Journal of Magnetic Resonance 209 (2011) 156-160

Contents lists available at ScienceDirect !J_MR
Journal of Magnetic Resonance ;i‘\ h]
journal homepage: www.elsevier.com/locate/jmr e

Supercycled SW¢TPPM sequence for heteronuclear dipolar decoupling

in solid-state nuclear magnetic resonance

Cyril Augustine *, Narayanan D. Kurur

Department of Chemistry, Indian Institute of Technology, New Delhi 110 016, India

ARTICLE INFO ABSTRACT

Article history:

Received 16 October 2010
Revised 29 December 2010
Available online 14 January 2011

Keywords:

Solid-state NMR

13C-"H dipolar decoupling
Supercycled SW¢-TPPM
SW-TPPM

SPINAL-64

The performance of a supercycled SWTPPM sequence for heteronuclear dipolar decoupling in solid-state
NMR is analyzed here. The decoupling performance of this sequence with respect to experimental param-
eters, such as, the phase angle, proton offset and MAS frequency is studied. A comparison is made with
two other commonly used decoupling schemes in solid-state NMR namely, SPINAL-64 and SW¢-TPPM, on
a sample of U-13C-labeled tyrosine. Our results show that supercycled SW-TPPM performs better than
the former sequences. Also, numerical spin dynamics studies are presented which support the experi-
mentally observed efficiency in the decoupling.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Spectral resonances in solid-state NMR are usually broad due to
the overlapping of strong interactions that depend on the orienta-
tion of nuclei in the magnetic field [1]. These interactions include
homonuclear and heteronuclear dipole-dipole couplings, chemical
shift anisotropy and electric quadrupolar couplings arising from
the interaction of the non-spherical charge distribution of nuclei
having spin I > ¥2 with the surrounding electric field gradient. How-
ever, heteronuclear dipolar decoupling gives significant improve-
ment in the resolution of NMR spectra of solid samples. For
instance, high-resolution solid-state NMR spectra of rare nuclei
such as '3C can be recorded with appropriate radio-frequency
(RF) irradiation on the abundant 'H spins along with magic angle
spinning (MAS) to remove the dipolar couplings between '3C and
'H nuclei [1,2].

A continuous burst of RF irradiation on the most abundant spins
during the acquisition of the signals from the rare nuclei, called
continuous-wave (CW) decoupling was once considered as an
effective technique for removing heteronuclear dipolar interac-
tions in solids [1]. Two-pulse phase modulation (TPPM) [3] led to
a most significant development in heteronuclear dipolar decou-
pling providing superior performance over the traditional CW
decoupling. It was the first multi-pulse decoupling sequence in
anisotropic systems. The TPPM sequence consists of repeating
units of two RF pulses of equal length with alternating phases. It
is of the form 7., T_,, where t represents the pulse duration with
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a flip angle normally between 160° and 180° and ¢ implies the
phase angle around 15°. These two parameters T and ¢ are care-
fully optimized experimentally for superior performance.

After the invention of TPPM, a continuous quest for more effec-
tive decoupling sequences in anisotropic systems can be seen in
the literature [6-21]. New sequences include small phase angle ra-
pid cycling (SPARC) [6], small phase incremental alteration
(SPINAL) [7], DROOPY sequences [8], XiX, a scheme with repeating
units of two rotor-synchronized pulses with 180° phase shift [9],
some symmetry based sequences [10,11], cosine modulated two-
pulse phase modulation [12], decoupling schemes based on
Hahn-Echo trains [13], sequences based on Swept-frequency
two-pulse phase modulation [14-21] and Phase-Wiggled TPPM
[22].

It has been proved in heteronuclear decoupling of isotropic liq-
uids that the effectiveness of a decoupling sequence can be im-
proved by combining different versions of the primitive cycle to
form extended supercycles which results in the compensation of
some of the residual pulse imperfections [4,5]. Later this idea
was implemented in decoupling schemes for liquid crystals. For
example, the SPARC-16 sequence was constructed by extending
the basic TPPM scheme into a supercycle [6]. The SPARC-16, which
stands for ‘small phase angle rapid cycling with 16 steps’, contains
a step by step phase cycling of the parent TPPM decoupling se-
quence using 16 pulses. The incorporation of phase increments in
the basic elements of TPPM led to the group of sequences called
SPINAL which stands for small phase incremental alteration [7].
Among them SPINAL-64 works more effectively than TPPM for het-
eronuclear dipolar decoupling in anisotropic systems. In SPINAL-64
an extended supercycle is shaped from the basic element Q=1
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(10°) T (—=10°) T (15°) T (=15°) T (20°) T (—-20°) 7 (15°) T (—15°), to
formulate a decoupling scheme of Q Q Q Q which contains 64
pulses. Here 7 represents the pulse duration with a flip angle nor-
mally between 160° and 180° and Q is the phase inverted duplica-
tion of Q. For its effective performance the pulse flip angle is to be
optimized. SPINAL-64 is one of the commonly used decoupling
schemes for removing heteronuclear dipolar interactions in solids
and static liquid crystals.

Swept-frequency TPPM (SW¢TPPM), a recent decoupling se-
quence was formulated by modulating the pulse durations of TPPM
blocks [14]. Here the phase modulation depth does not vary like
SPINAL, but the pulse times (t) vary continuously during the se-
quence. There are 11 pulse pairs in the scheme and the pulse dura-
tions are varied in a pre-determined fashion from the beginning to
the end. It is implemented by multiplying the pulse times () by a
factor which varies from 0.78 to 1.22 so as to get a tangential
sweep of the pulse length around the nominal 7t pulse. The se-
quence SWg-TPPM and some of its variants work admirably for het-
eronuclear dipolar decoupling in anisotropic systems [15,16]. It is
experimentally demonstrated that these sequences can provide
more effective decoupling band width when compared to TPPM
and SPINAL-64 schemes which facilitated their application in
liquid-crystal and solid-state NMR.

Recently, we have demonstrated that the supercycled version of
SW¢TPPM can be used effectively for removing heteronuclear
dipolar interactions in liquid crystals [21]. The supercycled scheme
was constructed in the form of R R R R, where R is the parent SWy-
TPPM and R stands for the phase inverted counterpart of the parent
sequence. It shows better decoupling characteristics than the other
commonly used decoupling schemes in liquid-crystal NMR. In this
article we analyze the performance of the supercycled SWeTPPM
for heteronuclear dipolar decoupling in solid samples with respect
to variation of three experimental parameters; the phase angle,
proton offset, and the MAS frequency. Also, a systematic compari-
son is made with SPINAL-64 and the parent SWTPPM. It is ob-
served that supercycling increases the decoupling performance of
SW¢TPPM and the modified decoupling scheme is found to be
more efficient than the former sequences with respect to the inten-
sity enhancement observed in various decoupled spectral lines and
the insensitivity of the resulting decoupling sequence towards pro-
ton offset and MAS frequency. Moreover the supercycled decou-
pling scheme is user-friendly and easy to apply on modern NMR
spectrometers.
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2. Experimental

A sample of U-!3C-labeled tyrosine (Sigma Chemical Company)
was used for demonstrating the efficiencies of these decoupling
schemes. All experiments were done on a Bruker AV spectrometer
at a frequency of 500 MHz for proton equipped with a 4 mm triple
resonance CPMAS probe at different MAS rates ranging from 6 to
14 kHz. For each experiment, eight scans were used to accumulate
the '3C signals with a relaxation delay of 20 s. The '3C signals were
enhanced by cross polarization (CP) with a contact time of 1 ms.
Experiments were carried out at different decoupling field
strengths such as 90, 75 and 55 kHz. The pulse durations and phase
angles in each decoupling sequence were optimized using the
intensity of decoupled '3C signal from the CH, carbon of glycine.

Numerical simulations were done to compare the efficiency of
the parent SWTPPM and its supercycled version for heteronuclear
dipolar decoupling in solids using the SIMPSON program [23]. The
selected spin system was a >C nucleus dipolar-coupled to two pro-
tons. Both heteronuclear and homonuclear dipolar couplings were
considered in the simulations and the calculations were done at
different MAS frequencies (6, 8 and 14 kHz), phase angles (15-
40°) and RF field strengths (80-160 kHz).

2.1. Design of decoupling schemes

SPINAL-64 is a supercycled decoupling scheme formulated by
inclusion of phase increments in the basic elements of TPPM [7].
It is of the form Q Q Q Q. Here the basic element Q is: 165(10°)
165(—10°) 165(15°) 165(—15°) 165(20°) 165(—20°) 165(15°)
165(—15°), and Q implies its phase inverted replica where, Q =
165(-10°) 165(10°) 165(—15°) 165(15°) 165(—20) 165(20°)
165(—15°) 165(15°). The optimized pulse flip angle is found to be
around 165° and the initial phase angle is taken as 10°.

The SW-TPPM sequence [14] can be represented as, {[0.787,
0.787_,] [0.867, 0.867_,] [0.947, 0.947t_,] [0.967, 0.967_]
[0.987, 0.987_,] [ty T_4] [1.027, 1.027_,] [1.047, 1.047_,]
[1.067, 1.067_,] [1.147, 1.141_,] [1.227, 1.227_,]}, where T is
a normal 180° pulse length ¢ is the phase angle. Both 7 and ¢
are to be optimized for the better-quality performance of SW¢
TPPM.

A supercycled version of SW-TPPM was formulated from the
parent sequence R. Here the supercycling was done in the form

C
SWiTPPM S
SWf TPPM \
SPINAL-64 {

\An

T T T T ¥
200 150 100 50

[ppm]

Fig. 1. (a) Chemical structure of tyrosine molecule, (b) 13C NMR spectrum of U-'3C-labeled tyrosine acquired with supercycled SW-TPPM decoupling. The decoupling power
was 90 kHz with a MAS rate of 14 kHz. The '3C signal of CH, carbon is marked with asterisk. (c) The intensity comparison of the decoupled 'C signal of CH, carbon of the
molecule using SPINAL-64, SW-TPPM and SWTPPMS. Eight scans were used to acquire the '>C signals with a relaxation delay of 20 s for each experiment with a cross
polarization (CP) contact time of 1 ms. The proton offset frequency is kept at 7.75 kHz which is far from the on-resonance position of the observed signal.
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Fig. 2. The relative intensities of the (a) CH, (at 36 ppm) and (b) CH (130 ppm)
carbons in the decoupled '>C spectra of tyrosine recorded as a function of proton
offset for SPINAL-64, SW-TPPM and SW¢TPPMS decoupling. The RF power was
90 kHz with a MAS frequency of 14 kHz. In all cases the intensities are normalized
with respect to the absolute intensity of the decoupled '>C carbon of CH (130 ppm)
recorded with SW¢TPPMS with an RF power of 90 kHz at a proton offset of
3.75 kHz.

of R R RR, where R represents the phase inverted counterpart of the
parent sequence, R = {[0.787_,0.787,][0.867 ,0.8674][0.947 ,
0.947,][0.967_,0.967,][0.987_,0.987,)[t_,7,][1.027_,1.027,][1.04
T_,1.047,)[1.067_41.06 7,)[1.147_,1.147,)[1.227_,1.227,]}. We
denote this sequence as SW¢TPPMS.

3. Results and discussion

The supercycled version of SWTPPM is applied here in a stan-
dard sample of U-'3C-labeled tyrosine for heteronuclear dipolar
decoupling between '3C and 'H and its efficiency of decoupling is
compared with the other commonly used decoupling sequences
in solids such as SPINAL-64 and the parent SWTPPM. The new
adaptation of SWTPPM provides better decoupling characteristics

Table 1

for solid samples proved by experiments and simulations. The re-
sults are summarized below.

Fig. 1a and b shows the 3C NMR spectrum of U-'3C-labeled
tyrosine with its molecular structure acquired with supercycled
SW¢-TPPM decoupling. A decoupling power of 90 kHz was applied
here with a MAS frequency of 14 kHz. In general SPINAL-64 and
SWTPPM sequences perform well for all the 3C resonances in
the molecule. An enhancement in the intensities of all the peaks
is observed when SW¢TPPMS is applied as the decoupling se-
quence. For instance, Fig. 1c¢ depicts the intensity comparison of
the decoupled '3C signal of CH, carbon of the molecule which is
marked with an asterisk in the spectrum using SPINAL-64, SW¢-
TPPM and SW¢-TPPMS decoupling sequences. All the decoupling
sequences are at their optimized values. For SW-TPPM and SWy-
TPPMS, an optimized phase angle of 15° is used. In all cases, the
proton offset frequency is kept at 7.75 kHz which is far from the
on-resonance position of the selected CH, peak. A significant
enhancement in the intensity, approximately 4%, is visible here
for the CH, carbon and a similar improvement can be observed
in all the other '3C resonances.

Intensity gain for the decoupled resonances is one of the desir-
able features for a good decoupling scheme. But, the sequence
should also be sturdy in performance with respect to various
experimental parameters such as the offset of the RF irradiation,
pulse phase angles and RF field strength. Experiments and numer-
ical calculations were done towards understanding these aspects
for the SPINAL-64, SW-TPPM and SWTPPMS decoupling se-
quences and comparisons were made.

Fig. 2a depicts the intensities of the CH; (at 36 ppm) carbon in
the decoupled '3C spectra of tyrosine molecule acquired as a func-
tion of proton offset for SPINAL-64, SW¢TPPM and SWg-TPPMS
decoupling. It may be observed from this figure that as the proton
off-resonance value increases the efficiency of SWTPPMS scheme
remains mostly unaffected. For instance, the intensity gain for the
CH, signal observed with SW¢TPPMS decoupling scheme at a pro-
ton offset of 7.75 kHz is approximately 4% when compared to its
parent version as seen in Fig. 2a. This point is further illustrated
by presenting the intensities of the CH (130 ppm) carbon in the
decoupled 3C spectra of tyrosine molecule as a function of proton
offset for SPINAL-64, SW¢TPPM and SWgTPPMS decoupling in
Fig. 2b. Again, as the proton off-resonance value increases the effi-
ciency of decoupling using SW-TPPMS scheme remains relatively
unaffected in comparison with SPINAL-64 and SW¢TPPM. In other
words, SW¢TPPMS decoupling scheme functions more effectively
when compared to SPINAL-64 and SWTPPM with respect to proton
offset and hence gives more decoupling band width. When there is
a necessity to cover large band width consistently, the relatively
higher insensitivity of SW-TPPMS scheme is advantageous.

Spectral intensity comparison of two selected >C resonances in the decoupled '>C spectra of tyrosine at different decoupling powers of 90 kHz and 75 kHz using SPINAL-64, SWi-

TPPM and SW¢TPPMS sequences. The MAS frequencies were 6, 8 and 14 kHz.

Selected '>C resonance and its peak position RF field strength (kHz)

Decoupling sequence Relative intensities at MAS frequencies of

6 kHz 8 kHz 14 kHz

CH, at 36 ppm 90 SPINAL-64 74 84 91
SW¢TPPM 75 86 93

SW¢-TPPMS 75 87 94

75 SPINAL-64 66 80 81

SW-TPPM 67 81 82

SW¢TPPMS 69 83 84

CH at 130 ppm 90 SPINAL-64 37 68 98
SW¢-TPPM 37 68 98

SW-TPPMS 38 69 99

75 SPINAL-64 36 65 94

SW¢TPPM 37 66 95

SW¢TPPMS 37 68 95
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Fig. 3. The relative intensities of CH, peak (36 ppm) in the decoupled '>C spectra of
tyrosine at a decoupling power of 90 kHz as a function of phase angle ¢ for SW¢-
TPPM and SW¢TPPMS decoupling sequences. The MAS frequency is kept at 14 kHz.
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Fig. 4. Simulated '3C NMR spectrum of a CH, system decoupled with SW-TPPM
and its supercycled version. RF strength is 90 kHz with a MAS rate of 18 kHz. Phase
angle is 20°.

Table 1 shows the spectral intensity comparison of the CH; peak
(36 ppm) and CH peak (130 ppm) in the decoupled '3C spectra
of tyrosine at two different decoupling powers 90 and 75 kHz using
SPINAL-64, SW¢TPPM and SW¢TPPMS sequences. The MAS
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frequencies were 6, 8 and 14 kHz. In each case the intensity is nor-
malized with respect to the absolute intensity of the decoupled '>C
carbon of CH (130 ppm) recorded with SW-TPPMS using an RF
power of 90 kHz at a proton offset of 3.75 kHz and a MAS fre-
quency of 14 kHz which is the highest absolute intensity value
among all the experiments. The performance of all the decoupling
schemes is reasonable, but SW¢-TPPMS shows relatively higher
intensity for the decoupled '3C carbon of CH, at different MAS fre-
quencies tested here as shown in the data (Table 1). For CH group,
the efficiency of decoupling shown by SPINAL-64, SWTPPM and
SWe-TPPMS sequences is comparable at different MAS frequencies
and decoupling powers, because the homonuclear 'H-'H and het-
eronuclear 'H-'3C dipolar couplings in tyrosine molecule are
weaker in the case of CH group when compared with the CH,
group. However, considering the overall spectral appearance and
the data shown below it can be concluded that the SW¢-TPPMS
shows its improved performance over the investigated range of
MAS frequencies.

Fig. 3 shows the relative intensities of CH, peak (36 ppm) in the
decoupled '3C spectra of tyrosine at a decoupling power of 90 kHz
as a function of phase angle ¢ for SW¢TPPM and SW¢TPPMS
decoupling sequences. The MAS frequency is kept at 14 kHz. Here,
different experiments were done by varying phase angles from 10°
to 40° with an increment of 5° and relative intensities of the decou-
pled CH, peak is analyzed with respect to phase angle, ¢. It was ob-
served that an optimum phase angle of 15° gives better decoupling
for both SWTPPM and SW-TPPMS. The efficiency of decoupling at
larger phase angles deteriorates in both cases as shown in Fig. 3,
but the supercycled sequence still shows considerable enhance-
ment in the intensities of the decoupled peaks.

The efficiency of decoupling shown by SWTPPMS was numer-
ically analyzed and compared with its parent sequence in Figs. 4-6.
Fig. 4 gives the simulated '>C NMR spectrum of a CH, system
decoupled with SWTPPM and its supercycled version. A phase an-
gle of 20° is used in the sequences and the RF field strength is
90 kHz with a MAS frequency of 18 kHz. In these simulations,
homonuclear and heteronuclear dipolar interactions of the CH,
spin system are included. It is observed that the supercycled ver-
sion gives better decoupling and there is significant enhancement
in the intensity of the peak corresponding to the CH, system as
shown in the diagram. In Fig. 5, the relative intensities of the
decoupled '3C spectra of a CH, system is plotted as a function of
MAS frequency and RF field strength for both SW-TPPMS and its
parent sequence, SW¢TPPM at a constant phase angle of 20°. A ma-
trix of RF strength v; and MAS frequency was traced for each sim-
ulation. Also, v is varied from 80 to 160 kHz with an increment of
10 kHz and MAS frequency is changed from 5 to 25 kHz with 5 kHz
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Fig. 5. The relative intensities of the decoupled '3C spectra of a CH, system simulated for (a) SW-TPPM and (b) SW-TPPMS as a function of MAS frequency and RF field
strength. Phase angle is kept at 20°. The RF field strength is changed from 80 to 160 kHz with an increment of 10 kHz and MAS frequency is varied from 5 to 25 kHz with 5 kHz

increments.
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Fig. 6. The relative intensities of the decoupled '3C spectra of a CH, system simulated for (a) SW-TPPM and (b) SW~TPPMS as a function of phase angle and RF field strength.
The MAS frequency is 16 kHz. The RF field strength is varied from 80 to 160 kHz with an increment of 10 kHz and phase angle ¢ is changed from 10° to 40° with 5°

increments.

increments. The red! colored region in these contours represent
efficient decoupling, and SWTPPMS gives better performance uni-
formly over a larger range of parameters. For instance, in the low
RF power region of 80-100 kHz, SW-TPPMS is better than its par-
ent version at the MAS frequencies ranging from 15 to 25 kHz. Sim-
ilarly, the relative intensities of the decoupled '3C spectra of a CH,
system is numerically analyzed for both SWTPPMS and its parent
sequence, SW¢TPPM at a constant MAS frequency as a function of
phase angle, ¢ and RF field strength v; and plotted in Fig. 6. Here v,
is varied from 80 to 160 kHz with an increment of 10 kHz and
phase angle ¢ is changed from 10° to 40° with 5° increments. A
spread of good decoupling condition in the low power region is
noticeable for SW-TPPMS when compared to its parent version.

4. Conclusions

The supercycled version of SWTPPM, namely SWTPPMS was
investigated in solid samples for heteronuclear dipolar decoupling
and its performance was compared with other commonly used
decoupling schemes like SPINAL-64 and the parent SWgTPPM.
From experiments performed in a standard sample of U-'3C-
labeled tyrosine, it was found that besides providing intensity gain
for all the '3C resonances of the sample, the SWTPPMS shows
good decoupling characteristics with respect to proton offset and
MAS frequencies. The performance of SW-TPPMS remains rela-
tively unaffected within the investigated range of the decoupler
offset frequency. Within the range of MAS frequencies analyzed,
SWeTPPMS performs better than the other schemes. Also, this
decoupling scheme is user-friendly, simple and easy to formulate
and optimize for usual application on modern NMR spectrometers.
It is advisable to use this supercycled sequence SWTPPMS for het-
eronuclear dipolar decoupling which can give effective perfor-
mance in solid-state NMR.
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