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Abstract

With a view to obtain 13C chemical shift correlation spectra of uniformly labelled peptides/proteins at high mag-
netic fields and high magic angle spinning frequencies (ωr/2π ≤ 20 kHz), the efficacy of RFDR with adiabatic
inversion pulses has been assessed via numerical simulations and experimental measurements employing different
adiabatic pulse phasing schemes, shapes and durations. It is demonstrated that homonuclear dipolar recoupling
with superior performance under resonance offset and H1 inhomogeneity effects and without strong dependence
on the 13C chemical shift differences can be achieved with adiabatic pulses. It is shown that 13C chemical shift
correlation spectra in the entire range of carbon chemical shifts can be obtained efficiently with short adiabatic
inversion pulses. In situations where correlation spectra of only the aliphatic region are required, the possibility for
minimising the interference between the recoupling and decoupling RF fields with long adiabatic pulses, at low
recoupling power levels and without compromising the broadband RFDR characteristics, is also indicated.

Introduction

Radio Frequency Driven Recoupling (RFDR) (Ben-
nett et al., 1992, 1998) with longitudinal magneti-
sation exchange is increasingly being used for gen-
erating homonuclear 13C chemical shift correlation
spectra in biological systems at high fields (Boender
et al., 1995; McDermott et al., 2000; Pauli et al.,
2000; Pauli et al., 2001; van Rossum et al., 2002).
With short dipolar recoupling times, spins in spatial
proximity (e.g., one-bond distance) lead to cross peaks
in such spectral data. Hence, in a peptide/protein,
various amino acid residues with differing clusters
of nearby 13C nuclei show characteristic chemical
shift connectivity patterns. This facilitates the assign-
ment of 13C resonances to specific amino acid types.
Dipolar recoupling in RFDR is typically achieved via
the application of rotor-synchronised rectangular 180◦
pulses, with the phases of the inversion pulses being
suitably cycled to achieve efficient recovery of sin-
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gle spin magnetisations and to generate an effective
dipolar Hamiltonian. In RFDR, the 1H decoupling
field generally employed, both at short as well as long
mixing times, is three times as strong as the 13C RF
field so as to avoid signal losses due to the interfer-
ence between the decoupling and recoupling RF fields
(Bennett et al., 1998; Zaborowski et al., 1999). At
magnetic field strengths corresponding to a 1H fre-
quency in the range of 750–900 MHz the 13C chemical
shift correlation spectrum of a protein would span a
frequency range of 30–40 kHz. In situations where
the available 1H decoupling power is limited it could
become difficult to generate efficiently chemical shift
correlation spectra in the entire range of 13C chemical
shifts with RFDR employing conventional rectangular
180◦ pulses. With a view to eliminate resonance offset
and H1 inhomogeneity effects, we have been explor-
ing the potential of adiabatic inversion pulses (Baum
et al., 1985; Kupce and Freeman, 1995, 1996; Tannus
and Garwood, 1996; Hwang et al., 1998) in dipo-
lar recoupling experiments (Heise et al., 2000, 2002;
Leppert, 2001; Heise, 2001; Leppert et al., 2002).
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RFDR experiments with rectangular inversion pulses
are typically carried out with the xy phasing scheme
(Gullion et al., 1990). Our recent experimental stud-
ies have shown that the p5 phasing scheme {0◦, 150◦,
60◦, 150◦, 0◦}, originally designed to achieve broad-
band inversion of longitudinal magnetisations (Tycko
et al., 1985; Fujiwara and Nagayama, 1988), can also
be effectively employed for dipolar recoupling with
adiabatic inversion pulses (Heise et al., 2002). A va-
riety of other phase cycles such as the p5a {0◦, 330◦,
60◦, 330◦, 0◦}, p5b {0◦, 0◦, 120◦, 60◦, 120◦}, p5c
{0◦, 120◦, 0◦, 60◦, 240◦}, p5d {0◦, 240◦, 240◦, 60◦,
0◦}, p7 {0◦, 105◦, 300◦, 255◦, 300◦, 105◦, 0◦} and p9
{0◦, 15◦, 180◦, 165◦, 270◦, 165◦, 180◦, 15◦, 0◦} (Ty-
cko et al., 1985) are available for broadband adiabatic
inversion of longitudinal magnetisations and hence it
is of interest to assess the relative merits of different
phasing schemes for RFDR with adiabatic pulses.

With many biological systems it may be difficult
to employ very fast spinning speeds, for example to
avoid sample dehydration (McDermott et al., 2000),
and hence it may be necessary to record RFDR data
only at spinning frequencies in the range of ωr/2π

∼ 10–20 kHz or less. Even at these spinning speeds,
it is conceivable that adiabatic inversion pulses would
occupy a significant fraction of the rotor period and
thereby could affect, for better or worse, the RFDR
performance characteristics. To minimise the interfer-
ence between decoupling and recoupling RF fields,
it would be advantageous to employ adiabatic inver-
sion pulses of long duration as they generally require
less RF power for satisfying the adiabatic threshold
requirements. The application of rectangular inversion
pulses of long duration would also require less RF
power and hence reduce the interference between de-
coupling and recoupling fields. However, this would
lead to a smaller excitation bandwidth and therefore to
a reduction in the spectral range over which 2D chemi-
cal shift correlation data can be recorded. On the other
hand, the inversion bandwidth does not necessarily get
compromised with long adiabatic pulses. In this con-
text, a knowledge of the dependence of the efficacy
of RFDR on χ, the ratio of the adiabatic pulse width
to the rotor period, becomes highly relevant. This will
help in determining ‘at any given spinning’ speed the
optimal adiabatic pulse width that can be employed
without degrading significantly the efficacy of dipolar
recoupling.

A variety of amplitude and frequency modulation
functions with varying RF power/duty factors have
been proposed for adiabatic inversion of longitudi-

nal magnetisations (Kupce and Freeman, 1995, 1996;
Hwang et al., 1998). Hence, it is of interest to have an
understanding of the effects of adiabatic pulse shape
on the recoupling dynamics. In view of the increas-
ing usage of RFDR in the study of biological systems
at high magnetic fields we have evaluated via numer-
ical simulations and experimental measurements the
performance characteristics of RFDR with adiabatic
inversion pulses.

Experimental and numerical procedures

The RFDR sequence employed in this work is shown
in Figure 1. All experiments were performed with
an undiluted, uniformly 13C and 15N labelled sam-
ple of alanine at room temperature on a 500 MHz
wide bore Varian UNITYINOVA solid state NMR spec-
trometer equipped with a 5-mm DOTY supersonic
triple resonance probe and waveform generators for
pulse shaping. Cross-polarization under Hartmann-
Hahn matching conditions was employed and all spec-
tra, unless mentioned otherwise, were collected under
high power 1H decoupling (∼90 kHz). Typical 1H and
13C 90◦ pulse widths were 2.8 and 5.3 µs, respec-
tively. In this study we have employed the tanh/tan
adiabatic inversion pulse (Hwang et al., 1998) con-
structed from the following adiabatic half passage and
its time reversed half passage:

ω1(t) = ω1(max) tanh[ξ2t/Tp]
�ω(t) = �ωmax[tan(κ(1 − 2t/Tp))]/ tan(κ),

where ξ = 10, tan(κ) = 20 and 0 ≤ t ≤ Tp/2.
Additionally, to assess the dependence of the dipolar
recoupling efficiency on the nature of the adiabatic
pulse profile, we have also employed the constant adi-
abaticity inversion pulse ‘cagauss’ as implemented in
the Varian pulse shaping software ‘Pbox’. The cagauss
pulse is defined by the modulation profiles:

ω1(t) = ω1(max) exp(−βt2)

�ω(t) = λerf(βt),

where λ and β are defined as

λ = [ω1(max)]2/βQ

and

β = (1/τ
√− ln(atr),

where Q is the adiabaticity parameter (Kupce and
Freeman, 1996), 2τ is the total duration of the pulse
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Figure 1. RFDR pulse sequence employed in this work. Homonuclear dipolar recoupling is achieved by applying an inversion pulse at the
center of each rotor period, with the phases of the inversion pulses cycled suitably (see text).

and atr is the truncation parameter (0 < atr < 1.0).
A Q value of 4 and atr = 0.01 were employed in this
work. All tanh/tan adiabatic pulses employed in this
work had an R value, representing the product of the
pulse bandwidth and the pulse length (Hwang et al.,
1998) of 60. The cagauss pulses uniformly had a du-
ration of 80 µs (ω1(max) = 42 kHz) and a frequency
sweep width of 80 kHz. The frequency sweep is im-
plemented in the spectrometer hardware as a phase
modulation, δ(t) = ∫

�ω(t)dt . Adiabatic pulses were
typically divided into 200 slices of equal duration with
each slice characterised by an amplitude and phase
parameter. Numerical simulations were carried out us-
ing the SIMPSON program (Bak et al., 2000) and
considering two representative spin 1/2 systems in a
uniformly labelled peptide/protein. The first case cor-
responds to homonuclear dipolar recoupling between
the 13C′ and 13Cα sites and the other corresponds to the
13Cα and 13Cβ sites. Unless mentioned otherwise, 13C
chemical shift (CS) tensor and dipolar coupling para-
meters of glycine and alanine essentially as used by
Brinkmann et al. (2002) were employed, respectively,
in these calculations. Although results obtained from
simulations carried out for the two spin systems may
not possibly hold good exactly for multi-spin systems,
general conclusions about the merits of RFDR with
adiabatic pulses can still be reached. Our approach is
similar to the general practice followed in the litera-
ture (Brinkmann et al., 2002). All simulations were
performed taking into account scalar coupling inter-
actions and employing RF field strengths available in
our 5-mm MAS NMR probes. Unless otherwise men-
tioned, the RF carrier was kept at the middle of the
two sites in these simulations. Simulations have been
carried out at two representative field strengths corre-
sponding to 1H frequencies of 500 and 800 MHz and
employing representative spinning speeds of 11 000

and 15 000 Hz, respectively. The powder averaging
was done by choosing 256 (α, β) values according
to the REPULSION distribution scheme (Bak and
Nielsen, 1997) and 16 γ values.

Results and discussion

The efficacy of RFDR with adiabatic pulses has been
assessed by monitoring the magnitude of longitudi-
nal magnetisation transferred to the second spin (13C′/
13Cβ) as a function of the dipolar mixing time, starting
with z magnetisation on spin 1 (13Cα) at zero recou-
pling time. As an example, the simulated data obtained
with rectangular inversion pulses of 13.4 µs dura-
tion (γH1 = 37.3 kHz) employing the xy-8 phasing
scheme are also given for comparison.

Figure 2 shows the efficacy of RFDR with different
adiabatic phasing schemes. These simulations were
carried out employing tanh/tan adiabatic pulses of
40 µs duration with an RF field strength, ω1 (max)/2π,
of 37.3 kHz. Although simulations were carried out
employing all p5 phasing schemes mentioned earlier,
for the sake of clarity only a few representative plots
are given. The initial rate of transfer of magnetisa-
tion from one spin to another is a measure of the
efficacy of dipolar recoupling, with a faster transfer
representing an efficient dipolar recoupling. From the
simulations given in Figure 2, it is seen that the initial
rate of transfer of magnetisation from the Cα to the
Cβ spin is faster with the adiabatic pulses compared to
that with the rectangular pulses. The Cα → C′ initial
buildup rates are similar for the two cases, although
the RFDR performance with the rectangular pulses is
not satisfactory at longer mixing times, possibly due
to their poor inversion bandwidth. For short mixing
times, in general, all adiabatic pulse phasing schemes
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Figure 2. Simulated longitudinal magnetisation transfer characteristics of the RFDR sequence with different adiabatic pulse phasing schemes.
These simulated plots show, at the field strengths indicated, the magnitude of the transferred magnetisation (normalised to the maximum
transferable signal) on the second spin (13C′/ 13Cβ) starting with z magnetisation on spin 1 (13Cα) at zero recoupling time. Simulations at
500 and 800 MHz were carried out at spinning speeds of 11 000 and 15 000 Hz, respectively. For the Cα → Cβ and Cα → C′ transfers
the following 13C CS tensor, scalar and dipolar coupling parameters of alanine and glycine as employed by Brinkmann et al. (2002) were
respectively used: Alanine (Cα: isotropic shift δiso = 50.9 ppm, shift anisotropy δaniso = −19.67 ppm, asymmetry parameter η = 0.437,
Euler angles �PM = {81.7◦, 24.5◦, 29.1◦}, Cβ: δiso = 20.0 ppm, δaniso = −11.7 ppm, η = 0.76, �PM = {−52.9◦, 77.4◦, 140.5◦}, dipolar
coupling: D = −2125 Hz, �PM = {0◦, 78.4◦, 144.7◦}, J -coupling: J = 35 Hz) and Glycine (Cα: δiso = 45.0 ppm, δaniso = −19.43 ppm,
η = 0.98, �PM = {99.4◦, 146.0◦, 138.9◦}, C′: δiso = 178.2 ppm, δaniso = −74.5 ppm, η = 0.88, �PM = {−0.7◦, 88.5◦, 52.5◦}, dipolar
coupling: D = −2135 Hz, �PM = {0◦, 0◦, 0◦}, J -coupling: J = 53.1 Hz). Euler angles have been defined with respect to a molecule-fixed
frame M. In the case of glycine the molecule-fixed frame has its z-axis along the 13Cα-13C′ internuclear vector and in the case of alanine the
molecule-fixed frame coincides with the crystallographic reference frame (Lehmann et al., 1972). The 13C RF carrier was kept at the centre of
the corresponding carbon resonances. Simulations were carried out in time increments of 5, 7, 8 or 9 rotor periods and the resulting data points,
to provide visual clarity, have been simply joined. Simulations for the rectangular inversion pulse (13.4 µs, 37.3 kHz γH1) were carried out
with the xy-8 phasing scheme. The phasing schemes employed for the tanh/tan pulses (40 µs, 37.3 kHz γH1) are indicated in the plots.

perform equally well. However, at longer mixing times
substantial differences can be seen between the differ-
ent phasing schemes, in particular for the Cα → C′
transfer. With increasing recoupling RF field strength,
the performance characteristics of the different adia-
batic pulse phasing schemes improve at longer mixing
times (data not shown). To minimise the interference
between the decoupling and recoupling RF fields, it

will be advantageous to employ the phasing scheme
that leads to optimal RFDR performance with minimal
recoupling RF power. It can be inferred from Figure 2
that at high fields, in cases where it is desired to gener-
ate 2D 13C chemical shift correlation data in the entire
∼ 180 ppm range including cross peaks arising from
relayed magnetisation transfer, it will be advantageous
to employ adiabatic pulses with the p5d instead of the
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Figure 3. Simulated longitudinal magnetisation transfer characteristics of the RFDR sequence as a function of the indicated chemical shift
difference between the recoupled nuclei. The plots for the tanh/tan pulses (40 µs, 37.3 kHz γH1) were obtained with the p5d phasing scheme.
All other parameters employed in the simulations are as in Figure 2.

xy-8 phasing scheme. P5d is seen to be even better
than the p5 phasing scheme employed in our earlier
studies (Heise et al., 2002). It is also worth mentioning
here that the performance of the rectangular inversion
pulses with the p5d phasing scheme and that of the adi-
abatic pulses with the xx phasing scheme are found to
be very much inferior to the corresponding data given
in Figure 2 (data not shown).

Figure 3 shows the RFDR performance as a func-
tion of the chemical shift difference between the
recoupled nuclei. The plots with adiabatic pulses
were generated with the p5d phasing scheme employ-
ing tanh/tan pulses (40 µs duration, ω1(max)/2π =
37.3 kHz). With the adiabatic pulses, both at low and
high fields/spinning speeds, it is seen that the initial
buildup rates for the Cα → Cβ and Cα → C′ trans-
fers are not strongly influenced by the chemical shift

differences. This behaviour is similar to that observed
with the finite pulse RFDR (fpRFDR) technique re-
ported recently for RFDR at very fast magic angle
spinning frequencies (∼ 20–40 kHz) (Ishii, 2001).
When the chemical shift difference is smaller, the ini-
tial buildup rate is marginally faster for both Cα → Cβ

and Cα → C′ transfers and for the Cα → Cβ transfer,
the maximum amplitude of the exchanged magnetisa-
tion is marginally higher. Due to the differences in
the magnitudes and orientations of the 13C CS ten-
sors of the two nuclei involved, the Cα → Cβ and Cα

→ C′ initial buildup rates are expected to be differ-
ent and this can also be clearly seen in the 800 MHz
RFDR simulations given in Figures 2 and 3. With adi-
abatic pulses, the Cα → Cβ transfer is faster than the
Cα → C′ transfer. However, with a dipolar recoupling
time of ∼ 2 ms (at the spinning speeds indicated) both
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Figure 4. Simulated longitudinal magnetisation transfer characteristics of the RFDR sequence as a function of the tanh/tan adiabatic pulse
widths indicated. Simulations were carried out with xy-8 and p5d phasing schemes at 500 MHz and 800 MHz, respectively. 80 µs cagauss
pulses (ω1(max)/2π = 42 kHz) and tanh/tan pulses with a duration of 30, 40, 50, 60 and 70 µs (ω1(max)/2π = 47, 37.3, 33, 30 and 30 kHz,
respectively) were employed. All other parameters employed in the simulations are as in Figure 2.

Cα ↔ Cβ and Cα ↔ C′ cross peaks of appreciable
intensities should be seen in a 2D 13C chemical shift
correlation spectrum generated employing the adia-
batic pulses. Although at short mixing times the RFDR
performance with the rectangular pulses is seen to be
satisfactory, at larger mixing times the performance
with adiabatic pulses is highly superior. In the pres-
ence of significant resonance offset, as will be shown
below, the performance of RFDR with the rectangu-
lar pulse is far from satisfactory even at short mixing
times.

Figure 4 shows the effect of χ, the ratio of the
width of the adiabatic pulses to the rotor period, on
the RFDR performance. Simulations were carried out
with xy-8 and p5d phasing schemes at 500 MHz and
800 MHz, respectively, and employing 80 µs ca-

gauss pulses (ω1(max)/2π = 42 kHz) and tanh/tan
pulses with a duration of 30, 40, 50, 60 and 70 µs
(ω1(max)/2π = 47, 37, 33, 30 and 30 kHz, re-
spectively). The RF pulse widths employed at the
spinning speeds of 11 000 and 15 000 Hz represent
a χ range of 0.33–0.88 and 0.45–0.9, respectively.
The RF field strengths employed in these simulations
correspond approximately to the values determined
experimentally for the optimal performance of the
RFDR sequence with the respective adiabatic pulses.
For the Cα → Cβ transfer, it is seen that the effect of
χ variations on the performance of RFDR is minimal
and with an increase in χ the initial rate of buildup
only increases, albeit marginally. That is, if one is
interested in generating 13C 2D chemical shift cor-
relation data in the aliphatic region only, then it will
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Figure 5. Transferred signal amplitude on the second spin 13Cβ (A1, A2, B1, B2) and 13C′ (C1, C2, D1, D2) starting with z magnetisation
on spin 1 (13Cα) at zero recoupling time as a function of the isotropic chemical shifts δ1 and δ2 of the two nuclei. The plots for the 13.4 µs
rectangular (A1, B1, C1, D1) and 40 µs tanh/tan inversion pulses (A2, B2, C2, D2) were obtained employing xy-8 and p5d phasing schemes,
respectively, at 800 MHz and at a spinning speed of 15 000 Hz. Dipolar recoupling times of 1.6 ms (A1, C1) and 3.2 ms (B1, D1) were employed
with the rectangular inversion pulse. Mixing times of 1.67 ms (A2, C2) and 3.33 ms (B2, D2) were employed with the adiabatic pulse. All
other parameters are as in Figure 2. For the Cα → Cβ and Cα → C′ transfers the 13C RF carrier frequencies were kept at 40 and 100 ppm,
respectively.

be advantageous to employ adiabatic pulses of longer
duration as they require only a lower RF field strength
for obtaining satisfactory RFDR performance. On the
other hand, with the tanh/tan pulses the Cα → C′
transfer rate significantly deteriorates with increasing
χ. However, the initial Cα → C′ transfer rate ob-
served with 80 µs cagauss pulses, having a smaller RF
power/duty factor in comparison to the tanh/tan pulse
of similar duration, is as good as that obtained with
40 µs tanh/tan pulses. Hence, it appears that it will be
advantageous to employ in RFDR experiments, spin-
ning speeds permitting, adiabatic pulses with smaller
RF power/duty factor such as ‘cagauss’. A potential
advantage with such pulses is that, although the peak
RF field strength requirements are larger, the inter-
ference between the recoupling and decoupling fields,
due to the smaller RF power/duty factor, will be less
in comparison to tanh/tan pulses of similar duration.
Although the RFDR simulations with adiabatic pulses
shown in Figures 2–4 were carried out employing the
basic phase cycles, simulations have also been carried
out employing supercycles such as p5p5. However,
no significant differences were seen in the longitu-
dinal magnetisation transfer characteristics (data not
shown).

Figure 5 shows a few representative plots of the
magnitude of the transferred longitudinal magnetisa-
tion on spin 2 as a function of the isotropic chemical
shifts δ1 and δ2 of the dipolar coupled nuclei. These
plots, corresponding to a spinning speed of 15 000 Hz,
a field strength of 800 MHz and two different mix-
ing times were obtained employing rectangular and
tanh/tan inversion pulses of 13.4 µs and 40 µs dura-
tion with xy-8 and p5d phasing schemes, respectively.
For Cα → Cβ and Cα → C′ transfers the carrier
frequencies were kept at 40 and 100 ppm, respec-
tively. From these plots it is seen that the performance
of RFDR with adiabatic pulses is superior and that
the longitudinal magnetisation transfer characteristics
with adiabatic pulses is not very much dependent
on chemical shift differences of the dipolar coupled
nuclei. The plots shown for the Cα → Cβ transfer
correspond approximately to a situation where the 13C
carrier is kept at the middle of the aliphatic carbon
chemical shift range. However, if one is interested
in generating 2D chemical shift correlation data in
the entire 13C chemical shift range of peptides and
proteins, the 13C carrier will be far off-resonant with
respect to the centre of the aliphatic carbon reso-
nances. In this context we have simulated for the
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Figure 6. Transferred signal amplitude on the second spin (13Cβ) starting with z magnetisation on spin 1 (13Cα) at zero recoupling time.
These plots (800 MHz) show the dependence of the transferred magnetisation as a function of the resonance offset �� (defined in ppm as the
difference between the carrier frequency and the centre of the 13Cα and 13Cβ resonances in alanine) and over a range (± 10%) of the 13C
RF field strength employed. Simulations were carried out at a spinning speed of 15 000 Hz unless indicated otherwise. (A) rectangular pulse
(13.4 µs, xy-8, 37.3 kHz γH1, tmix = 2.13 ms), (B) tanh/tan pulse (40 µs, xy-8, 37.3 kHz γH1, tmix = 2.13 ms), (C) tanh/tan pulse (40 µs,
p5d, 37.3 kHz γH1, tmix = 2.67 ms), (D) tanh/tan pulse (40 µs, p5dp5d, 37.3 kHz γH1, tmix = 2.67 ms), (E) tanh/tan pulse (60 µs, p5d,
30.0 kHz γH1, tmix = 2.27 ms, 11 000 Hz), (F) cagauss pulse (80 µs, p5d, 42 kHz γH1, tmix = 2.27 ms, 11 000 Hz), (G) rectangular pulse
(13.4 µs, xy-8, 37.3 kHz γH1, tmix = 4.27 ms), (H) tanh/tan pulse (40 µs, xy-8, 37.3 kHz γH1, tmix = 4.27 ms) and (I) tanh/tan pulse (40 µs,
p5d, 37.3 kHz γH1, tmix = 4.0 ms). All other parameters are as in Figure 2.

Figure 7. Transferred signal amplitude on the second spin (13C′) starting with z magnetisation on spin 1 (13Cα) at zero recoupling time.
These plots (800 MHz) show the dependence of the transferred magnetisation as a function of the resonance offset �� (defined in ppm as
the difference between the carrier frequency and the centre of the 13Cα and 13C′ resonances in glycine) and over a range (±10%) of the 13C
RF field strength employed. Simulations were carried out at a spinning speed of 15 000 Hz. (A) rectangular pulse (13.4 µs, xy-8, 37.3 kHz
γH1, tmix = 4.27 ms), (B) tanh/tan pulse (40 µs, xy-8, 37.3 kHz γH1, tmix = 4.27 ms), (C) tanh/tan pulse (40 µs, p5d, 37.3 kHz γH1,
tmix = 4.0 ms).



21

Figure 8. 2D RFDR spectra (zoomed plots) of uniformly labelled alanine at a spinning speed of 11 000 Hz obtained employing 13C recoupling
RF pulse parameters and mixing times indicated. The data were generated with 13.4 µs rectangular pulses of 37.3 kHz γH1, 80 µs cagauss
pulses of 42.0 kHz γH1 and 40 µs tanh/tan of 37.3 kHz γH1 employing a spectral width of 50 kHz in both dimensions, 256 t1 increments and a
recycle delay of 2 s. All spectra were collected by keeping the RF carrier at the middle of the 13C resonances. For each of the pulses, all spectra
are plotted at the same threshold/vertical scale.
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case of Cα → Cβ magnetisation transfer the depen-
dence of the amplitude of the transferred longitudinal
magnetisation, as a function of the resonance offset
�� (defined as the difference between the carrier
frequency and the centre of the 13Cα and 13Cβ reso-
nances in alanine). Figure 6 shows a few representative
plots of this dependence. These plots, shown for dif-
ferent mixing times, correspond to a spinning speed
of 15 000 Hz and a field strength of 800 MHz. The
plots with the rectangular pulses of 13.4 µs duration
were generated employing the xy-8 phasing scheme
while those for the adiabatic pulses were obtained with
the xy-8/p5d/p5dp5d schemes as detailed in the figure
caption. The plots given in Figure 6 also show the ef-
fect of small variations in the 13C RF field strength
employed on the RFDR performance. The simulations
for the rectangular pulse shown in Figure 5 indicate
that by keeping the 13C RF carrier in the middle of
the aliphatic region it may be possible to obtain rea-
sonably satisfactory 2D chemical shift correlation data
for the aliphatic carbons at high fields (Pauli et al.,
2000, 2001). However, the simulations for the rectan-
gular pulse shown in Figure 6 clearly suggest that at
high magnetic fields the cross peak intensities will be
significantly reduced if 2D chemical shift correlation
is recorded in the entire ∼180 ppm range (McDer-
mott et al., 2000). As in Figure 6, Figure 7 shows a
few representative plots of the resonance offset depen-
dance of the amplitude of the transferred longitudinal
magnetisation in the Cα → C′ case employing rectan-
gular (13.4 µs, xy-8) and tanh/tan (40 µs, xy-8, p5d)
pulses. In the presence of resonance offset and H1 in-
homogeneity, Figure 6 and 7 clearly indicate that, in
agreement with our earlier experimental studies, the
performance of RFDR with adiabatic pulses will be
clearly superior.

Besides our recent studies (Heise et al., 2002),
we have carried out additional experimental measure-
ments to validate the conclusions arrived here through
numerical simulations. Figure 8 shows, as a func-
tion of the dipolar recoupling time, some represen-
tative 2D 13C chemical shift correlation spectra of
alanine recorded at a spinning speed of 11 000 Hz, a
field strength of 500 MHz and employing rectangular
(13.4 µs, xy-8), cagauss (80 µs, xy-8) and tanh/tan
(40 µs, p5d) inversion pulses. These spectra were
recorded by keeping the 13C RF carrier at the middle
of the spectral range and the data shown are in general
agreement with what is expected from the simulations
(Figures 2–4). With the rectangular inversion pulses,
the Cα → C′ transfer is faster than the Cα → Cβ trans-

fer and with the adiabatic pulses, as expected, the rate
of buildup of the Cα → Cβ cross peak is slightly faster
than the rate of buildup of the Cα → C′ cross peak
intensity.

The simulations carried out at 800 MHz (Figure 6)
suggest, as mentioned above, that at high fields and
with large resonance offsets the Cα ↔ Cβ cross peak
intensities in spectra generated employing rectangu-
lar inversion pulses will be significantly reduced in
comparison to the intensities in spectra obtained with
adiabatic inversion pulses. We have experimentally
demonstrated this, using the available 500 MHz spec-
trometer, by carrying out RFDR experiments in the
absence and in the presence of a large carrier offset,
keeping the RF carrier at the centre of the 13C spectral
range or 10 kHz away, respectively. Figure 9 shows 2D
RFDR spectra of uniformly labelled alanine generated
without and with the carrier offset employing rectan-
gular and adiabatic inversion pulses. As expected, in
the presence of large resonance offset the Cα ↔ Cβ

direct and Cβ → Cα → C′ relayed cross peak intensi-
ties in the spectrum recorded with the rectangular 180◦
pulse have significantly reduced amplitudes compared
to that obtained with the adiabatic pulse. The experi-
mental data shown in Figure 9 is in general agreement
with the simulations shown in Figure 6 and with our
earlier experimental studies (Heise et al., 2002). The
improved performance in the presence of large reso-
nance offset clearly points to the potential utility of
adiabatic inversion pulses for obtaining 13C chemi-
cal shift correlation spectra in the entire range of 13C
chemical shifts at high fields. Besides the tanh/tan
and cagauss adiabatic pulses, we have also obtained
chemical shift correlation spectra of alanine (data not
shown) employing other adiabatic pulses such as the
‘cacos’ inversion pulses (Kupce and Freeman, 1996).
The rate of buildup of cross peak intensities with such
pulses is similar to that seen with the tanh/tan and ca-
gauss pulses and in the presence of resonance offset,
in general, the performance of RFDR with adiabatic
pulses is found to be superior to the performance with
the rectangular inversion pulse.

Figure 10 shows 2D 13C chemical shift correla-
tion spectra of alanine recorded at a spinning speed of
11 000 Hz, a field strength of 500 MHz, a dipolar mix-
ing time of 2.18 ms and employing tanh/tan adiabatic
pulses of 40, 50, 60 and 70 µs duration with the xy-
8 phasing scheme. The corresponding data obtained
with 13.5 µs rectangular and 80 µs cagauss inversion
pulses can be seen in Figure 8. At the mixing time
employed, the variations in the Cα → Cβ and Cα → C′
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Figure 9. 2D RFDR spectra (zoomed plots) of uniformly labelled alanine at a spinning speed of 11 000 Hz obtained employing 13C recoupling
RF pulse parameters and resonance offset indicated. Here, the resonance offset is defined as the difference between the carrier frequency (shifted
towards the carbonyl resonance) and the middle of the 13C spectral width. The data were generated with rectangular (13.4 µs, xy-8, 37.3 kHz
γH1, tmix = 5.81 ms) and tanh/tan (40 µs, p5d, 37.3 kHz γH1, tmix = 5.45 ms) inversion pulses employing a spectral width of 50 kHz in both
dimensions, 256 t1 increments and a recycle delay of 2 s. All spectra are plotted at the same threshold/vertical scale.

Figure 10. 2D RFDR spectra (zoomed plots) of uniformly labelled alanine at a spinning speed of 11 000 Hz obtained employing 13C tanh/tan
adiabatic pulse parameters indicated. Spectra were generated (tmix = 2.18 ms, xy-8) with pulses of durations of 40.0 µs at 37.3 kHz, 50 µs at
33 kHz, 60 µs at 30 kHz and 70 µs at 30 kHz γH1, employing a spectral width of 50 kHz in both dimensions, 256 t1 increments and a recycle
delay of 2 s. All spectra are plotted at the same threshold/vertical scale as shown for the rectangular and cagauss pulses in Figure 8.

cross peak intensities are approximately in agreement
with those expected from the simulations given in Fig-
ure 4. For example, the cross peak intensities obtained
with 80 µs cagauss pulses are larger than those ob-
tained with 70 µs tanh/tan pulses and with increase in
the duration of the tanh/tan pulses the Cα → Cβ cross
peak intensities decrease at the mixing time employed.
It is worth mentioning that, in situations where corre-
lation spectra of only the aliphatic region are needed
at high fields, it is possible to minimize the cross-talk
between decoupling and recoupling RF fields by using
long tanh/tan adiabatic inversion pulses as they require
less RF power. The reasonably satisfactory agreement
between the 500 MHz two-spin simulations and ex-
perimental data suggests that the simulations given in

our paper are highly relevant for obtaining 2D 13C
chemical shift correlation data via RFDR in uniformly
labelled peptides/proteins at high fields.

The optimal RF field strength to be employed with
adiabatic pulses and the chemical shift range over
which 2D correlation data of good quality can be
generated is easily obtained experimentally. This is
achieved by monitoring, for satisfactory RFDR per-
formance, the observed signal as a function of the
adiabatic 13C pulse power level and carrier offset. In
our studies, to avoid probe arcing at higher power
levels, we have employed a decoupling power level
of the order of 90 kHz and we have used only the
minimum experimentally required recoupling power
levels. In situations where compensation for H1 in-
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homogeneity is required, higher recoupling and de-
coupling power levels may be needed. With tanh/tan
pulses of 30 µs duration we have seen experimentally
(data not shown) that efficient RFDR performance
over a large bandwidth and with long mixing times
requires a 13C RF field strength of ∼ 47 kHz and a 1H
decoupling field strength of ∼ 120 kHz or higher. With
the availability of higher decoupling field strengths in
the current generation of MAS probes, it should be
feasible to execute RFDR with such short adiabatic
pulses without any loss of polarization due to cross
talk between the decoupling and recoupling channels.

Procedures for obtaining efficient 13C chemical
shift correlation data at high fields have been reported
at very fast magic angle spinning frequencies (Ishii,
2001; Brinkmann et al., 2002). The results presented
in this work clearly illustrate the potential of RFDR
with short adiabatic inversion pulses to obtain efficient
correlation spectra in the entire range of carbon chem-
ical shifts in uniformly labelled biological systems,
at the currently available high magnetic fields and at
MAS frequencies < 20 kHz. In situations where it is
required to generate correlation data in the aliphatic
region only, our studies reveal that it is possible to
minimise interference between the decoupling and re-
coupling fields by the use of adiabatic pulses of long
duration without compromising the efficacy of RFDR.
Our study also shows that the cross peak intensities
seen in the chemical shift correlation spectra ob-
tained with adiabatic inversion pulses are not strongly
sensitive to chemical shift differences. Results from
numerical simulations also suggest that at high mag-
netic fields, it is possible to obtain good chemical
shift correlation data by employing adiabatic inversion
pulses with the phasing scheme p5d {0◦, 240◦, 240◦,
60◦, 0◦}, even with long dipolar mixing times. Al-
though found to be effective for RFDR experiments,
phasing schemes such as this have been originally
designed to achieve broadband inversion of longitu-
dinal magnetisation. Currently, work is in progress
to find improved phasing schemes for further enhanc-
ing the performance of RFDR with adiabatic pulses
by directly maximising the efficieny of longitudi-
nal magnetisation transfer via numerical optimisation

procedures. The results from these investigations will
be reported elsewhere.
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