ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

ChemComm

Journal Name

ROYAL SOCIETY
OF CHEMISTRY

Increasing the quantitative bandwidth of NMR measurements

J. E. Power,” M. Foroozandeh,” R.W. Adams,® M. Nilsson,? S. R. Coombes,” A. R. Phillips® and G. A.

OReceived 00th January 20xx,

. *a
Morris
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

The frequency range of quantitative NMR is increased from tens
to hundreds of kHz by a new pulse sequence, CHORUS. It uses
chirp pulses to excite uniformly over very large bandwidths,
yielding accurate integrals even for nuclei such as % that have
very wide spectra.

F NMR is widely used by chemists in the analysis of
fluorinated drugs and their impurities. Typical drugs have only
one or two fluorine atoms, but many protons. Thus in
comparison to 'H NMR, F NMR offers spectra of greatly
reduced complexity, simplifying interpretation while retaining
high sensitivity. Quantitative analysis using 19F, and other
nuclei such as 3C that have wide chemical shift ranges,
requires constant amplitude and constant phase (more strictly,
phase with a linear offset dependence) broadband excitation
over the full spectral width. This is problematic, since due to
the limited radiofrequency power available for pulsed
excitation, resonance offset effects distort both signal
intensities and signal phases and seriously degrade the
accuracy of signal integration.

The scale of the problem can be seen by comparison of the
loss in signal intensity towards the edges of the frequency
range for narrow bandwidth quantitative experiments (lH, +5
ppm) and for much wider bandwidths (19F, + 200 ppm). On a
500 MHz spectrometer using a 12.5 ps 90° pulse width, the
losses are respectively negligible, and almost total (86 %).
Accurate ( 1 - 2%) quantification with a 90° pulse is restricted
to arelatively narrow range of frequencies, about 20 kHz.

In order to circumvent resonance offset effects, current
practice in quantifying P spectram is to make a separate
measurement for each different region of a spectrum, using a
different quantitation standard with an appropriate chemical
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shift in each case. This is cumbersome, and it can be difficult to
find appropriate standards due to problems such as sample
instability, insolubility of quantitation standards in the solvent
used, and signal overlap between analyte and standard. It
would be greatly preferable to find a way to achieve
quantitative excitation over the full chemical shift range.

To overcome pulse imperfections and improve the
bandwidth of excitation, a variety of composite pulse methods
have been developed.z'7 However even the best of these
methods fall well short of the bandwidths required. Pulse
sequences generated by optimal control algorithms give more
effective results, with small phase errors (< 2°) over + 20 kHz,
e.g. BEBOP®*® and the calibration-free phase modulated
sequence PM-BEBOP;10 however, these methods have yet to
be applied to the much wider spectral widths encountered
here.

A much larger improvement in excitation bandwidth can be
obtained through the use of swept-frequency pulses.s'll'19 In
such pulses the transmitter frequency is rapidly swept over a
wide range during the pulse, allowing full signal amplitude to
be excited far off resonance even with modest radiofrequency
(RF) power. The big disadvantage of such pulses is that the
phase of the excitation they produce varies very rapidly, and in
a nonlinear fashion, with resonance offset. Much of this phase
variation can be refocused by combining 90° and 180° swept-
frequency pulses of appropriate relative duration and
amplitudem'”'19 (see ESI, Fig. S2a), but the remaining signal
phase error still varies in a nonlinear fashion with frequency so
that less than half of the excitation range is usable (see ESI, Fig.
S2b). Using a nonlinear frequency sweep can improve the
phase performance,17 but there is a further, and less obvious,
problem with such double swept-frequency pulse excitation
sequences, which is that the signal phase is extremely sensitive
to B, amplitudelg. As a result, B; inhomogeneity causes large (>
30%) losses in signal even with modern probes (see ESI, Fig.
S2b).

In a notably elegant analysislg, Shaka et al. have shown
that the problem of the B, sensitivity of the double swept-
frequency pulse sequence can be solved by the interpolation
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of a further 180° element, with a duration equal to that of the
90° pulse, to give the double echo ABSTRUSE (Adjustable,
Broadband, Sech/Tanh-Rotation Uniform Selective Excitation)
sequence. The ABSTRUSE sequence was derived with the aim
of providing a rectangular excitation spectrum, with uniform
signal phase and a rapid drop in excitation outside the
passband. As the name implies, it is based on hyperbolic
secant (“HS” or “sech/tanh”) swept-frequency pulseszo. These
have the desirable property of giving close to uniform phase
excitation “out of the box” in the double echo, with small
phase errors that can be cancelled by co-adding the results of
experiments with opposite frequency sweep directions.

The attractive features of the hyperbolic secant pulse for
band-selective excitation - a rapid transition between full and
zero excitation, and approximate phase uniformity — are not
compatible with the aim of exciting very wide bandwidths
quantitatively. This requires the best possible phase properties
and the widest possible excitation for a given limit on peak
radiofrequency power. However, the ABSTRUSE logic can be
applied, with one important proviso, to any swept-frequency
pulse shape. Where maximum bandwidth for a given duration
is the overriding aim, a logical choice of pulse shape is the
simple chirp pulse of Bodenhausen at aI.”"ls, leading to a pulse
sequence of the form of Fig. 1a. The chirp pulse has uniform RF
amplitude, except for smoothed ends, and therefore spreads
RF power uniformly over almost the full frequency range. The
important proviso is that a basic chirp pulse does not share the
benign phase characteristics of the hyperbolic secant pulse,
and it is therefore necessary to correct the residual nonlinear
dependence of signal phase on excitation frequency.

This problem of phase variation with frequency can be
dealt with by exploiting the one-to-one correspondence
between time and frequency in a chirp pulse, which means
that a small change in the phase of the pulse at a given time
translates to an equal change in phase at the corresponding
frequency. Thus calculating the residual phase error as a
function of excitation frequency, fitting to a polynomial, and
applying the equivalent time-dependent phase correction to
the first and second pulses of Fig. 1a (see ESI, Section 3), leads
to a final sequence that achieves constant-phase excitation
over a very wide bandwidth, as shown in Fig. 1b. For this
CHORUS (CHirped, ORdered pulses for Ultra-broadband
Spectroscopy; Fig. 1b) variant on the ABSTRUSE sequence, the
experimental data (red dots) shows a very small but
discernible asymmetry. This is due to T, relaxation, since a
heavily doped sample of C¢Fg of a short T, of 0.05 s was used.
The size of this error is an artefact of the measurement
method; for practical analytes (Fig. 2), the effect is much
smaller, and can be reduced further by alternating the sweep
direction of the chirp pulses during time averaginglg.

The triple chirp pulse sequence, CHORUS, achieves constant
amplitude excitation with constant phase over a 250 kHz
bandwidth using a maximum RF amplitude of only 15 kHz, less
than that of a typical hard 90° pulse, and shows no undue B;
sensitivity. For a given RF amplitude, the frequency range over
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Fig. 1 a) Pulse sequence for CHORUS (CHirped, ORdered pulses for Ultra-broadband
broadband,
amplitudes are in the ratio 1: 0.71 : 0.21, and for best results a 16-step phase cycle

Spectroscopy), for Bj-insensitive, constant-phase excitation. Pulse
(see ESI, section 7) should be used. b) Experimental and calculated F excitation
profiles for CHORUS (red dots) and simple 90° excitation (blue dots) using a sample of
heavily doped C¢Fg at 470 MHz with a 90° pulse width of 12.4 ps, corresponding to an
RF amplitude of 20.2 kHz. The slight asymmetry (red dots) is caused by the very rapid
relaxation (T, = 0.05 s). For CHORUS the unit pulse duration Tt was 1 ms, chirp frequency
range 300 kHz, and RF amplitude 15 kHz; a 64 step phase cycle was used. The
frequency of excitation was varied in 6 kHz steps over 300 kHz; the receiver was kept
on resonance to eliminate bias caused by the receiver filters. Simulations for CHORUS
(purple line) and 90° pulse (green line) were carried out in Mathematica v.9 using
compiled analytical solutions of the Bloch equations. For 90° excitation, both
experiment and simulation used linearly frequency-dependent phase correction; no
correction was needed for CHORUS. Full raw experimental data, pulse sequence code,
pulse shape files and analysis software be downloaded from DOI:

10.15127/1.276417 and DOI: 10.15127/1.276419.

can

which CHORUS achieves 98% excitation is 5.8 times greater
than that for a hard 90° pulse of the same peak RF amplitude,
and 4.2 times greater than that for ABSTRUSE (see ESI Figs. S4c
and S4d), in both cases after applying the necessary phase
correction.

To assess the utility of CHORUS for quantification, tests of
repeatability over time and robustness with respect to offset
from resonance were made using a sample containing
bicalutamide, which has two signals with very different
chemical shifts, and the reference material 4-fluoroaniline in
DMSO-dg. 19F{lH} data were acquired with 16 scans over a
width of 234 ppm (see ESI, Fig. S5). To test
repeatability, two series of thirty spectra of the same sample
were acquired consecutively with the spectrometer operating
frequency fixed at -100 ppm (see ESI, Table S1, Table S2, and
Figs. S6(a) and S6(b)). To test robustness, the spectrometer
operating frequency was varied from -20 ppm to -165 ppm, in
steps of 5 ppm, to give thirty experiments, with three
repetitions (see ESI, Tables S3(a), S3(b) and S3(c), and Figs.
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S7(a), S7(b) and S7(c)). The percentage relative standard
deviations (% RSDs) of the ratios of the integrals of the three
peaks in the two tests are shown in Table 1. The repeatability
test was carried out on resonance, so is unaffected by any
systematic bias introduced by analogue and digital filtration of
the signal received, but the robustness test varied the
frequencies of the signals measured and hence is affected by
the receiver characteristic. Correcting this small fixed error,
which shows a quadratic dependence on offset (see ESI, Figs.
S9(a) and S9(b)) leads to a small improvement in the
robustness RSD.

Table 1. Percentage relative standard deviations (% RSDs) for the ratios of the integrals
of peaks (1:2), (1:3) and (2:3), for a sample of bicalutamide (peaks 1 and 2, at -61.0 ppm
and -105.4 ppm, respectively) and reference material 4-fluoroaniline (peak 3 at -129.8
ppm) in DMSO-ds (see ESI, Fig. S5). The results for repeatability shown here are for the
spectrometer operating frequency set at -100 ppm, and for robustness, the first of the
three repetitions. For robustness, the data are shown with and without correction for
the effects of the analogue and digital receiver filters on signal amplitude.

peaks (1:2) peaks (1:3) peaks (2:3)
Repeatability 0.076% 0.028% 0.078%
Robustness 0.14% 0.22% 0.12%
Robustness 0.070% 0.024% 0.065%

(receiver-corrected)

A common criterion for the acceptability of an analytical
method in the pharmaceutical industry is an RSD < 1%. The %
RSDs for both measures of performance obtained with
CHORUS are more than an order of magnitude better than
this; the very small variations in signal integral that are seen
include contributions from noise (lower in the case of the ratio
of the two strongest signals, 1 and 3) and from systematic
errors caused by environmental factors such as air
conditioning. The results show that any contribution from
resonance offset effects over the range tested is below the
detection limit for these experiments: in other words, well
over 99.8 % excitation was achieved over the 145 ppm range
of offsets used. The linearity of the method was not tested,
but the performance of CHORUS should be no different in this
respect from that of other NMR excitation methods, since the
effect of sample concentration on RF amplitude and phase
should be negligible over the concentration range of interest.
The influence of such factors such as signal digitisation and
signal-to-noise ratio is already well characterised and again
their effect on CHORUS spectra should be identical to that on
other NMR quantitation methods.

Figure 2 compares hard pulse and CHORUS 1k spectra of a
sample of bicalutamide (15 mM) in DMSO-dg, with two
reference materials, SFg and CgFg, giving a wide chemical shift
range of 221 ppm (104 kHz). Simulated excitation profiles are
superimposed, to show the signal attenuation off resonance
that results when a 90° hard pulse is used. The narrow
quantitative range for simple 90° excitation is evident, with
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large losses in signal amplitude seen towards the edges of the
frequency range. CHORUS, however, has a much wider usable
range, of more than 500 ppm, which extends well beyond the
spectral width shown here.

(a)

80 40 0 -80 -120  -160 ppm

(b)

80 40 0 -40 -80 -120  -160 ppm

Fig. 2 470 MHz "°F NMR spectra of a sample containing bicalutamide, SFs and CqFe
acquired using (a) simple 90° excitation and (b) CHORUS, with simulated excitation
profiles in green and purple respectively. For simple 90° excitation, simulation and
experiment used a linearly frequency-dependent phase correction. The difference in
frequency between the most and least shielded resonances is 104 kHz.

One important limitation of CHORUS (and of its parent
ABSTRUSE) is that its relatively long duration leaves it
vulnerable to J-modulation if large homonuclear couplings are
present. This can be seen in the case of a sample of sodium
perfluorooctanoate (NaPFO) in DMSO-ds, where the 6 ms
duration of the CHORUS sequence used is long enough for
significant evolution under the 19p 19 couplings in the PFO
anion, leading to distorted multiplets and reduced integrals
(see ESI, Figs. S8(a) and S8(b)). Analytes of this nature,
therefore, are less easy to quantify using CHORUS. A further
limitation is that the relatively long duration leads to small
losses due to spin-spin relaxation. In both cases it should be
possible to improve performance by optimising the sequence,
for example using overlapping chirp pulses and/or optimal
control theorys’9 to reduce its duration.

The ABSTRUSE sequence is highly effective at providing pure
phase band-selective excitation, and in this role requires no
phase correction. In its original form it is is however not ideally
suited to quantitivative excitation of the sorts of spectra
described here, first because the hyperbolic secant waveform
does not make optimum use of the RF power available, and
second because the residual phase errors as a function of
frequency reduce excitation slightly towards the edges of the
band when opposed sweep acquisitions are combined.
Changing from hyperbolic secant to simple chirp pulses
sacrifices the appealing simplicity of ABSTRUSE, requiring that
time-dependent phase correction be applied to one or more of
the component pulses, but allows very accurate constant-
amplitude and constant-phase excitation to be achieved over
much wider bandwidths.
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This CHORUS variant of ABSTRUSE offers a new approach
to accurate NMR quantification that for many samples offers a
great improvement over the conventional use of a simple 90°
pulse. CHORUS uses standard instrumentation and shows
excellent reproducibility and robustness in the measurement
of signal integrals over very wide frequency ranges (> 500 ppm
for °F at 470 MHz). The radiofrequency energy deposited per
transient is still relatively low, so sample heating is not a
problem and CHORUS can allow wider bandwidths for
excitation than are generally practical for heteronuclear
decoupling. All broadband sequences have to address the
limitations imposed by resonance offset effects and, to a
greater or lesser extent, B; inhomogeneity; with the sequence
structure introduced with ABSTRUSE and the phase correction
added in CHORUS, these limitations are overcome for
quantitative excitation. Even greater proportional
improvements in bandwidth can result when the same
principles are applied to multiple pulse sequences.

This work was funded by the Engineering and Physical Sciences
Research Council (grant numbers EP/L018500 and EP/M013820)
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