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Abstract

Recent developments in para-hydrogen-induced polarization (PHIP) methods

allow the nuclear magnetic resonance (NMR) detection of specific classes of

compounds, down to sub-micromolar concentration in solution. However,

when dealing with complex mixtures, signal resolution requires the acquisition

of 2D PHIP-NMR spectra, which often results in long experimental times.

This strongly limits the applicability of these 2D PHIP-NMR techniques in

areas in which high-throughput analysis is required. Here, we present a

combination of fast acquisition and nonuniform sampling that can afford a

10-fold reduction in measuring time without compromising the spectral

quality. This approach was tested on a mixture of substrates at micromolar

concentration, for which a resolved 2D PHIP spectrum was acquired in less

than 3 min.
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1 | INTRODUCTION

Over the last decades, different realizations of nuclear
spin hyperpolarization, including dynamic nuclear
polarization,[1] spin exchange optical pumping,[2] and
para-hydrogen-induced polarization (PHIP)[3] have
proved effective routes to boost nuclear magnetic reso-
nance (NMR) sensitivity. Particularly, para-hydrogen
hyperpolarization methods based on the reversible
association of small molecules to an iridium catalyst in
solution represent a flexible, inexpensive, and fast route
to enhance NMR signals. This is exemplified by the
Signal Amplification By Reversible Exchange (SABRE)
technique,[4] sketched in Figure 1A, which can increase

nuclear spin magnetization by several orders of magni-
tude for numerous classes of substrates.

We have demonstrated that the transient asymmetric
complex formed by the reversible association of p-H2 and
substrate molecules to the iridium complex can be
employed as an NMR chemosensor, signaling the pres-
ence of specific compounds in solution via the dihydride
signals (see Figure 1B).[10] This indirect detection is possi-
ble because the chemical shifts of the hydrides are highly
sensitive to the structure of the substrate associating to
the iridium catalyst. This approach presents interesting
opportunities for NMR applications in chemical analy-
sis.[11,12] In the first place, hydrides signals resonate in a
region of the proton NMR spectrum that is totally free
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from the matrix background. In addition, the magnetiza-
tion of the hydrides largely deviates from thermal equilib-
rium, as they originate from the association of p-H2 to
the iridium complex. Therefore, their NMR signals,
enhanced by two to three orders of magnitude, allow a
straightforward detection of highly diluted species in
solution.

In the presence of a large number of compounds asso-
ciating to the iridium complex, resolution of the hydrides
signals can be achieved by 2D PHIP-NMR spectroscopy.
We have recently performed a 2D PHIP-zero quantum
NMR experiment on a solid phase extract of urine in
methanol to resolve a few hundreds hydrides signals for
metabolites down to sub-micromolar concentration.[11]

However, this signal separation requires an extensive
sampling of the indirect dimension and comes, therefore,
at the cost of a prolonged experimental time. Application
of 2D PHIP techniques to areas requiring high-
throughput analysis demands necessarily a substantial
reduction of measurement time. Here, we have combined
two different approaches to speed up data acquisition in
2D PHIP-NMR experiments. In the first place, fast acqui-
sition without refreshing p-H2 at the beginning of every
transient has provided a more efficient use of the experi-
mental time. Further, we have implemented a sparse
acquisition scheme of the 2D experiment, so that the
number of increments in the indirect dimension could be
sensibly reduced without compromising the spectral
quality.

The efficiency of this approach was tested on a mix-
ture of PHIP substrates at low micromolar concentration,
for which a 10-fold reduction in acquisition time, down

to a few minutes could be achieved with no appreciable
loss of spectral quality.

2 | EXPERIMENTAL

2.1 | NMR experiments

All NMR spectra were acquired at 288 K and at
499.91 MHz 1H resonance frequency using a Varian
Unity Inova 500 spectrometer equipped with a triple-
resonance HCN cryo-cooled probe, with a shielded
z-gradient coil.

The hydride PHIP 1D spectrum was acquired with
16 transients in approximately 1 min using a SEPP pulse
sequence.[13]

The decay rate of p-H2 in solution was measured by
bubbling p-H2 for a few seconds, and then acquiring a
series of refocused 1D PHIP spectra of the hydride region,
one every 0.5 s, without refreshing p-H2 in solution. The
rate constant of the conversion to thermal hydrogen was
derived from the exponential fit of the signal integrals
over time.

2.1.1 | Regular 2D acquisition scheme

The pulse scheme used to acquire the 2D PHIP-zero
quantum spectrum is illustrated in Figure 2A.[11] The
experiment was acquired bubbling p-H2 for 0.75 s at
the beginning of each transient. The 2D datasets con-
sisted of (400 real) � (800 complex) points for spectral

FIGURE 1 (a) Schematic representation of SABRE: reversible association of p-H2 and of a dilute substrate to the iridium catalyst in the

presence of a large excess of co-substrate produces the transient asymmetric complex [Ir(IMes)(H)2(substrate)(co-substrate)2]Cl. At low

magnetic field, spontaneous transfer of spin order from the hydrides originating from p-H2 to the substrate nuclear spins occurs via the

scalar coupling network. The subsequent substrate dissociation produces hyperpolarized free molecules in solution that can be detected by

NMR with enhanced sensitivity. Several classes of substrates have been hyperpolarized via SABRE (e.g., nitrogen[4] and sulphur[5]

heteroaromatic compounds, nitriles,[6] amines,[7] Schiff bases,[8] and diazirines[9]). (b) Schematic representation of PHIP at high magnetic

field: formation of the asymmetric complex [Ir(IMes)(H)2(substrate)(co-substrate)2]Cl due to the reversible association of p-H2 and substrates

to the iridium catalyst produces longitudinal spin order of the hydrides, which can be revealed by up to 1000-fold enhanced NMR signals
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widths of 1400 and 2000 Hz in the indirect (t1) and acqui-
sition (t2) dimension, respectively. The spectrum was
acquired with two scans per increment for a total
measuring time of 30 min.

2.1.2 | Fast 2D acquisition scheme

The full set of 400 t1 increments was acquired in eight
blocks of 50 FIDs, refreshing p-H2 in solution at the
beginning of each block, as sketched in Figure 2B. The t1
increment within each block was set to approximately
5.7 ms (i.e., eight times 714 μs, which corresponds to the
t1 increment in the regular 2D), so that a t1max of approxi-
mately 280 ms was obtained for the last (i.e., the 50th)
FID of each series. After completion of one block and
refreshing p-H2 in solution, the next set of 50 FIDs was
acquired, with all increments shifted by 714 μs with
respect to the previous set. In this way, the complete
dataset of 400 t1 increments corresponding to a total evo-
lution period of 286 ms could be obtained by properly
combining the eight blocks of 50 FIDs. In order to
employ the same two-step phase cycle used in the stan-
dard 2D measurement, the acquisition of the eight blocks
of 50 FIDs was repeated with both the phase ϕ2 of the
second 90� pulse (see Figure 2A) and the receiver phase
inverted. After recombination and sum of the two

datasets of 400 FIDs, identical processing as for the
regularly acquired experiment was performed.

Note that employing the fast acquisition scheme
requires the suppression of the zero-quantum coherence
during the z-filter immediately before signal acquisition,
between time-points f and g in Figure 2A. This is neces-
sary to prevent the t1 cosine-modulated component of the
zero-quantum coherence to survive the acquisition time
and contribute to the following FID, corresponding to a
different t1 increment. The suppression was achieved by
implementing the method of Thrippleton and Keeler,[14]

with an adiabatic 180� CHIRP pulse of 10 ms, sweeping
the frequency through 30 kHz and a gradient strength of
10% of the maximum.

2.1.3 | Nonuniform sampling

The fast acquisition method was combined with a non-
uniform sampling (NUS)[15] scheme to further shorten
the acquisition time. The number of blocks was
therefore reduced to four, containing 50, 25, or 10 FIDs,
corresponding to 50%, 25%, or 10% sampling in
the indirect dimension. The sampled FIDs cor-
responded to randomly selected increments, divided
over the four blocks and acquired in ascending order
per block.

FIGURE 2 (a) Pulse scheme of the 2D PHIP-zero quantum experiment to detect and resolve the hydrides resonances in 2D [Ir(IMes)

(H)2(substrate)(co-substrate)2]Cl asymmetric complexes. The steps of the p-H2 bubbling are detailed: τ1 = 250 ms to reduce the pressure in

the QPV tube to 4 bar; τ2 = 750 ms to bubble p-H2 up to 5 bar pressure; τ3 = 250 ms to apply a 5 bar back-pressure on the solution to stop

the bubbling; τ4 = 500 ms to allow the solution to stabilize. Phase cycling: ϕ2 = x,�x; ϕ3 = x,x,�x,�x; ϕrec = x,�x,�x,x. The shaped pulses

are reburp refocusing pulses covering the hydride region (5000-Hz bandwidth). JAX indicates the coupling constant between the two hydrides

(8.2 Hz). (b) Scheme of rapid multiple-FIDs acquisition after bubbling p-H2 in solution. The totality of 400 t1 increments is acquired in eight

blocks of 50 FIDs, after refreshing p-H2 in solution. In every block, t1 is increased in steps corresponding to eight t1 increments in the full 2D

experiment. Recombination of the eight blocks produces the complete 2D dataset. In order to implement a two-step phase cycle, the whole

acquisition is repeated a second time, inverting the phase ϕ2 and the receiver phase. The two separate recombined datasets are then added

and processing is performed as for regularly acquired 2D experiments
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After combining the four blocks, NUS processing was
performed using the default implementation of SMILE,[16]

within the nmrPipe package.[17] Before the standard data
pretreatment in nmPipe (i.e., sorting FIDs according to
increasing duration of t1 and filling the missing FIDs in
the 2D data matrix with zero's), the 2D real dataset was
artificially converted to a complex format in the indirect
dimension due to SMILE requirements, using a routine
written in Octave.[18] This conversion was performed by
creating an imaginary component identical to the acquired
real component. After data pretreatment, the complex
dataset was converted to Echo-antiEcho format in
nmrPipe using the standard conversion routine provided
in the package.

2.1.4 | Data processing and analysis

The fully sampled 2D datasets were processed with
NMRPipe using 90� shifted squared sine-bell apodization
in both dimensions, prior to zero filling to 2048 (t1) �
8192 (t2) points, and Fourier transformation. NUS
datasets were processed using the default routines auto-
matically generated by SMILE.

3 | RESULTS AND DISCUSSION

3.1 | Regular acquisition

In the presence of an excess of co-substrate (1-methyl-1,
2,3-triazole, mtz, in the present study), dilute ligands in

solution associate to the iridium catalyst forming asym-
metric complexes that can be revealed by PHIP-NMR
(see Figure 1B).[10–12] For each asymmetric complex, two
hydrides doublets are observed, largely enhanced with
respect to thermal NMR signals. Figure 3 (top) displays
the PHIP-NMR 1D spectrum of the hydrides region
recorded for a mixture of 19 dilute substrates: a large
fraction of the hydrides signals cannot be resolved due to
spectral overlap. We have previously proposed the 2D
PHIP-zero quantum experiment as a tool to resolve over-
lapping hydrides resonances.

Such 2D PHIP-zero quantum spectrum is shown in
Figure 3 (bottom) for the mixture of dilute ligands. As
previously reported,[11] the two hydrides of each asym-
metric complex in solution appear in this 2D spectrum as
two doublets of opposite sign, while the coordinate in the
indirect dimension corresponds to the difference between
their Larmor frequencies. Because of the absence of sig-
nal splitting in the indirect dimension and of the slow
decay of the zero-quantum coherence, this experiment
efficiently resolves the hydrides resonances in the case of
spectral crowding. Thanks to the polarization enhance-
ment from p-H2, a high signal-to-noise ratio was obtained
(between 150 and 900) despite the low-micromolar con-
centration of the substrates in solution. Note, however,
that even minimizing the phase cycling (two scans),
acquisition of a sufficiently resolved 2D spectrum
required approximately 30 min, corresponding to 400 real
increments (t1max = 286 ms).

It should be noted that previous works[19] have
reported fast NMR acquisition in combination with
nuclear spin hyperpolarization, employing the ultrafast

FIGURE 3 2D PHIP-zero quantum

spectrum of a mixture of 19 substrates, each at

10μM concentration, in the presence of iridium

catalyst 210 μM, mtz 3.75 mM, and 5 bar 51%

enriched p-H2 in methanol-d4. The experiment

was acquired in a regular fashion in 30 min at

15�C, using a Unity INOVA spectrometer

operating at 500 MHz, proton resonance

frequency, equipped with a triple-resonance

HCN cryo-cooled probe, with a shielded z-

gradient coil. The 1D PHIP-NMR hydride

spectrum of the same mixture is displayed at the

top. Signal assignment is indicated
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single-scan 2D NMR detection method developed by
Frydman et al.[20]

Here, fast NMR data acquisition was achieved follow-
ing a different route, combining two approaches dis-
cussed separately in the following paragraphs. First, we
have optimized data acquisition by minimizing p-H2 bub-
bling during the experiment. Then, a random NUS
scheme was applied to further shorten the
measuring time.

3.2 | Fast FIDs acquisition

The rate of conversion of para-enriched hydrogen to ther-
mal hydrogen is strongly influenced by the concentra-
tions of the iridium catalyst, of the co-substrate and of
the other ligands in solution. Furthermore, a longer life-
time of p-H2 in solution can be obtained by reducing the
temperature of the sample, at the cost of a decreased
PHIP efficiency and, consequently, lower NMR enhance-
ments. We found that working at 15�C with a slight
excess of IMES catalyst with respect to the total concen-
tration of substrates in solution and in the presence of a
large excess of mtz as co-substrate provides a good com-
promise between extending the p-H2 lifetime while
maintaining a high PHIP efficiency.

Figure 4A displays the exponential decay of p-H2 over
time for the substrates mixture here considered, with a
time constant of 12.5 s. As this figure clearly illustrates, it
takes approximately 40 s for the complete conversion of
50% enriched p-H2 to thermal hydrogen under the condi-
tions employed in this study.

During this time it is possible to acquire several FIDs,
corresponding to different t1 increments, without refresh-
ing p-H2 in solution at the beginning of each transient.
This allows a considerably faster acquisition of the 2D
spectrum, as pH2 bubbling takes typically between 1.5
and 2 s, which represents the dominant contribution to
the total duration of a scan.

The drop in p-H2 concentration during the fast acqui-
sition of a block of 25 or 50 FIDs is indicated in
Figure 4A. This slow p-H2 decay determines a progressive
decrease of PHIP-NMR signal intensity that produces an
artificial line broadening in the indirect dimension. In
other words, when employing this fast-acquisition
scheme with multiple-FIDs being recorded without
refreshing p-H2 in solution, the zero-quantum coherence
sampled in t1 appears to relax faster than its intrinsic
decay rate. This effect is evidenced in Figure 4B, in which
the natural decay of zero-quantum coherence is com-
pared to the decay observed in a block of 50 FIDs
acquired up to t1max = 280 ms without refreshing p-H2. It
is possible to reduce this source of line broadening in the

indirect dimension by acquiring less FIDs per block; this
is illustrated in Figure 4B, displaying a less severe signal
decay for a block of 25 FIDs acquired over the same t1
time interval. However, reducing the number of FIDs per
block requires a more frequent p-H2 refreshment, with a
consequent increase of measuring time. The optimal
combination of number of FIDs per blocks and number
of blocks depends both on the desired resolution and the
experimental conditions.

The 2D spectrum displayed in Figure 5A was
obtained from the reconstruction of eight blocks of
50 FIDs acquired without refreshing p-H2 in solution.
The experiment was acquired in 11 min, corresponding
approximately to a threefold reduction in measuring time
with respect to the regular acquisition scheme. The sig-
nals appear well resolved in the fast 2D spectrum, despite
an average increase of 25% in the peak linewidth in the
indirect dimension, as discussed above. This peak broad-
ening can be appreciated in the insert in Figure 5A in
which the superposition of two peaks in the regular spec-
trum and in the reconstructed spectrum is shown.

A comparison with the regular experiment indicates a
threefold reduction in sensitivity with signal-to-noise

FIGURE 4 (a) Plot of the hydrides signal integral as a function

of time, obtained in a series of 1D PHIP experiments acquired

without refreshing p-H2 in the sample during the measurement.

The integral decrease is due to the conversion of para-enriched H2

to thermal hydrogen over time. A time constant of 12.5 s was

determined from the exponential fit of the experimental points. The

signal integral after acquiring 25 or 50 FIDs without p-H2

refreshment in solution is indicated. (b) Decay of dihydrides zero-

quantum coherence as a function of the evolution time t1, as

measured with p-H2 bubbling before every scan (black circle), and

for a block of 50 FIDs (red squares) or 25 FIDs (blue triangles)

acquired without refreshing p-H2 in solution
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ratio ranging from 50 and 300. The decrease in signal
intensity is fairly uniform, as evidenced in the correlation
plot between the peaks intensities in the two 2D spectra
displayed in Figure 5B.

3.3 | Nonuniform sampling

The NMR measuring time can be further reduced by
combining the fast acquisition approach illustrated above
with a NUS scheme, thereby decreasing the number of
blocks and/or the number of acquired FIDs per block.

Sparse acquisition schemes are nowadays largely
used, particularly for 3D or 4D biomolecular NMR, in

which full sampling in the indirect dimensions is the
main factor determining the overall acquisition time.
Conversely, by acquiring only a fraction of the points on
the Nyquist grid, it is possible to significantly reduce the
measurement time. This is important also for 2D NMR of
small molecules as demonstrated by the NUS applica-
tions in the context of pharmaceutical research[21] and
metabolomics.[22]

NUS requires different data processing based on non-
Fourier methods to reconstruct the frequency domain. A
large variety of reconstruction algorithms and protocols
have been proposed over the last years[23]; here we have
applied the sparse multidimensional iterative lineshape-
enhanced (SMILE) reconstruction method, included in
the nmrPipe package. Different levels of data compres-
sion have been tested for the PHIP-NMR 2D experiment
here considered. Thanks to the modest dynamic range of
intensities (approximately a fivefold factor between the
intensities of the strongest and weakest signal) and
the relative low density of peaks in the spectrum, we
have obtained a satisfactory reconstruction even with a
10% sampling density, as demonstrated in Figure 6A.
Note that the acquisition of the dataset with 10% sam-
pling of the indirect dimension took only 2.5 min,
corresponding to a 10-fold reduction in measuring time.
The measurement times for all acquisition schemes con-
sidered in this work are summarized in Table 1, together
with the lower limit, the upper limit and the average
value of the corresponding signal-to-noise ratio (SNR). A
threefold decrease of the SNR was observed for the fast-
acquisition scheme relative to the regular experiment,
mainly as a consequence of:

i. the increase in the signal linewidth in the indirect
dimension, as previously discussed;

ii. the reduction of the time available for p-H2 to associ-
ate with the iridium complex, which, in the case of a
fast acquisition scheme, is limited to the acquisition
time;

iii. the average lower p-H2 concentration in solution.

Further, Table 1 indicates that a reduction in the sam-
pling density is accompanied by an increase of SNR for
the NUS datasets. Again, this trend can be explained in
terms of a reduction in signal linewidth in the indirect
dimension as well as a higher p-H2 concentration in solu-
tion, due to the lower consumption in each block.

However, it should be mentioned that, when dealing
with nonlinearly processed NMR datasets, an apparent
increase in SNR does not necessarily imply an improved
sensitivity.[16] Therefore, in order to evaluate the quality
of the reconstructed spectra we have compared peaks

FIGURE 5 (a) 2D PHIP-zero quantum spectrum of the same

solution of 19 substrates, acquired in eight blocks of 50 FIDs after

refreshing p-H2 in solution at the beginning of each block. The

experiment was acquired with two transients in 11 min. The insert

displays the overlay of a small region from the spectrum in Figure 3

(regular acquisition) and the present spectrum, to illustrate the

linewidth increase in the indirect dimension associated to p-H2

decay in the course of fast FIDs acquisition. (b) Correlation plot of

the peak intensity in the two spectra. On average a threefold

intensity decrease is observed in the reconstructed spectrum

ASPERS AND TESSARI 1241



position and intensity in the regular and NUS datasets
with different compression levels.[16] The intensity com-
parison of the NUS spectra with the regularly acquired
experiment, after performing an intensity rescaling for
the sake of clarity, is displayed in the correlation plot in
Figure 6B. A good correlation is found for all spectra,
with a Pearson correlation rp > 0.996, independently of
the compression level. Similarly, comparable shifts in
peak position (reconstructed dimension) are observed for
all hydrides, in all NUS spectra with maximum deviation
within 0.4 Hz, except for the peaks of 3-hydroxypyridine,
as shown in the insert in Figure 6A.

The hydrides in the asymmetric complex formed by
this substrate produce broader and weaker signals, which

fall in close proximity with the peaks of
3-methoxypyridine, the most intense resonances in the
2D spectrum. The combination of these factors negatively
affects the estimation of the spectral parameters for this
peak, with deviation as a large as 8 Hz (outside the plot
region displayed in Figure 6C).

4 | CONCLUSIONS

We have previously demonstrated that an iridium-
heterocyclic carbene catalyst can be used as a PHIP-NMR
chemosensor for the detection and quantification of spe-
cific classes of dilute compounds in complex mixtures.

FIGURE 6 (a) Overlay of the regularly

acquired 2D PHIP-zero quantum spectrum of

the mixture of 19 substrates displayed in

Figure 3 and a 2D PHIP-zero quantum NUS

spectrum reconstructed from four blocks of

10 FIDs, corresponding to 10% random t1
sampling. Peaks in the regular and in the NUS

spectrum are colored in blue/red and magenta/

cyan, respectively. The traces display the signals

of two substrates in the NUS spectrum. The

insert shows the superposition of a small

spectral region to better illustrate the quality of

the reconstructed spectrum. (b) Correlation

between peaks intensities in the regularly

acquired 2D PHIP-zero quantum spectrum, in

the fully sampled fast-acquisition 2D spectrum

and in NUS fast-acquisition 2D spectra with

50%, 25%, and 10% sampling. Note that the

peaks intensities in the reconstructed spectra

have been rescaled to facilitate the comparison.

(c) Difference between zero-quantum

frequencies in the regularly acquired 2D PHIP-

zero quantum spectrum, in the fully sampled

fast-acquisition 2D spectrum and in NUS fast-

acquisition 2D spectra with 50%, 25%, and 10%

sampling

TABLE 1 Measurement time,

lowest, highest, and average value of

the signal-to-noise ratio (SNR) for the

regular acquisition scheme, for the fast

acquisition scheme and for the fast NUS

experiments, at different sampling

density

Experiment time (s) SNRmin SNRmax SNRavg

Regular sampling 1811 150 864 346

Fast—100% 676 52 286 116

Fast—NUS 50% 342 22 130 52

Fast—NUS 25% 212 23 211 88

Fast—NUS 10% 136 32 228 101

Note: The SNR is calculated as the ratio of the signal intensity and the RMSD noise in the spectrum.
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Here, we have presented an approach based on fast NMR
acquisition and NUS that allowed measuring a 2D PHIP
spectrum at low-micromolar concentrations in a few
minutes. This corresponds to a 10-fold reduction in
measuring time with respect to a standard 2D PHIP
acquisition. The comparison of the peaks intensities and
frequencies with those from a standard 2D dataset
indicates a comparable spectral quality, except for the
weakest pair of signals in the spectrum.

The proposed approach for fast acquisition allows to
fully profit from the sensitivity boost offered by hyperpo-
larization and represents an important step towards the
implementation of high-throughput NMR data collection
for dilute samples. This is important in view of potential
applications of PHIP techniques in NMR-based met-
abolomics studies.

EXPERIMENTAL

Details on chemicals, materials and sample preparation
are available in the Supporting Information.
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