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We demonstrate here the application of symmetry-based pulse sequences for homonuclear dipolar
decoupling in solid-state NMR at magic-angle spinning (MAS) frequencies up to 65 kHz using moderate
radiofrequency (RF) amplitudes. Theoretical arguments favouring the requirement of low RF amplitudes

X

at high MAS frequencies are given for these sequences. A comparison with wPMLG, , is given at 65 kHz of
MAS frequency to emphasise that the symmetry-based pulse sequences have a lower RF amplitude
requirement at high MAS frequencies.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

'H solid-state nuclear magnetic resonance (NMR) spectra are
plagued by poor resolution due to the presence of strong homonu-
clear dipole-dipole couplings between the abundant 'H spins. This
often obscures the chemical-shift information. The only way to ob-
tain high-resolution spectra of 'H is to apply radiofrequency (RF)
pulses in combination with magic-angle spinning (MAS), popularly
known as combined rotation and multiple-pulse spectroscopy
(CRAMPS) [1-3]. Several CRAMPS techniques have been developed
over the years, significant ones under MAS being phase modulated
Lee-Goldburg (PMLG) [4-6], decoupling using mind boggling
optimisation (DUMBO) [7,8], symmetry-based sequences like RN},
[9-11], and smooth amplitude modulation (SAM) [12,13]. With
the advent of probes capable of yielding up to 65 kHz of MAS fre-
quency, the main focus of decoupling is shifted towards develop-
ment of pulse schemes which can be applied at such high MAS
frequencies.

Introduction of supercycled schemes for PMLG has enabled its
application at moderate to high MAS frequencies up to 65 kHz
[14,15] and has been substantiated theoretically [16]. Subse-
quently DUMBO and SAM have been applied at high MAS frequen-
cies [13,16,17]. One major disadvantage of wPMLG and wDUMBO
sequences is the requirement of high RF amplitudes (v;) at higher
MAS frequencies which restricts the application of these sequences
to low or moderate MAS frequencies [15]. At certain ratios of MAS
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frequencies (v;) and cycle frequency (v.) of the RF sequence reso-
nant interference occurs and is manifested by the presence of extra
lines in the spectrum [18]. When these lines fall on the spectrum
they lead to line broadening and avoiding such resonance
condition requires prior theoretical understanding and careful
experimental optimisation. A different approach is the use of sym-
metry-based pulse sequences developed by Demco et al., and the
group of Levitt [9,19,20]. There are two different classes of se-
quences which have been developed using the principle of symme-
try of spin interactions. One uses composite 180° pulses whilst the
other utilises smooth amplitude modulation [9-13]. A review of
the sequences which have been already implemented at moderate
to high MAS frequencies up to 65 kHz is given in Refs. [21-23].

We have demonstrated the application of RN, sequences at
moderate MAS frequencies [10,11]. In the present work we demon-
strate the application of RN}, sequences up to a spinning frequency
of 65 kHz. A theoretical description will be given indicating that
with the increase of v,, the required v, for efficient decoupling is
not as high as the other sequences and this will be corroborated
by experimental findings. A comparison between RN, and
wPMLGY  will be given at the MAS frequency of 65 kHz to show
that similar resolution can be obtained using the former at a lower
RF amplitude.

2. Theory

The RN; symmetry sequences used here are of the form

N/2 . .
[R(/,Rl,4,] and consist of § pairs of the pulse block [R(/)RQ(/)}
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spanning n rotor periods, where ¢ is the overall phase shift given
by ¢ =fv. The element R, is derived from the basic element R°
by an overall phase shift of ¢. The element R, is derived from
R, by changing the sign of all phases. The basic element R° rotates
resonant spins by an odd multiple of 7 about the x-axis. Typically,
the basic element R° is a single or composite 180° pulse [24]. For
better performance with respect to off-resonance and in order to
improve local averaging of the homonuclear dipolar interactions,
the RN} sequences used here are based on the composite pulse ele-
ments [9-11]. Here, the element is R® = 90_4590,4590_4s. The RN
sequences suitable for homonuclear dipolar decoupling are such
that ) = 1. The RN}, sequences used here are explicitly given by

RN} = {(90_45904590_45)0(904590_459045)_g0}""2 (1)
= {(9045901359045)(90 4590 13590 45)}""? 2)

A table of RN}, sequences suitable for homonuclear decoupling is gi-
ven in Table 1.

The symmetry-based sequences are analysed here by treating a
system of coupled proton spins using bimodal Floquet theory
[25,26]. In case of the symmetry sequences discussed here, the cy-
cle frequency (v.) of the pulse sequence and the MAS frequency (v;)
can be related to each other by v, = Jtv,. Hence, the symmetry se-
quences in principle can be theoretically treated utilising average
Hamiltonian theory or single-mode Floquet theory as has been
done earlier [18,24]. Here we chose to treat the sequences using bi-
modal Floquet theory in order to investigate the scenario where
possible deviations from the rotor-synchronisation come in and
the two characteristic frequencies v, and v, become incommensu-
rate. Such a case will be presented in detail later.

The Floquet Hamiltonian in the RF interaction frame can be rep-
resented as [18]:

H=N (HG+H

nk

PPP) + VeNE + VN (3)

where #“and " correspond to the isotropic chemical-shift and
homonuclear dipolar Hamiltonian given by

Hee =D Avaty Ty FoFy (4)
m.a

///gl? = Z vﬂngbdif.) mabFrFC (5)
m,a<b

Here, the interactions included are the isotropic chemical-shift of
the a spins, Av,, and the homonuclear dipolar interaction between
the spins a and b, the strength of which is given by v, The CSA of
the proton spins is neglected owing to its relatively small magni-
tude. The spin parts of the interactions are characterised by the irre-
ducible tensor operators T\, The geometric spatial dependence of
the anisotropic dipolar Hamiltonian is characterised by the G" coef-
ficients [26]. N and F are the number and ladder operators, respec-
tively [27]. dm . are the Fourier coefficients, the magnitude of which
is dependent on the RF pulse sequence. A complete representation

Table 1

RN; symmetries for the observation of isotropic chemical-shifts
and heteronuclear | couplings under MAS. All the mentioned RN},
sequences select isotropic chemical-shift terms suppressing the
CSA and homonuclear DD coupling terms. All inequivalent sym-
metries in the range of N <20, n <5 and v < 10 are shown.

R63 R8% R103 R126 R14] R16% R18% R201°
R65 R105 R14] R18

R83 R103 R14] R165 R20%°

R6; R10; R14; R185

R62 R82 R128 R14Z R168 R182

S =2 3 = =3
n
v W N =

of these operators and coefficients is given in Ref. [18].The efficiency
of decoupling due to a sequence is dependent on these coefficients
whose magnitude is determined by the RF amplitude v; and the cy-
cle frequency of the sequence v. which includes the length of the
window (w), in case of a windowed sequence. In case of the RN, se-
quence used here, the cycle time is given by the total duration of the

pulse block [R(,,Rid)} which is equivalent to a 540° pulse. For the con-

venience of the reader, it is noteworthy to mention that n in Eq. (3)
denotes the order of the Hamiltonian whilst n in RN}, sequence rep-
resents the number of rotor periods the RN}, sequences span, i.e. the
space winding number.

To compare the efficiency of decoupling, it is required to derive
an effective Hamiltonian. The derivation of the effective Hamilto-
nian requires application of van Vleck transformation to the Ham-
iltonian given in Eq. (3) [28]. Truncating the small and non-
significant terms, the Hamiltonian derived after the van Vleck
transformation is given by

Ho=AHe" + > ARV + N + VN (6)
nk
where
-~ 1
A" =D Avady T oFoFs ™
m.a
— 1 /
~»DD(1 =
ank( )= —j Z VabvbCGZb ’l:cn
n’.a<b.b<c
'k 2)
Z Anmm’[ mab7Tin’bc:|F:1Fi (8)
k.m,m’
with
(2) 4(2)
ko _ dm,k/dm’.k—k/ (9)
Ty + Ky,

Following Haeberlen’s notation [29] for numbering various orders
of Hamiltonian, #5” is the zero-order (diagonal) chemical-shift
contribution whilst #2’") is the first-order (diagonal and off-diag-
onal) dipolar coupling contribution to the interaction Hamiltonian.
The diagonal blocks of this Hamiltonian can be written as:
H = (HGO + H5D) + VN + VN (10)
which is obtained by substituting n =k =0 in Eq. (6). As long as the
non-significant off-diagonal block elements of the Hamiltonian gi-
ven by Eq. (6) are ignored, the Hamiltonian given by Eq. (10) can
be used to determine the decoupling efficiency of a particular
decoupling sequence. The A',:I’r‘n coefficients for the block diagonal
Hamiltonian can be written as
2) 42
n’O/ _ din.)k’di(ﬂ’),—k’ (1.1)
™y, + K e

For convenience of notation we change the indices n' by n and k' by
k and thus the A - coefficients can be defined as

A"k , = % (-12)
me e 4+ kve
Decoupling implies reduction in the magnitude of the dipolar con-
tribution by the application of MAS and RF simultaneously. The
magnitude of 4™ , in Eq. (12) reflects the amount of decoupling that
can be achieved by a particular RF sequence. However, when
++ kve =0, the off-diagonal blocks in the Floquet Hamiltonian be-
come significant and < n’k_ll APV Ik > 0, with |n|=|n' —n| =
1-4 and |k|=|k — k| =0 hus two major degeneracy conditions
arise which must be avoided:
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(a) kve=v, or 2v,: This synchronisation leads to degeneracies
between the elements with n=1, 2 and |k|=1,2,3,4,.... In
this case the zero-order off-diagonal elements become sig-
nificantly large and van Vleck transformation cannot be per-
formed and direct diagonalisation is the only way [18,30].
This condition is known as the zero-order degeneracy condi-
tion and it leads to severe line broadening.

(b) kve=3v, or 4v,: In this case van Vleck transformation can be
done, but the diagonal blocks of n=3, 4 and |k| =1,2,3,4,...
are connected by elements formed by the first-order van
Vleck transformation. This condition is known as the first-
order degeneracy condition and their effect is less pro-
nounced. If these resonance conditions fall on the spectra,
they lead to line broadening [18,30].

Higher-order degeneracies are possible but their contribution is
not significantly large and can be ignored in the present context.
For convenience a parameter i can be defined as ¢ =} and it
can be stated that  =§,2,3 4 must be avoided to obtain efficient
decoupling, where k can have all possible integer values. The actual
amount of line narrowing depends on the magnitude of the dipolar
Hamiltonian which involves further multiplication of complex fac-
tors to the 4™, coefficients given in Eq. (12). So the value of the
A™ _coefficients only gives a rough estimate of the amount of
decoupling that can be achieved by a particular RF pulse scheme.
Each decoupling scheme has its own distribution of d?, Fourier

m.k
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Fig. 1. Sum over all the four indices for the A™ -coefficient given in Eq. (12)
calculated for all the RN sequences given in Table 1 sequences which have RF
requirement v; < 300 kHz. The calculations were done at four different MAS
frequencies: (a) 35 kHz, (b) 45 kHz, (c) 55 kHz, and (d) 65 kHz. The RN, sequences
used in the experiments at the respective spinning frequencies are indicated on the
figure. The vertical dotted lines show =1 (left) and =2 (right) conditions
respectively.

coefficients and the presence of MAS frequency in the denominator
of Eq. (12) creates a shift in the averaging over the Fourier
coefficients.

In order to gain an insight into the averaging effect of MAS over
the Fourier coefficients, we calculate here sum of the 4™ -coeffi-
cients over all the four indices (n, k, m, m’) with n index running
up to n=2, as given in Eq. (12), for the RN, sequences given in
Table 1 that require v, <300 kHz at v,=35, 45, 55, and 65 kHz.
The results are shown in Fig. 1. The arrows on the curve indicate
the RN; sequences chosen for the experimental purpose. The
salient features of the curves are as follows:

x R
a
H—| R R, - R, | R, M
L JTPPI
) t, c t, "
RR }= [90,,[90,.[90,[00..[90..{o0.,
¢, b 9
b
1 Tm\x
H— {A}o ] {A}mo ] {A}o ] {A}ISO
C T o b o >
2n
A=E =
(=9
04— T T
2 6 10

Pulse Index

Fig. 2. (a) Schematics of the pulse sequence utilising RN, sequences to obtain high-
resolution spectra of 'H. The phases of the 90° pulses are indicated on top of the
pulses. The phase ¢ on the final pulse indicates a phase cycling of [x,y, X, y] which is
followed by the receiver. Schematic of the RNj block is given below the pulse
sequence. (b) Schematic of the pulse sequence utilising wPMLG},,, for homonuclear
dipolar decoupling in the indirect dimension. The supercycling of the PMLG block is
indicated on the figure. A depicts the phase profile of a w PMLG block. The 90°
pulses are phase cycled as ¢, = [x,y,X, ], ¢, = [X,¥,X,y], and ¢; = [x,y,X,y]. The
receiver follows the phases of the last pulse 90° pulse.

a b
0.36 ppm 0.35 ppm
c d
0.38 ppm 0.38 ppm
10 8 6 4 2 10 8 6 4 2
3 ('H)/ ppm 8 ('H) / ppm

Fig. 3. Skyline projections of the indirect dimension of 2D correlation spectra of
glycine obtained with the pulse sequence shown in Fig. 2a. The spectra were
acquired with (a) R1 6§ at v, =35 kHz, (b) R14; at v, =45 kHz, (c)R1 62 at v, =55 kHz,
and (d) R1 og at v, = 65 kHz. The experimental details are indicated in the text. The
spectra were scaled up by a factor of 0.6.
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o The curves show discontinuity around / = 1, 2 as these are the
recoupling conditions for homonuclear dipolar couplings.

As we go to higher MAS frequencies, the overall magnitude of
the 3", mm A, becomes lower in the region y < 2.

For any given v, the magnitude of 3, w4, decreases with
increase in v; and subsequently v, as v, is related to v; by v=
2y, in case of the RN, sequences.

In the spinning frequency regime v, < 45 kHz it is advisable to
work in the region i > 2, whilst at v, > 45 kHz, it is possible to
work in the 1</ <2 region. This can then lead to the imple-
mentation of RN, sequences at lower RF amplitudes at higher
MAS frequencies, a feature not quite shared by the other homo-
nuclear dipolar decoupling schemes.

Similar calculations have been done earlier for wPMLGY,, for
high MAS frequencies [15] and have been experimentally verified
by Mao and Pruski for spinning frequencies v, > 10 kHz [31].

3. Experimental

The experiments were carried out on a Bruker AVIII 600 MHz
wide-bore spectrometer using a 1.3 mm triple resonance (HCN)
probe. Commercially available glycine and r-histidine-HCI-H,O
were used without further purification or crystallisation. A sample
of commercially available adamantane was used for the proton RF
calibration via nutation experiments.

4. Results and discussion

In order to obtain high-resolution spectra of 'H the RN), se-
quences were applied in a two-dimensional (2D) fashion as shown
in Fig. 2a. The details of the design of this pulse sequence were

20 16 12 8 4 0
3 ('H)/ ppm

Fig. 4. Skyline projection of the indirect dimension of 2D correlation spectrum of -
histidine-HCI-H,0 obtained with the pulse sequence shown in Fig. 2a. The spectrum
was acquired with R1 og at v, = 65 kHz and was scaled up by a factor of 0.6. The rest
of the experimental details are included in the text.

0.38 ppm

10 8 6 4 2
8 ("H)/ ppm

given in an earlier work [11]. Homonuclear decoupling is achieved
in the indirect domain where the magnetisation evolves under the
decoupling sequence whilst only MAS is performed in the direct
dimension. A projection along the indirect dimension gives the
high-resolution 'H spectra.

Fig. 3 shows the spectra of glycine obtained at v, =35, 45, 55,
and 65 kHz using (a) R165, (b) R145, (c) R16%, and (d) R103. The
RF amplitudes required are 140 kHz, 157.5 kHz, 132 kHz, and
162.5 kHz respectively. One-thousand and twenty-four points
were taken in the indirect dimension with 4 s of recycle delay be-
tween each of the four scans. The spectra of glycine were refer-
enced by assigning the midpoint of the two methylene proton
resonances to be at 3.55 ppm. The scaling factor in all the cases
was found to be 0.6. The carrier frequency on the 'H was kept at
—10 kHz from the centre of the 'H spectra. The mentioned line-
widths imply that going from lower to higher MAS frequency does
not result in much increase in resolution but compared to other
decoupling sequences like wPMLGY, or wDUMBO, there is a
noticeable gain in RF amplitude [15].

Fig. 4 shows the spectrum of r-histidine-HCI-H,O obtained at
v,=65kHz and v;=162.5kHz using R105. One-thousand and
twenty-four points were taken in the indirect dimension with 4 s
of recycle delay between each of the four scans. The spectrum of
L-histidine-HCI-H,O was referenced by assigning the methylene
resonance to be at 3.2 ppm. The scale factor was found to be 0.6.
The carrier frequency was kept at —10 kHz from the centre of the
H spectra.

Fig. 5 shows a comparison between wPMLG}, and RN) se-
quences at 65 kHz of MAS frequency. The 2D pulse sequence with
wPMLGY is shown in Fig. 2b. For the comparison study both
WPMLGY  and RN sequences were applied in a 2D fashion with
homonuclear decoupling in the indirect dimension and acquisition
under MAS in the direct dimension. In both the cases 1024 points
were collected with 4 s of recycle delay between each of the four
scans. Fig. 5a shows the 'H spectra of glycine obtained at 65 kHz
using R]Oé whilst Fig. 5b shows the spectra obtained using the
pulse sequence shown in Fig. 2b. For the wPMLGY experiment
the optimisation was done by collecting a series of 1D spectra
using windowed acquisition. The optimal cycle frequency was
found to be 40.65 kHz which includes a window duration of
2.7 ps. The carrier frequency was kept at +4 kHz from the centre
of the proton frequency. The scaling factor for the wPMLGY = se-
quence was found to be 0.48. These optimal values correspond to
those reported earlier [15]. The RF amplitude requirement for (a)
is 162.5 kHz and that for (b) is 214 kHz. The linewidth shown on
the figure indicates that the same resolution can be obtained using
lower RF amplitude for RN, sequences at high MAS frequencies.
From the data it can be inferred that RN, sequences can perform
at lower RF amplitudes than wPMLGY as we go to higher spinning

b

<— 0.39 ppm

10 8 6 4 2
8 (‘"H) / ppm

Fig. 5. Skyline projections of the indirect dimension of 2D correlation spectra of glycine spectra acquired with the pulse sequences shown in (a) Fig. 2a and (b) Fig. 2b. The
experiments were performed at 65 kHz of MAS frequency. For the RN, sequence the spectrum was scaled up by a factor of 0.6 and for wPMLG}y by 0.48. The rest of the

experimental details are discussed in the text.

mm
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0.38 ppm

10 8 6 4 2
8 ('H)/ ppm

Fig. 6. Skyline projections of the indirect dimension of 2D correlation spectra of
v, =219.4 kHz. The spectra were scaled up by a factor of 0.6.

frequencies. In this context it can be also stated that RN, sequences
with an effective x-axis of rotation is more suitable for 2D experi-
ments where we achieve high resolution 'H spectra in the indirect
dimension whilst wPMLG}; having an effective z-axis of rotation
can be more conveniently applied in windowed fashion for 1D
experiments.

Fig. 6 shows the spectra of glycine obtained at v, = 65 kHz using
(a) R10 and (b) R18) with RF amplitude of 162.5kHz and
219.4 kHz respectively. The rest of the experimental parameters
are the same as those in Fig. 3. The linewidth indicated on the fig-
ure shows that there is a slight gain in the resolution by 0.03 ppm
at higher v;which is also predicted by the theoretical calculation
but the gain is not substantial as the 4™ -coefficients have compa-
rable magnitude below and above the i = 2 condition at high MAS
frequencies. This observation validates our point that at high spin-
ning frequencies it is possible and preferable to work below the
y = 2 condition using lower RF amplitude. The theoretical calcula-
tion predicts that as we go to higher y values in the / > 2 region,
we can achieve slightly better resolution but at the expense of
higher RF amplitudes.

5. Conclusions

The potential of the symmetry-based RN, sequences towards
homonuclear dipolar decoupling at ultra-fast MAS frequencies up
to 65 kHz is shown in the present work. The advantage of lower
RF amplitude requirement for RN} sequence over other methods
at high MAS frequencies is discussed in the present work.
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