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Abstract An approach for the design of high-power,

broadband 180� pulses and mixing sequences for generat-

ing dipolar and scalar coupling mediated 13C–13C chemical

shift correlation spectra of isotopically labelled biological

systems at fast magic-angle spinning frequencies without
1H decoupling during mixing is presented. Considering RF

field strengths in the range of 100–120 kHz, as typically

available in MAS probes employed at high spinning

speeds, and limited B1 field inhomogeneities, the Fourier

coefficients defining the phase modulation profile of the RF

pulses were optimised numerically to obtain broadband

inversion and refocussing pulses and mixing sequences.

Experimental measurements were carried out to assess the

performance characteristics of the mixing sequences

reported here.

Introduction

Magic angle spinning solid state NMR is becoming a

powerful tool for biomolecular structural investigations in

general and in particular for systems that are difficult to

study by conventional solution state NMR or by X-ray

crystallography (Castellani et al. 2002; Jaroniec et al.

2002; Rienstra et al. 2002; Luca et al. 2003; Tycko 2003;

Krabben et al. 2004; Leppert et al. 2004; Zech et al. 2005;

Riedel et al. 2005, 2006; Goldbourt et al. 2007; Zhou et al.

2007). The pre-requisite for any NMR based structural

investigation is the sequence specific assignment of reso-

nances and the extraction of distance and torsion angle

constraints. The characteristic connectivity patterns seen in

a 13C–13C chemical shift correlation spectrum is commonly

exploited to assign the carbon resonances belonging to a

specific class of residue, e.g. to a particular type of amino

acid in a peptide/protein or to a sugar residue in nucleic

acids. Although weak dipolar couplings between low

c nuclei are normally lost under fast magic angle spinning,

efficient dipolar recoupling schemes have been developed

for inhibiting the spatial averaging of dipolar couplings in

rotating solids (Levitt 2002). This has made possible the

generation of broadband 13C–13C chemical shift correlation

spectra and the assignment of 13C resonances in isotopi-

cally labelled biological systems. Mixing schemes based on

homonuclear scalar couplings, in contrast to dipolar cou-

plings, can lead to a complete transfer of magnetisation

from one spin to another in a two spin system and, hence,

to improved crosspeak intensities (Baldus and Meier 1996;

Heindrichs et al. 2001; Hardy et al. 2003). The perfor-

mance of scalar coupling based sequences is also not

affected by molecular mobility. Not surprisingly, through-

bond scalar-coupling mediated 13C–13C MAS chemical

shift correlation spectroscopy (TOBSY), in addition to

through-space dipolar-driven correlation experiments, has

been found to be an useful complementary tool for

unambiguous resonance assignments (Detken et al. 2001;

Ernst et al. 2003).

Many of the dipolar and scalar coupling based mixing

schemes reported in the literature make extensive use of
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180� pulses. For example, Levitt and co-workers have

developed an elegant symmetry-based approach for the

design of MAS solid state NMR RF pulse schemes for

effecting the evolution of the spins under the desired

average Hamiltonian of interest (Levitt 2002). Two classes

of symmetry-based sequences, denoted as CNn
m and RNn

m,

have found extensive applications till date. The CNn
m class

of RF pulse schemes involves the application of a basic

element ‘‘C’’ corresponding to an RF cycle with unity

propagator URF (sc) = ±1. N such cycles are applied over

n rotor periods sr with successive C elements incremented

in phase by m2p/N. Basic C elements are commonly con-

structed by suitable concatenation of 180� pulses, e.g. {xx}

and {xxxx}. In the RNn
m scheme, the basic component is a

180� pulse ‘‘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 URF (sc) = ±1. N, n and m are all

integers and appropriate values for these are chosen, via the

selection rule for CNn
m and RNn

m symmetry, to generate the

desired average Hamiltonian. At a given spinning speed,

for generating the desired mixing Hamiltonian, it is pos-

sible, in principle, to employ a variety of symmetry-based

sequences together with basic ‘‘C’’ or ‘‘R’’ elements of

different durations. For example, at a spinning speed of

33.333 kHz and with basic C elements of the type {xx} and

{xxxx}, CNn
m sequences for achieving magnetisation

transfer through homonuclear J-couplings can be realised

employing 180� pulses with durations in the range of 10–

25 ls: C915
1 (25.0 ls, xx); C912

1 (20.0 ls, xx) and C915
1

(12.50 ls, xxxx) (Levitt 2002; Hardy et al. 2003). The

performance of the sequences, in general, critically

depends on the choice of the basic element. Typically,

homonuclear chemical shift correlation experiments are

carried out with the application of high-power 1H decou-

pling during mixing. However, recent studies have shown

that it is possible to completely eliminate the interference

between the decoupling and recoupling RF fields by car-

rying out these experiments more elegantly in the absence

of 1H decoupling with sequences designed to not only

recouple the 13Cs, but also simultaneously decouple the 1H

spins (Hughes et al. 2004; Marin-Montesinos et al. 2005;

De Paepe et al. 2005; Mou et al. 2006; Riedel et al. 2007;

Herbst et al. 2007; Bayro et al. 2008). Such sequences,

which are of interest in this study, can be implemented

using simple rectangular 180� pulses (Bayro et al. 2008),

composite pulses (Hughes et al. 2004; Mou et al. 2006)

and adiabatic inversion pulses (Riedel et al. 2007; Herbst

et al. 2007). For example, the possibility to generate scalar

coupling mediated 13C–13C chemical shift correlation

spectra without 1H decoupling during mixing has been

demonstrated (Mou et al. 2006) employing the R306
14

symmetry-based RF pulse scheme with the basic R element

(90)x(270)-x, using an RF field strength that is 5 times the

spinning speed employed. Such dependences of the

required RF field strength on the spinning speed can limit

the applicability of these sequences at very fast MAS fre-

quencies. One of the advantages in employing adiabatic

inversion pulses is that the deleterious effects of B1 inho-

mogeneities and resonance offsets on the performance

characteristics of the mixing sequences can be efficiently

eliminated. However, in situations where inversion pulses

of very short duration, e.g. 10 ls, are required the RF

power requirements for obtaining satisfactory response

from mixing schemes based on adiabatic pulses could also

become very large that is beyond the hardware limits of the

spectrometer system. Additionally, it is also possible that

RF pulse schemes based on adiabatic pulses need not

necessarily lead to satisfactory performance (Herbst et al.

2007). On the other hand, considering the fact that B1

inhomogeneities are not expected to be very significant in

MAS probes with small rotor diameter, it is conceivable

that very good tolerance to RF field inhomogeneities pro-

vided by mixing sequences based on adiabatic pulses may

not be required at all at very high spinning speeds. Under

these circumstances, the RF field modulation profiles of the

180� pulses need not be restricted to that of an adiabatic

inversion pulse and, instead, can be tailored to achieve

efficient mixing. What is needed is a convenient approach

that takes into account the available RF power and permits

the design of broadband inversion and refocussing pulses

of required duration and mixing sequences based on such

pulses. It is shown here that by defining the RF field

modulation profiles of the 180� pulses in terms of a simple

Fourier series and finding the optimal values for the Fourier

coefficients it is possible to generate tailor-made 180�
pulses and mixing sequences for 13C–13C chemical shift

correlation in rotating solids.

Numerical and experimental procedures

In this study, mixing sequences were implemented with

phase modulated 180� pulses with constant amplitude. The

phase modulation profile, as in our recent solution state

NMR studies (Kirschstein et al. 2008a, b), was expressed

as a cosine Fourier series: u(t) = Ran cos(nxt), where

x = 2p/tp is the modulation frequency with tp corre-

sponding to the pulse duration. RF field strength in the

range of 100–120 kHz, pulsewidths in the range of

10–30 ls, limited B1 field inhomogeneities (\ ±10%) and

6 Fourier coefficients were considered for generating

broadband 180� pulses. A variety of numerical procedures

such as the optimal control theory based design of excita-

tion and inversion pulses (Kobzar et al. 2004) have been
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reported in the literature. In this work, the iterative search

procedure ‘‘genetic algorithms’’ (GA) (Goldberg 1989;

Forrest 1993; Judson 1997; Haupt and Haupt 2004) that has

already been used for RF pulse design in NMR (Freeman

and Wu 1987; Wu and Freeman 1989; Xu et al. 1992) was

employed for the numerical optimisation of the Fourier

coefficients. GA employs techniques inspired by evolu-

tionary biology, such as selection, crossover and mutation,

in finding optimal solutions to complex problems. GA is a

population-based approach that explores the search space

in multiple directions simultaneously and applies the

principle of survival of the fittest to produce better and

better approximations to a solution. In brief, many indi-

vidual solutions, covering the entire range of possible

solutions, are generated randomly to form the initial pop-

ulation/input for the GA. Starting from this, GA evolves to

find the optimal solution over several generations. In each

generation, the fitness/performance characteristic of every

candidate solution in the population is evaluated. The best-

performing candidate solutions are selected, based on their

fitness, for breeding the next generation of population

through genetic operators. The combined application of

selection, crossover and mutation generally leads to

improving fitness values in consecutive populations. The

generational process is repeated until a fixed number of

iterations are carried out or an optimal solution is found. In

this study, the ‘‘GAsimpleGA’’ routine from the GAlib

genetic algorithm program package written by Matthew

Wall at the Massachusetts Institute of Technology (Wall

1996) was employed. Typically, 250–500 generations and a

population size in the range of 1,000–10,000 were used.

Each candidate solution in the population was represented

as a one dimensional array of real numbers. The roulette

wheel selection method (Goldberg 1989; Judson 1997;

Haupt and Haupt 2004) was employed as the reproduction

operator for selecting elitist individuals. Single-point

crossover and swap mutator genetic operators were

employed for going from one generation to the next.

Considering a simple spin 1/2 system, the broadband

inversion and refocussing pulses were generated so as to

obtain the required response, \Iz[? -\Iz[, and propa-

gator, exp(ipIx), respectively. Mixing sequences based on

these GA derived pulses were implemented for generating

dipolar and scalar coupling mediated chemical shift cor-

relation spectra. The performance characteristics of the

mixing sequences were first evaluated via numerical sim-

ulations. The Fourier coefficients of the RF pulses were

further optimised, where needed (see below), to achieve

improved mixing performance. Standard phase cycling

procedures were applied to obtain phase sensitive data via

longitudinal magnetisation exchange. Dipolar correlation

experiments without 1H decoupling during mixing were

carried out at a spinning speed of 34.0 kHz via the zero-

quantum dipolar recoupling sequence RFDR (Bennett et al.

1992, 1998; Ishii 2001). The scalar coupling mediated

experiments were carried out at a MAS frequency of

33.333 kHz via CNn
m symmetry-based RF pulse schemes.

All spectra were generated with a 15N, 13C labelled

polycrystalline sample of L-histidine hydrochloride mono-

hydrate (98% labelling) as obtained from Cambridge

Isotope Laboratories. A 500 MHz wide-bore Bruker

Avance III solid state NMR spectrometer equipped with a

2.5 mm triple resonance probe with the cooling air kept at

a temperature of *-50�C (corresponding to a sample

temperature of *0�C) was employed. All multi-spin

numerical simulations and optimisation calculations were

carried out with the SPINEVOLUTION program (Veshtort

and Griffin 2006) using typical chemical shift, scalar and

dipolar coupling parameters as in our earlier studies

(Leppert et al. 2003). All simulations employed 168 a and

b powder angles selected according to the REPULSION

(Bak and Nielsen 1997) scheme and 16 c angles.

Results and discussion

The Fourier coefficients an, the phase modulation as well as

the corresponding frequency sweep profiles and simulated

inversion characteristics of a few representative, high-

power broadband 180� pulses with durations in the range of

10–30 ls that were generated in this study are given in

Figs. 1–3. The data corresponding to 180� pulses that were

designed with RF field strengths of 100 and 120 kHz for

inversion of longitudinal magnetisation over a bandwidth

of 100 and 200 kHz, respectively, are given in Figs. 1 and

2. The plots for universal rotors/refocussing pulses gener-

ated with an RF field strength of 120 kHz and for an

inversion bandwidth of 100 kHz are shown in Fig. 3.

Under minor variations in the RF field strength, e.g. in the

presence of RF field inhomogeneities, the performance of

the 180� pulses are found typically to be not affected sig-

nificantly. Many of the inversion pulses reported here show

pronounced frequency swings, especially at the edges. The

phase modulated pulses were divided into 100 slices of

equal duration and typically it was possible to generate

these pulses within a short time of a few hours using a Mac

Pro with 4 cores. Although the 180� pulses were con-

structed for a specific duration, the phase modulated pulses

are, as in the case of conventional pulses, scalable. A pulse

applied for twice the duration would require half the RF

field strength and correspondingly cover half the bandwidth

of the original pulse. The minimum RF field strength

required to achieve the desired inversion bandwidth is

expected to vary as a function of the pulse duration and has

not been assessed in this study. However, the data in

Figs. 1–3 indicate that using RF field strengths in the range
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of 100–120 kHz, that is typically available in high MAS

solid state NMR probes, short, high-power broadband 180�
pulses can be conveniently designed for efficiently

achieving\Iz[? -\Iz[as well as for inverting both the

z and y magnetisation components.

Mixing sequences were generated using phase modu-

lated inversion and refocussing pulses and the performance

characteristics were assessed numerically by considering

heteronuclear 13C–1H dipolar couplings in either a four-

spin 1H1–13C1–13C2–1H2 or three-spin 1H1–13C1–13C2

system. In general, the magnitude of longitudinal magnet-

isation transferred to the second carbon spin (13C0/13Cb) as

a function of the mixing time, starting with z magnetisation

on the first carbon spin (13Ca) at zero mixing time was

studied. The initial rate of transfer of magnetisation from

one spin to another, which is a measure of the effectiveness

of the sequence, with a faster transfer representing a more

efficient mixing, was monitored. Some of the phase mod-

ulated 180� pulses were found to lead to satisfactory

performance without requiring any further optimisation of

the Fourier coefficients. Figure 4 shows the RFDR per-

formance at a spinning speed of 34 kHz and under the

rotor-synchronised application of one 10 ls phase modu-

lated inversion pulse at the centre of each rotor period with

the xy-16 (Gullion et al. 1990) phasing scheme. Simula-

tions are given for two representative Zeeman field

strengths corresponding to 1H frequencies of 500 and

750 MHz. For comparison, the performances observed

with 5 and 10 ls rectangular 180� pulses are also shown.

As seen from these plots, RFDR with the phase modulated

pulse leads to a better overall performance, especially at

750 MHz. The magnetisation transfer characteristics with

the phase modulated pulse is also found to be better

compared to that of a 5 ls pulse when the two carbon
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Fig. 1 The phase and the

corresponding calculated

frequency modulation-profiles

of the 180� pulses generated

considering an RF field strength

of 100 kHz and an inversion

bandwidth of 100 kHz. The

Fourier coefficients and the

longitudinal magnetisation

inversion characteristics of the

different pulses are also given.

As a representative case, the

inversion performance observed

for ±10% variation in the RF

field strength is also given for

the 180� pulse of 20 ls duration
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nuclei have large CSAs and when the isotropic chemical

shift difference between these nuclei is not very large, as is

typically the case with carbons in the aromatic rings (data

not shown).

A variety of CNn
m symmetry-based RF pulse schemes,

such as the C915
1 mixing scheme mentioned earlier, have

been proposed in the literature for the selection of homo-

nuclear J-couplings with suppression of all homonuclear

DD couplings and CSA terms. Such sequences can also be

employed, in principle, in the absence of 1H decoupling

during mixing. An initial assessment of the TOBSY

performance characteristics of CNn
m symmetry-based

RF pulse schemes using phase modulated 180� pulses

was carried out via numerical simulations. The magneti-

sation transfer characteristics observed in the four spin
1H1–13C1–13C2–1H2 system, considering heteronuclear

dipolar couplings explicitly, were found to be far from

satisfactory. Hence, further optimisation of the RF phase-

modulation profile was undertaken to achieve efficient

mixing. Considering a representative spinning speed of

33.333 kHz, phase modulated 180� pulses of 25 ls duration

and a basic C element of the type {xx}, the numerical cal-

culations were carried out so as to achieve efficient TOBSY

performance via the C915
1 symmetry-based RF pulse scheme.

The nonlinear least-squares optimisation procedure

NL2SOL implemented in the SPINEVOLUTION program

was employed to achieve complete magnetisation transfer at

smix = (1/2Jcc) from one carbon to another in the four spin

network. A Zeeman field strength corresponding to a 1H

resonance frequency of 500 MHz, representative scalar,

dipolar and chemical shift tensor parameters of alanine and

9 Fourier coefficients were employed. To achieve an effi-

cient broadband magnetisation transfer, the optimisation

calculations were carried out to minimise the error function
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Fig. 2 The phase and the

corresponding frequency

modulation-profiles of the 180�
pulses generated considering an

RF field strength of 120 kHz

and an inversion bandwidth of

200 kHz. The Fourier

coefficients and the longitudinal

magnetisation inversion

characteristics of the different

pulses are also given. As a

representative case, the

inversion performance observed

for ±10% variation in the RF

field strength is also given for

the 180� pulse of 25 ls duration
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over a resonance offset range of ±15 kHz for the two

carbon spins. Several optimisation runs were executed,

starting with the Fourier coefficients of the inversion and

refocussing pulses that led to reasonably satisfactory TO-

BSY performance in a simple two spin 13C1–13C2 system.

A single stage optimisation considering the full 13C–1H

dipolar coupling strength (set to 20 kHz, corresponding to

a 13C–1H distance of *1.14 Å, in this study) was found to

be less effective in arriving at good mixing sequences.

Hence, to achieve satisfactory mixing in the four spin

system, the 13C–1H dipolar coupling strength was raised

gradually in several steps: 0, 2, 5, 10, 15 and 20 kHz. At

every stage, to arrive at the best possible set of optimised

Fourier coefficients, the local optimisation run was repe-

ated several times (40 in this study) varying all the Fourier

coefficients randomly over a range of ±10%. The best

possible set of Fourier coefficients obtained at the end of

every stage were used as the starting values for the sub-

sequent stage of optimisation. These calculations were

carried out neglecting RF field inhomogeneities and con-

sidering only a limited number of 32 crystallite orientations

selected according to the Zaremba–Cheng–Wolfsberg

(ZCW) method (Cheng et al. 1973). Typically, it was pos-

sible to carry out the optimisation calculations within a short

period of 9–12 h. Increasing the number of crystallite ori-

entations in the optimisation calculations did not lead to any

significantly improved solutions.

The magnetisation transfer characteristics observed with

one of the best TOBSY mixing sequences generated in this

study are shown in Fig. 5, along with the phase modulation

profile of the 180� pulse constituting the mixing scheme.

This TOBSY mixing sequence was generated starting from

a 25 ls universal rotor constructed for an inversion band-

width of 260 kHz using an RF field strength of 120 kHz.
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Fig. 3 The phase and the

corresponding frequency

modulation-profiles of the

universal rotors generated

considering an RF field strength

of 120 kHz and an inversion

bandwidth of 100 kHz. The

Fourier coefficients and the

longitudinal (Iz) and transverse

(Iy) magnetisation inversion

characteristics of the different

pulses are also given. As a

representative case, the

inversion performance observed

for ±10% variation in the RF

field strength is also given for

the 180� pulse of 30 ls duration
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Fig. 4 Simulated longitudinal magnetisation transfer characteristics

observed with the RFDR sequence at a spinning speed of 34 kHz, in

the absence of 1H decoupling during mixing, using phase-modulated

inversion pulse of 10 ls duration and xy-16 phasing scheme. For

comparison, the performance observed with rectangular inversion

pulses of 5 and 10 ls are also given. The Fourier coefficients of the

phase-modulated 10 ls pulse designed for an inversion bandwidth of

60 kHz with an RF field strength of 120 kHz are: a0 = -56.7;

a1 = 66.7; a2 = 27.8; a3 = 23.5; a4 = -5.5; a5 = -14.1. These

simulated plots show, at Zeeman field strengths corresponding to 1H

frequencies of 500 MHz (a, b) and 750 MHz (c, d), the magnitude of

the transferred magnetisation (normalised to the maximum

transferable signal) on the second carbon (13Cb/13C0) starting with z
magnetisation on carbon 1 (13Ca). The simulations for the Ca ? Cb

transfer were carried out considering a four spin 1H1–13C1–13C2–1H2

network (with all the atoms in the same plane) and that for the

Ca ? C0 transfer were carried out with a three spin 1H1–13C1–13C2

network. A 13C–1H dipolar coupling strength of 20 kHz was

employed in these simulations and the C–H bonds were assumed to

be at an angle of 109� with respect to the C–C bond, corresponding to

the z axis of the molecular frame. These simulations were carried out

keeping the 13C RF carrier at 110 ppm, using typical chemical shift,

scalar and dipolar coupling parameters of alanine and glycine as in

our earlier studies (Leppert et al. 2003)

b)a)

<Iz>

Phase [°]

t [µs]τmix [ms]

Cα → Cβ

Cα → C’

Fig. 5 Simulated longitudinal magnetisation transfer characteristics

(a) observed with the C915
1 symmetry-based RF pulse scheme, using a

basic C element of the type {xx}, 180� pulses of 25 ls duration with

optimised phase-modulation profile given in (b). Simulations were

carried out at a spinning speed of 33.333 kHz, for a Zeeman field

strength corresponding to a 1H resonance frequency of 500 MHz, in

the absence of 1H decoupling and with an RF field strength of

120 kHz during mixing. The Fourier coefficients of the optimised

phase-modulated pulse are: a0 = 0.0; a1 = -56.9; a2 = -43.6;

a3 = -21.2; a4 = -29.3; a5 = 2.6; a6 = -12.5; a7 = -18.0;

a8 = -12.2. The simulated plots show the magnitude of the

transferred magnetisation (normalised to the maximum transferable

signal) on the second carbon (13Cb/13C0) starting with z magnetisation

on carbon 1 (13Ca). The simulations for the Ca ? Cb and Ca ? C0

transfers were carried out as in the dipolar case, Fig. 4
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Although we have been able to successfully generate

several TOBSY mixing sequences with satisfactory per-

formance characteristics (data not shown), an extensive

search of the best possible sequence and the minimum RF

field strength required at the spinning speed of 33.333 kHz

has not been carried out. This would involve a detailed

assessment of a variety of symmetry-based schemes

employing different basic elements. This is beyond the

scope of this initial study. However, the results from

numerical simulations, Fig. 5, clearly demonstrate the

possibilities to design at high MAS frequencies symmetry-

based mixing sequences for generating scalar coupling

mediated 13C–13C chemical shift correlation data without
1H decoupling during mixing.

In addition to numerical simulations, the performance

characteristics of the phase modulated mixing schemes

were also assessed via experimental measurements, Figs. 6

and 7. The 13C–13C dipolar correlation spectrum of histi-

dine recorded with the RFDR sequence without 1H

decoupling during mixing employing a spinning speed of

34 kHz, phase modulated inversion pulses of 10 ls dura-

tion, xy-16 phasing scheme and a mixing time of 96 rotor

periods is shown in Fig. 6. For comparison, the dipolar

correlation experiment was also carried out using 5 ls

rectangular 180� pulses. A spectral region from these data

sets is also given in Fig. 6. Consistent with the results from

numerical simulations, direct and relayed crosspeaks of

higher intensities are seen in the spectrum collected with
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Fig. 6 a 2D 13C–13C dipolar

coupling mediated chemical

shift correlation spectrum

obtained at a spinning speed of

34 kHz without 1H decoupling

and with 13C RF field strength

of 120 kHz during mixing. The

spectrum was generated using

the RFDR sequence employing

10 ls phase modulated

inversion pulses (designed for

an inversion bandwidth of

60 kHz with an RF field

strength of 120 kHz), with 16

transients per t1 increment, 128

t1 increments, spectral width in

the indirect dimension of

34,000 Hz and recycle time of

2 s. The xy-16 phasing scheme

was used with a mixing time of

2.82 ms, keeping the RF carrier

at 110 ppm. The base contour

level was chosen at 4.8% of the

maximum intensity and

contours were plotted with an

incrementation factor of 1.4. A

few representative cross-

sections are also given to

indicate spectral quality. An

expanded plot of the spectral

region indicated is shown in

Fig. 6b along with the

corresponding region taken

from the spectrum generated

employing 5 ls rectangular

inversion pulses, Fig. 6c
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phase modulated inversion pulses. It is worth mentioning

that RFDR can be effectively carried out with 180� pulses

of duration (sp) comparable or equal to the rotor period (sr).

However, when employing RF pulses of constant ampli-

tude, it is advantageous to apply pulses of duration sp \ sr

for minimising the RF heating of the sample. With such

pulses of short duration, as the magnetisation spends most

of the time along the z axis in a longitudinal magnetisation

exchange experiment, the relaxation losses are also

expected to get reduced (Herbst et al. 2007). The results

presented here clearly show that phase modulated 180�
pulse of short duration can be effectively employed in

implementing 13C–13C dipolar coupling mediated chemical

shift correlation experiments at very high spinning speeds.

The TOBSY spectrum shown in Fig. 7 was generated at a

spinning speed of 33.333 kHz using the C915
1 symmetry-

based RF pulse scheme with a mixing time of 5.4 ms.

Direct and relayed crosspeaks of appreciable intensities

could be clearly seen in the spectrum. As reflected by the

corresponding crosspeak intensities, there is significant

transfer of magnetisation arising from the strong 13Ca–13C0

and 13Cc–13Cd scalar couplings, even at the short smix

employed. Additionally, the spectrum is also essentially

free from crosspeaks involving the 13Ce carbon of histidine.

Consistent with the results from numerical simulations, it is

seen that phase modulated mixing schemes can also be

effectively employed in generating TOBSY spectra at fast

MAS frequencies.

In conclusion, the present study demonstrates the pos-

sibilities to construct, taking into account the available RF

power, high-power, broadband phase modulated inversion

and refocussing pulses of a required duration using global

optimisation procedures such as genetic algorithms.

Although only a limited space of possible pulse shapes is

explored by defining the RF field modulation profiles as a

Fourier series, such an approach appears to be good enough

to generate useful 180� pulses and mixing sequences in a

relatively short period of time. For a given RF field

strength and pulse duration, the largest inversion band-

width possible is not known a priori. Hence, it is necessary

to carry out several optimisation calculations considering

different inversion bandwidths to find the maximum

bandwidth at which satisfactory inversion performance can

be realised. Employing RF field strength in the range of

100–120 kHz, it is observed that efficient phase modulated

180� pulses with inversion bandwidth of[100 kHz can be

generated. The broadband 180� pulses reported here were

designed in the context of implementing scalar and dipolar

coupling mediated magnetisation transfers in the absence

of 1H decoupling during mixing. However, many of the

pulses have[95% inversion efficiency and, hence, can also

be effectively employed in situations where only a single

ppm
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Fig. 7 2D 13C–13C scalar

coupling mediated chemical

shift correlation spectrum

obtained at a spinning speed of

33.333 kHz without 1H

decoupling and with 13C RF

field strength of 120 kHz during

mixing. The spectrum was

generated with the C915
1

symmetry-based RF pulse

scheme, using a basic C element

of the type {xx}, 180� pulses of

25 ls duration with optimised

phase-modulation profile given

in Fig. 5, 16 transients per t1
increment, 128 t1 increments,

spectral width in the indirect

dimension of 33,333 Hz and

recycle time of 2 s. A mixing

time of 5.4 ms was employed

and the RF carrier was kept at

110 ppm. The base contour

level was chosen at 1.6% of the

maximum intensity and

contours were plotted with an

incrementation factor of 1.8. A

few representative cross-

sections are also given to

indicate spectral quality
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inversion or refocussing pulse is required. Besides the GA

approach employed here, other global optimisation

schemes such as simulated annealing have also been found

to be equally effective for the construction of broadband,

phase modulated 180� pulses. At fast MAS frequencies, it

has also been shown that dipolar and scalar coupling

mediated magnetisation transfers can be effectively

achieved in the absence of heteronuclear decoupling during

mixing via symmetry-based RF pulse schemes, making use

of all the RF power available. In situations where the

performance of a mixing sequence based on 180� pulses

derived via the GA procedure is not satisfactory, the

present work clearly demonstrates that the RF field mod-

ulation profile of the pulses can be tailored to realise

efficient mixing. The method outlined here can be easily

adapted for implementing other mixing sequences, e.g.

homonuclear double-quantum recoupling. Although it

would be computationally time consuming, several exten-

sions to the present approach can be conceived; e.g. mixing

sequences can be designed (i) taking into account explicitly

RF field inhomogeneities, if any, (ii) using amplitude- and

phase-modulated pulses to reduce the RF duty factor, (iii)

minimising relaxation losses and (iv) representing the RF

field modulation profiles simply as a list of phases and

amplitudes. It may also be possible to find, in a reasonable

amount of time, efficient mixing sequences via GA itself

employing a heuristically guided search of the parameter

space. Work in all these directions are currently in

progress.
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MS, Görlach M, Ramachandran R (2006) Constraints on the

structure of (CUG)97 RNA from magic-angle-spinning solid-

state NMR spectroscopy. Angew Chem Int Ed 45:5620–5623

Riedel K, Herbst C, Leppert J, Ohlenschläger O, Görlach M,
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