pulse, as dictated by &,
n, 7. and 7, values, and then finding optimal values
for the parameters §, ¥ and A®p.x. Numerical



optimisation was carried out via the simulated
annealing approach (Kirkpatrick et al., 1983;
Sunitha Bai et al., 1993) to obtain ecither an opti-
mised inversion pulse or a C element directly. The
tanh/tan inversion pulse was divided into “N”
intervals of equal duration (~0.2 us) with each
element characterised by an amplitude and a phase
value {a(?), &(1)}; = 1. ~. Considering a single
spin-1/2 system and neglecting the effects of CSAs,
the net propagator, U, corresponding to either
an inversion pulse or the desired basic element C,
e.g., {xxxx}, was first calculated. The density
matrix p(f) following this evolution operator, U,
was then obtained, starting from an initial state
p(0) of I,. The error function &(&, K, Awmax) TEP-
resenting the deviation of the density matrix p()
from the required p(ideal) was calculated over a
2D grid of resonance offsets and H; field strength.
The maximum value g,,, seen in the 2D error
surface was always employed in our simulated
annealing approach for scanning the configuration
space, i.e., £, k and Awp,y, in order to find optimal
values. A sufficiently slow cooling schedule was
applied and the temperature/control parameter of
the simulated annealing protocol was altered after
either 100 successful uphill moves or 1000 at-
tempted uphill moves. R (representing the product
of the pulsewidth and Aw.y), § and tank were
varied over a range of 10—150, 0—100 and 0-100,
respectively, for generating optimised inversion
pulses/basic C elements. The simulated annealing
procedure was terminated when there was no sig-
nificant difference in g,,,, between two successive
temperature changes.

As in our recent study (Riedel et al., 2005), the
performance characteristics of different 3C—"N
dipolar recoupling sequences were evaluated
numerically via the transferred echo double reso-
nance (TEDOR) technique (Hing et al., 1992).
TEDOR is commonly employed for obtaining
BC—N dipolar chemical shift correlation spec-
tra, both in the context of resonance assignments
and for the simultaneous measurement of multiple
carbon-nitrogen distances, in uniformly {"°C,
SN} labelled samples (Jaroniec et al., 2002). Sim-
ulations were carried out considering two spin-1/2
heteronuclei (/—S) and the magnitude of the 7
spin ('*C) magnetisation observed at 1, = 0 was
monitored as a function of the net heteronuclear
dipolar recoupling period (t,,).
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The efficacy of RN; symmetry-based zero-
quantum (ZQ) dipolar recoupling scheme (Brink-
mann et al., 2002) with tanh/tan adiabatic pulses
was assessed by monitoring the z magnetisation
transferred to the second spin ('3C’/'*CF) as a
function of the mixing time, starting with z mag-
netisation on spin 1 ('*C%. Unless mentioned
otherwise, '°C scalar coupling, chemical shift and
dipolar tensor parameters of alanine (C* — C¥)
and glycine (C* — C’) were employed in these
simulations (Brinkmann et al., 2002; Leppert
et al., 2003). Simulations were carried out using
the SIMPSON program (Bak et al., 2000), at a
Zeeman field strength of 11.7 T and for represen-
tative spinning speeds as indicated in the figure
captions. Experiments were carried out with
undiluted {"°N, '3C} labelled samples of histidine
at room temperature on a 500 MHz wide-bore
Varian YNITYINOVA solid state NMR spectrom-
eter equipped with a 3.2 mm Chemagnetics triple
resonance probe and waveform generators for
pulse shaping. The frequency sweep is imple-
mented in the spectrometer hardware as a phase
modulation, &(7) = JAw(r)dr. Cross-polarisation
under Hartmann—Hahn matching conditions was
employed and all spectra were collected under high
power 'H decoupling. The RF pulse sequences
employed for generating hetero- and homonuclear
chemical shift correlation spectra were similar to
those used in our recent studies (Riedel et al.,
2004b, 2005; Leppert et al., 2003).

Results and discussion

Contour plots of the observed I, magnetisation, as
a function of RF field strength and resonance
offset, after the application of inversion pulses of
duration 25 us and basic C elements ({xxXX},
100 us) indicated in the figure caption are given in
Figure 1. These plots were generated considering a
single spin-1/2 system and neglecting CSA. The
plot for a tanh/tan inversion pulse characterised by
R, tanx and § values of 60, 20 and 10, respectively,
and as employed in our recent studies (Leppert
et al., 2003; Riedel et al., 2004b, 2005), is shown in
Figure la. It is seen that for obtaining satisfactory
performance, even over a small resonance offset
range of +10 kHz, an RF field strength in the
range of ~50 kHz will be required. Although the
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Figure 1. Contour plots of <—-1I1,> (a and b) and < I, > magnetisation (¢ and d) (expressed as a fraction of the initial
magnetisation and as a function of the RF field strength and resonance offset) after the application of either an inversion pulse or the
basic C element {xxXX} constructed employing tanh/tan adiabatic pulses. The plots were obtained with tanh/tan inversion pulses
characterised, respectively, by R, tank and & values of 60, 20 and 10 (a) and 25.3, 18.4 and 91.25 (b). Plots ¢ and d were generated with
C elements constructed with adiabatic pulses defined by R, tank and & values of 25.3, 18.4 and 91.25 (c) and 15.57, 15.57 and 89.53 (d).

RF power requirements can be reduced with
inversion pulses of longer durations (Leppert
et al., 2002), pulses with short durations are often
needed. For example, to achieve DPC—PN
heteronuclear dipolar recoupling at a spinning
speed of 20 kHz and with the C2} symmetry-based
sequence (Riedel et al., 2005) employing the C
element {xxXX} would require inversion pulses of
durations of 25 ps. In situations where high "N
RF field strengths are not available, e.g., as typi-
cally is the case with MAS NMR probes with large
rotor diameters, and for minimising the interfer-
ence between the recoupling and decoupling RF
irradiations, it will be advantageous to have
inversion pulses that perform satisfactorily at low
RF power levels. Considering a '>N chemical shift
dispersion of ~300 ppm and = 10% variation in
the RF field strength due to H; inhomogeneities,
we have constructed optimised inversion pulses
and basic C elements. The plot for the optimised
inversion pulse characterised by R, tank and §

values of 25.3, 18.4 and 91.25, respectively, and
generated for satisfactory performance with an RF
field strength of 35 kHz and over a =10 kHz
range of resonance offsets is given in Figure lb
and the plot for the C element derived from this
optimised pulse is shown in Figure lc. Although
the inversion pulse does not exhibit 100% inver-
sion over the desired range of resonance offsets
and H; inhomogeneities, the phase cycling used in
the construction of the C element, as expected,
leads to significantly improved performance. Fig-
ure 1d shows the plot for a C element optimised
directly, for satisfactory performance with an RF
field strength of 25 kHz and over a resonance
offset range of =+10 kHz. Tanh/tan pulses char-
acterised by R, tanx and § values of 15.57, 15.57
and 89.53, respectively, were employed in the C
element. These plots suggest that it is possible, in
principle, to minimise the RF power Ievel
requirements of tanh/tan pulses by tailoring the
amplitude and frequency modulation profiles.



The efficacy of heteronuclear dipolar recoupling
with optimised tanh/tan inversion pulses were first
assessed via numerical simulations. Simulated
TEDOR transfer characteristics for a spinning
speed of 20 kHz and as a function of the '’N RF
field strength and resonance offset are given in
Figure 2a—f. As in our earlier study (Riedel et al.,
2005), to assess the relative merits of different pulse
schemes clearly, a weak '3C—'>N dipolar coupling
strength of 190 Hz was employed in these simula-
tions. From our earlier studies (Riedel et al., 2005),
the effects of '’N CSAs on the TEDOR perfor-
mance were found to be negligible, even at a spin-
ning speed of 10 kHz. Hence these were neglected in
the simulations shown here. Except for the "N
pulses applied during the dipolar recoupling peri-
ods, all RF pulses were assumed to be o pulses in the
numerical calculations. Plots obtained with C2}
symmetry-based RF pulse scheme with the C ele-
ment {xxXX } based on tanh/tan pulses and designed
for satisfactory performance at RF field strengths
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of 35, 30 and 25 kHz, respectively, are given in
Figure 2a—. For comparison, the simulated TE-
DOR plots obtained with C2} pulse scheme with
tanh/tan pulses having, respectively, R, tank and
values of 60, 20 and 10 (Figure 2d), C3; pulse
scheme employing the POST C element
{(n/2),(27),(37/2),} with rectangular RF pulses
(Chan and Eckert, 2001) (Figure 2¢) and conven-
tional dipolar recoupling with rectangular >N
inversion pulses (20 us) applied at the middle and
end of the rotor period and with xy-8 phasing
scheme (Gullion et al., 1990) (Figure 2f) are also
given. Figure 2d shows that it is possible to obtain
with tanh/tan pulses characterised by R, tank and &
values of 60, 20 and 10, respectively, gopod TEDOR
performance employing an RF field strength of
~50 kHz. However, satisfactory performance at
lower RF power levels can be obtained by opti-
mising the amplitude and frequency modulation
functions (Figure 2a—c). It is also seen that the
TEDOR transfer characteristics with '°N irradia-
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Figure 2. Simulated TEDOR plots generated at a spinning speed of 20 kHz and as a function of the RF field strength and resonance
offset for >N RF irradiation. All simulations were carried out employing a *C—'*N dipolar coupling strength of 190 Hz and
neglecting '’N CSAs. The RF field strength (kHz) and the resonance offsets (Hz) employed in the simulations are indicated,
respectively, by the two numbers shown corresponding to each of the plots. The sampled data points were interpolated to provide
visual clarity. Euler angles defining the orientation of CS tensors in an arbitrary molecular frame were fixed at (0°, 0°, 0°) and the
orientation of the dipolar vector in the molecular frame was fixed at (0°, 0°). Plots a, b, ¢ and d were obtained with tanh/tan pulses
characterised by R, tank and & values of (25.3, 18.4, 91.25), (68.2, 62.9, 96.9), (15.57, 15.57, 89.53) and (60, 20, 10), respectively,
employing the C2} symmetry-based adiabatic heteronuclear dipolar recoupling scheme with the basic C element {xxXX}. Results for the
C3§ symmetry-based dipolar recoupling scheme employing the POST C element {(n/2)y(21)-(37/2)} with rectangular RF pulses and
that for conventional dipolar recoupling with rectangular >N inversion pulses (20 us) applied at the middle and end of the rotor period

and with xy-8 phasing scheme are given, respectively, in e and f.
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tion schemes employing conventional 20 us rect-
angular RF pulses are far from satisfactory (Figure
2f). Numerical simulations indicate that the reduc-
tion in the RF power level requirements with opti-
mised tanh/tan pulses has been achieved without
sacrificing the sensitivity of the initial rate of build
up of the 7 spin intensities to the heteronuclear
dipolar coupling strength and hence to the inter-
nuclear distance involved (data not shown).
Employing RF field strengths of the order of 30—
35 kHz, these results clearly show that it is possible
to extend the applicability of TEDOR with opti-
mised tanh/tan pulses to spinning speeds higher
than what was demonstrated earlier (Riedel et al.,
2005).

The performance of RN} ZQ homonuclear
dipolar recoupling scheme R6ZR6.% with the
composite pulse inversion element R [90;5,2700]
(Brinkmann et al. (2002)) (Figure 3a and c) and
tanh/tan adiabatic pulses (Figure 3b and d) was

assessed at a spinning speed of 25 kHz. Tanh/tan
pulses of 40 us durations and having, respectively,
R, tank and & values of 60, 20 and 10 were used.
Considering that the recoupling RF field strength
needed with the composite pulse R element is re-
lated to the spinning speed (Brinkmann et al.,
2002) and the RF field strength required with
adiabatic pulses is dependent only on the pulse
characteristics, simulations were carried out at RF
field strengths indicated. Figure 3 shows that im-
proved ZQ dipolar recoupling can be achieved by
employing the tanh/tan adiabatic inversion ele-
ment R. "°C RF field strengths of the order of 40—
50 kHz are typically available even in 5 mm MAS
NMR probes. Considering that satisfactory per-
formance can be obtained with tanh/tan pulses
having, respectively, R, tank and & values of 60, 20
and 10, we have not attempted to reduce the RF
power requirements by tailoring the tanh/tan pulse
characteristics.
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Figure 3. Magnitude of the transferred magnetisation on spin 2 ("*C#/'*C’) (normalised to the maximum transferable signal) as a
function of the RF field strength employed and starting with longitudinal magnetisation on spin 1 (3C%) at zero mixing time. Plots at
the spinning speed of 25000 Hz and with the ZQ dipolar recoupling scheme R62R6;2 were obtained using the composite pulse R
element [90,392700] (a and c) and tanh/tan pulses of 40 us duration and defined by R, tank and & values of (60, 20, 10) (b and d). The
sampled data points were interpolated to provide visual clarity. Simulations were carried out employing '*C CS tensor, scalar, dipolar
coupling and other parameters of alanine and glycine as in earlier studies (Leppert et al., 2003; Riedel et al., 2004b). The '*C RF carrier

was kept at 110 ppm in these simulations.



To confirm the applicability of adiabatic het-
ero- and homonuclear dipolar recoupling RF pulse
schemes at high magic angle spinning frequencies,
we have performed 3C—""N and 3C—"3C dipolar
chemical shift correlation experiments on a model
system, an uniformly {'°N, '*C} labelled poly-
crystalline sample of histidine. The heteronuclear
correlation spectrum obtained employing the TE-
DOR sequence (Riedel et al., 2005) is given in
Figure 4. It was generated at a spinning speed of
20 kHz, with a short mixing time of 1.6 ms, using
C2) symmetry-based dipolar recoupling scheme
with basic C element {xxXX} constructed with
optimised tanh/tan adiabatic pulses of 25 us
durations and employing an RF field strength of
~28 kHz. Other details are given in the figure
caption. All the expected cross peaks arising from
short range (one-bond) heteronuclear dipolar
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Figure 4. '3C—"N dipolar chemical shift correlation spec-

trum of histidine (zoomed plot) collected at a spinning speed of
20 kHz, 32 t; increments, 10 kHz spectral width in ®;, 32 scans
per t; increment, 5 s recycle time and with a heteronuclear
dipolar recoupling period of 1.6 ms, C2} symmetry-based
dipolar recoupling scheme with basic C element {xxXx} based
on optimised tanh/tan adiabatic pulses of 25 us durations and
defined by R, tank and & values of (15.57, 15.57 and 89.53) and
with an RF field strength of ~28 kHz.
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interactions are clearly seen in the spectrum. The
homonuclear '*C chemical shift correlation spec-
trum generated with the R6;R6;2 dipolar recou-
pling scheme using tanh/tan pulses of 40 us
durations, an RF field strength of ~40 kHz, mix-
ing time of 3.8 ms and a spinning speed of 25 kHz
is given in Figure 5. As expected, crosspeaks aris-
ing from relayed magnetisation transfers, besides
one-bond correlation peaks, are also seen. To
minimise the interference between the recoupling
and decoupling RF fields, it is advantageous to
carry out these experiments with maximum dif-
ference between the recoupling and decoupling RF
field strengths, typically > 1:3. Our current stud-
ies were carried out with '"H decoupling field
strength of ~125 kHz. In this context, it is worth
pointing out that recently progress has been made
in designing recoupling schemes that can be ap-
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Figure 5. Experimental '*C ZQ correlation spectrum (zoomed
plot) of histidine obtained at a spinning speed of 25 kHz and
with adiabatic symmetry-based R6;R652 scheme. The spectrum
was obtained with a recycle time of 5s, 16 scans per ¢
increment, ®; spectral width of 50000 Hz, a dipolar mixing time
of 3.84 ms, tanh/tan adiabatic inversion pulses of 40 us
duration and defined by R, tank and & values of (60, 20, 10)
and with ®j(max)/21 of ~40 kHz.
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plied without 'H decoupling. For example, using a
13C RF field strength of 100 kHz, broadband '*C
chemical shift correlation without "H decoupling
has been demonstrated recently at a spinning
speed of 28.6 kHz (De Paepe et al., 2006). How-
ever, such high '*C RF field strengths are not
typically available in MAS NMR probes of larger
diameters. Under these circumstances, it is ex-
pected that methods such as that outlined here
will be of great value. In conclusion, the data
presented here clearly show that it is possible to
tailor the frequency and amplitude modulation
profiles of the tanh/tan inversion pulses to reduce
the RF power requirements, implement efficient
tanh/tan inversion pulse based dipolar correlation
experiments at high magic angle spinning
frequencies and improve the efficacy of symmetry-
based dipolar recoupling schemes in the spinning
speed regimes where the performance with
conventional rectangular pulses may not be
satisfactory.
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