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We present a signal enhancement strategy for benchtop NMR that
produces SNR increases on the order of 10 to 30 fold by collapsing
the target resonance into an extremely narrow singlet. Importantly,
the resultant signal is amenable to quantitative interpretation and
therefore can be applied to analytical applications such as reaction
monitoring.

NMR spectroscopy is a well-established technique for reaction
monitoring on high field NMR spectrometers, and more
recently also on benchtop instruments.' In principle, the
reaction rate can be determined by monitoring the integral
intensity of a single signal of a reactant. In this context, any
splitting of the observed signal by scalar couplings decreases
the signal-to-noise ratio (SNR) and therefore the removal of
such splitting is desirable. The SHARPER (Sensitive, Homoge-
neous And Resolved PEaks in Real time) experiment” achieves
this by the means of data acquisition interrupted by 180°
refocussing pulses.>® When non-selective pulses are used, all
heteronuclear couplings are removed, while in se/SHARPER,
where selective 180° pulses are used, the homonuclear cou-
plings also vanish; in both instances no X-channel pulses are
required. As the SHARPER signal acquisition is embedded
within a CPMG pulse sequence,”"? it also eliminates the effects
of magnetic field inhomogeneity, generating extremely narrow
singlets with linewidths of a fraction of 1 Hz.

The SHARPER technique has been applied to a range of
nuclei ("H, '°F and *'P) and tested on monitoring a variety of
chemical reactions under challenging conditions, such as gas
sparging. Significant SNR gains (up to 20 fold for reasonably
well shimmed samples, much higher when the B, homogeneity
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is poor) by SHARPER experiments substantially reduce the
required sample quantities and/or experimental times, making
reaction monitoring more efficient and allowing monitoring of
faster reactions.*

Fluorinated organic molecules account for 20 and 60%,
respectively, of pharmaceuticals’’ and agrochemicals'® pro-
duced today. To support their production, development of
efficient and environmentally safe fluorination methods"? posi-
tioned fluorine chemistry among the most active fields of
organic chemistry, with efficient reaction monitoring making
important contributions.’® Fortuitously, due to its large
chemical shift dispersion, >’F NMR can take full advantage of
SHARPER sequences, where even at low magnetic fields, the '°F
resonances often are sufficiently isolated to allow for their
selectively manipulation required by se]lSHARPER sequences.

Due to the close Larmor frequencies of *°F and 'H at 1-2T,
the same coil can be used for both nuclei, hence most benchtop
systems are typically capable of operating at both frequencies.
Nevertheless, there are challenges for '’F NMR at benchtop
spectrometers. The probes are usually tuned to favour the
sensitivity of "H detection at the expense of '°F. The SNRs of
19F spectra is further compromised by splittings caused by
numerous Jyr and Jpr couplings, complex peak shapes and
lower field homogeneity compared to high-field spectrometers.
In addition, efficient 'H decoupling to remove the Jy;r couplings
is very challenging when the same coil is used for 'H and °F.

SHARPER presents a potential solution to all these pro-
blems, however, the existing versions require pulsed field
gradients (PFGs) for both spin selection (in se/SHARPER) and
during the acquisition but PFGs are not standard on many
benchtop NMR spectrometers'® and shaped selective pulses are
currently only supported on certain models. Because of these
hardware limitations, SHARPER sequences have yet to be
implemented on benchtop instruments.

In this Communication we present several variations of the
SHARPER technique that address these issues, including
removal of PFGs from the acquisition loops and/or from the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 SHARPER pulse sequences implemented on benchtop NMR spec-
trometers. The filled and empty rectangles represent 90° and 180° hard
pulses, while smoothed empty and shaded shapes depict selective 180°
and 270° pulses, respectively. t = AQ/(2n), where AQ is the total acquisition
time and n is the number of loops. (a) SHARPER and (d) 270 G-selSHAR-
PER: @1 = x; 92 =y, =y, ¥ = x. (b) SPFGSE-selSHARPER and (c) SE-
selSHARPER, ¢1 = X; @2 = X, y; @3 = 2y, 2(—=y); ¥ = x, —x; the minimum

number of scans is 1 for (a)—(c) and 2 for (d). Pulse programs for Spinsolve
NMR spectrometers will be provided upon request.
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initial resonance selection step. We also introduce protocols for
processing of spectra that further improve SNRs and generate
high quality quantitative data required for reaction monitoring.
Nevertheless, it should be noted that the developed acquisition
and processing protocols are equally valuable for experiments
performed on high-field instruments.

The first modification of the original SHARPER sequences
involves removing PFGs from the acquisition loops, which was
made possible by adjusting the phase cycle of the train of the
180° pulses (Fig. 1a). This allows for more time to be spent on
signal acquisition, reducing undesirable relaxation and diffu-
sion effects and producing narrower and more intense signals.
Higher SNRs compared to the original experiments are
obtained, improving the precision of integrals. A comparison
of the two approaches is presented in the ESI, Fig. S1. This
modification is applied to all pulse sequences introduced here.

A complete removal of PFGs is possible by replacing the
initial single pulsed field gradient spin echo (SPFGSE, Fig. 1b)
by other means of signal selection. Two alternative se/SHARPER
sequences were tested. The first, SE se/SHARPER (Fig. 1c), uses
two scans to cancel off-resonance signals without requiring
PFGs, while the second, 270 G se/SHARPER (Fig. 1d), uses a
270° Gaussian pulse.'® The latter is more suited for faster
chemical reactions, where acquisition of a single scan per time
point is required. It should be noted that some benchtop
systems have non-linear amplifiers and calibration of power
levels using standard procedures and concentrated samples is
required; this can be fine-tuned efficiently by the se]SHARPER
pulse sequence on real, diluted samples as detailed in the ESI.{

A less general, but effective application of the pulse
sequence in Fig. 1a achieves signal selection when only two
resonances are present in the spectrum. This could be the case
when a reaction of a mono-fluorinated compound is moni-
tored, with the reactant and the product producing one '°F
signal each. Referred to here as rectangular se/SHARPER, this
pulse sequence uses lower power rectangular pulses adjusted in
duration so that the first zero point of their excitation (inver-
sion) profile falls at the frequency of the off-resonance signal.
The length of such 90° and 180° pulses is calculated from the
frequency difference between the two signals, 4 in Hz, as
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Fig. 2 Comparing relative integrals, SNRs and signal linewidths (relative to
the 1D '°F spectrum of 1) for SPFGSE, non-selective SHARPER and three
selSHARPER spectra acquired at 56.46 MHz using 4 scans and fully relaxed
spins. Spectra are plotted on the same scales. Only real parts of FIDs were
Fourier transformed (see discussion in the text for the choice of acquisition
and processing parameters).

pWoo = V15/44 and pw g, = V/3/24, respectively.'” Alterna-
tively, the pwgo is set to 2pwy, calculated by the first equation
and the power level is kept constant for both pulses. This
positions the second zero point of the sinc lobes of the 180°
rectangular pulse at the frequency of the off-resonance signal.

The implementation of SHARPER experiments for benchtop
NMR spectrometers is illustrated using fluorobenzene, 1, pen-
tafluorobenzene, 2, and 2,2,3,3,3-pentafluoropropanol, 3, as
model compounds. Their "H and '°F spectra are presented in
Fig. S2 (ESIt). Parameters of SHARPER experiments can also be
found in the ESIL.{ Fluorobenzene, 1, which contains a single
'9F atom and thus is suitable for testing both the non-selective
and selective SHARPER pulse sequences was used initially. The
spectra (Fig. 2) were acquired on a 60 MHz Spinsolve Ultra
spectrometer without a dedicated gradient channel and the
PFGs required for the SPFGSE selSHARPER experiments were
generated by a shim coil. With the exception of the SE sel-
SHARPER pulse sequence (Fig. 1c), which requires two scans,
all other spectra can be acquired using a single scan. Additional
phase cycling of the 180° pulses (Fig. 1a, ¢, =y, —y) applicable
to all sequences improves the quality of the spectra (Fig. S3,
ESIt).

All spectra were acquired using 4 scans by keeping identical
repetition time ~57; of '°F in 1 and processed following the
guidelines presented later in the paper. Significant SNR
improvements relative to the standard 1D '°F spectrum were
achieved: 20.8 x for the non-selective SHARPER and up to 12.8x
for the selective pulse sequences, despite some losses in
observed integral intensities, particularly when selective pulses
were used in the acquisition loops. These losses are attributed
to the B; inhomogeneity affecting selective pulses. Even larger
improvements per unit of time in SNR are obtained for 1-scan
spectra as illustrated in the ESI. The use of 5 ms selective 180°
pulses in se/SHARPER caused a ~20% increase in signal line
widths (44, = 0.18 Hz), compared to the non-selective SHAR-
PER (44/, = 0.14 Hz). This can be attributed to the increased
apparent relaxation rates caused by the use of selective pulses.

Chem. Commun., 2022, 58, 5534-5537 | 5535
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The SNR improvements described here are larger than the 8-
fold gains observed for 1 on a 400 MHz instrument.” This
improvement goes beyond the gain expected by removing PFGs
from the acquisition loops and using data processing described
in the forthcoming paragraphs. Such additional enhancement
is due to fact that the '°F multiplet of 1 at 56.46 MHz is largely
unresolved. This is caused in part by lower magnetic field
homogeneity, but also because at 56.5 MHz, *F is coupled to
a higher order AA'BCC’ "H spin system, while at 376.5 MHz the
proton spins are less strongly coupled (Fig. S4, ESIt).

In the following we outline the best practice for acquiring
and processing of SHARPER spectra to yield the significant SNR
improvements presented above. Digitising fully a slowly decay-
ing SHARPER signals requires acquisition times on the order of
seconds, potentially tens of seconds. Combined with the fact
that spins are periodically inverted during acquisition and
therefore the restoration of the Zeman polarisation takes place
only during the inter-scan relaxation delays, SHARPER acquisi-
tion need to be carefully optimised. Optimization is also
needed to minimise the time intervals between the sampling
points of chemical reactions. In the following we address these
issues and present optimal solutions.

In general, there is no benefit in continuing to record the
free induction decay, FID, beyond 37, seconds, when the
signals has decayed to 5% of the starting value and additional
data points are dominated by noise.'® In this expression, 75 is
an effective spin-spin relaxation time, which includes contri-
butions from spin-spin relaxation, 7,, chemical exchange (if
present) and B, inhomogeneity. SHARPER pulse sequences
eliminate the last contribution (see Fig. S1d, ESIt) but intro-
duce additional relaxation due to the inter-chunk refocusing
pulses.

To quantify this effect, we have acquired non-selective and
selective SHARPER spectra using compounds 1-3, measured
the linewidths of the obtained Lorentzian SHARPER lines (45),)
and compared them with those derived from the T, values
obtained in separate CPMG experiments (4,, = 1/nT,). The
results summarised in Table 1 show that the 45, linewidths are
larger (by <0.07 Hz) than the 4., linewidths, but considerably
smaller than the linewidths observed in regular 1D spectra. We

Table 1 Comparison of the theoretical and experimental linewidths
obtained from CPMG and SHARPER experiments?

Solvent/ 180° Pulse length/ “Theor. “Exp.
No. atom(s) pulses ps bryls App/Hz  A35/Hz
1 Toluene-dgs  Hard 264 2.99 0.11 0.14
2 CDCl,, F1,5 Gauss 5000 3.00 0.11 0.12
2 F3 Gauss 5000 3.44 0.09 0.14
2 F2,4 Gauss 5000 2.63 0.12 0.16
3 Neat, CF; Rect. 786 1.23 0.26 0.30
3 CF, Rect. 786 1.31 0.24 0.31
3 D,0, CF; Rect. 786 4.77  0.07 0.07
3 CF, Rect. 786 5.84 0.05 0.08

@7 = 20 ms.”Measured by CPMG. ‘4., = 1/nT,. ¢ SHARPER
linewidths.
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can therefore conclude that SHARPER singlets are indeed
approaching the natural linewidths of resonances.

When exponential line broadening matching the decaying
FID in the form of exp (—mtd4,,,) is used prior to FT, the
linewidth of spectral lines doubles, but the SNR reaches max-
imum. This is a well-known property of matched filters."® The
parameters of SHARPER experiments that maximise the SNR
therefore involve acquisition time of 375, where 75 is the
effective T, relaxation during the SHARPER acquisition, and
application of exponential line broadening, LB = A%, Hz. These
dependent parameters (43, = 1/nT3) can be easily determined
by acquiring a preliminary SHARPER spectrum using a long
acquisition time. This initial SHARPER experiment should also
be used to direct the signal into a single (real) receiver channel
by adjusting the receiver phase relative to that of the transmit-
ter (see Fig. 3) for reasons explained later.

Nevertheless, acquisition of SHARPER FIDs over a period
shorter than the optimal 375 is desirable when monitoring
faster reactions and/or multi-scan accumulation is needed to
improve the SNR. Not considering apodisation, it has been
shown®® that the maximum SNR of NMR spectra is obtained for
the acquisition time, AQ, of 1.267;. At this point an FID has
decayed only to 28% of its initial value and apodisation is
necessary to obtain spectra free from truncation artefacts. It
follows that exponential line broadening of 1.445,, will reduce
the intensity of the last point of an FID acquired with AQ =
1.25T5 to 5%. Using the 'F signals of 3 we demonstrate (see
ESIt) that this treatment retains >95% SNR level of the
maximum obtained for AQ = 375 and a FID apodised with

(@) 1.00 -W (c)

0 2 4 6 8
(b) Time/s ()

150 -155

160 -165 -170 -175
'°F /ppm

0 2 4 6 8
Time/s

Fig. 3 Improving the quality of SHARPER spectra. The real (a) and ima-
ginary (b) parts of a SHARPER FID of pentafluorobenzene, 2, in
chloroform-d at 56.46 MHz with signal directed to the real channel. The
inset in (a) shows expansion of the first 100 ms (= 5 x 1), indicating the
evolution and refocusing of scalar couplings within each 7 period. Spectra
produced by FT of FIDs before (c) and after (d) the removal of the
imaginary component. The insets on the left show an expansion of the
signal area, while the expansions to the right show a 5 ppm noise region.
The same scale was used for corresponding insets. The half chunk
artefacts are labelled by an asterisk.

This journal is © The Royal Society of Chemistry 2022
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LB = A3, Hz.'® This analysis also shows that even shorter
SHARPER FIDs still provide significant SNR enhancements and
in combination with the relaxation delay of 57; should be used for
reaction monitoring of faster reactions. We note that when the
SHARPER acquisition is used for a purpose different than reaction
monitoring, the maximum SNR per unit of time is achieved by
setting the inter scan relaxation delay to 1.37;.>"

Next we describe how the artefacts associated with the
SHARPER spectra can be reduced and the SNR increased by
post-acquisition processing. When the signal is directed to a
single channel (Fig. 3a and b), the FID produced by SHARPER
experiments is a decaying exponential at zero frequency with
small perturbations due to the evolution of scalar couplings
during the acquisition chunks, 7, and a small downwards step
caused by the relaxation during the pulsed intervals. These
perturbations lead to the appearance of sidebands in the
SHARPER spectra at frequencies of +n/t Hz. When the signal
is directed into the real channel by adjusting the receiver phase,
the imaginary channel collects only noise and the signals of the
half chunk sidebands at +n/2t Hz that are 90° out of phase
relative to the main signal (Fig. 3c). By removing the imaginary
data, the spectra become symmetrical around the centre and
contain sidebands with average intensity of their original
values. Artefacts around the main SHARPER singlet are much

reduced and the overall SNR is improved by a factor of v/2
(Fig. 3c and d). A Python script and Bruker AU program for such
processing are included in the ESL

In SHARPER spectra, the integrals of the main signal remain
precise throughout the reaction monitoring experiment only if
the frequency of the monitored signal does not change. This
may not always be the case. Without following such movement
with the r.f. carrier frequency, the main signal will decrease,
while the chunking sidebands will increase.* Decreasing the
length of the acquisition chunks helps, but especially for the
selSHARPER, this broadens the acquired signal due to
increased number of selective pulses interrupting signal
acquisition.

A more general solution, which also addresses the appear-
ance of sidebands caused by J coupling, is possible. The side-
band intensity depends on the relationship between the J
values of the monitored nucleus and the length of the acquisi-
tion chunk, . Typically, the inequality t < 1/(4]) is used to set
the value of t; for larger J values the sidebands will be stronger.
These considerations become important when integral inten-
sities of multiple signals of nuclei with different J values
acquired in separate SHARPER experiments need to be com-
pared, e.g. those of a reactant and a product. A practical
solution, widening of the integrated region to include the first
chunking sidebands,”” will eliminate the effects of diverse J
values and produce reliable integrals (see ESIT).

In conclusion, the pulse sequences presented in this Com-
munication accommodate varied hardware capabilities of
benchtop NMR spectrometers. Combined with the discussed

This journal is © The Royal Society of Chemistry 2022
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acquisition and processing protocols, they surpass the sensi-
tivity gains achieved by the original SHARPER experiments.
They preserve the relative integral intensities and address the
pitfalls (suboptimal tuning of coils, higher order effects) of '°F
detection at 1-2 T magnetic fields typically used on benchtop
instruments and increase by more than an order of magnitude
the achievable SNRs. Their invariance to the magnetic field
inhomogeneity makes them the method of choice for challen-
ging environments and challenging reaction conditions.
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