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Abstract 19 

Nuclear Magnetic Resonance (NMR) spectroscopy is a principal analytical technique used for the structure 20 

elucidation of molecules. This Primer covers different approaches to accelerate data acquisition and 21 

increase sensitivity of NMR measurements through parallelisation, enabled by hardware design and/or 22 

pulse sequence development. Starting with hardware-based methods, we discuss coupling multiple 23 

detectors to multiple samples so each detector/sample combination provides unique information. We 24 

then cover spatiotemporal encoding, which uses external field gradients and frequency selective 25 

manipulations to parallelize multi-dimensional acquisition and compress it into a single-shot. The parallel 26 

manipulation of different magnetisation reservoirs within a sample is then considered, yielding new, 27 

information-rich pulse schemes using either homo- or multinuclear detection. The Experimentation 28 

section describes the setup of parallel NMR techniques. Practical examples revealing improvements in 29 

speed and sensitivity offered by the parallel methods are demonstrated in the Results section. Examples 30 

of use of parallelization in small molecule analysis are discussed in the Applications section with 31 

experimental constraints addressed under the Limitation, Optimisations, and Reproducibility and Data 32 

Deposition sections. The most promising future developments are considered in the Outlook section, 33 

where the largest gains are expected to emerge once the discussed techniques are combined. 34 

 35 

  36 
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Introduction  37 

The separation of a large task into multiple segments that can be tackled simultaneously has been 38 

exploited in many fields of science and technology. For example, parallel genome sequencing has reduced 39 

long-term cost and increased throughput by more than three orders of magnitude3. Similar developments 40 

in magnetic resonance imaging (MRI) have provided great increases in sensitivity and faster image 41 

acquisition4-6 via multiple receiver coils and detector channels. In MRI, an image is formed from the water 42 

protons in tissue, with magnetic field gradients being applied to impose a unique combination of 43 

precessional [G] phase and frequency at each position within the image. By using multiple receive coils, 44 

the unique spatial profiles of each of the coils can be used to reduce the requirements for gradient-based 45 

spatial encoding [G], enabling under-sampling of reciprocal space, and increasing imaging speed without 46 

compromising the image quality. These examples have served as the inspiration for similar techniques in 47 

nuclear magnetic resonance (NMR) spectroscopy, which we broadly term parallel NMR spectroscopy.  48 

NMR spectroscopy, in its simplest form, is the measurement of energy differences between spin 49 

states of nuclei with nonzero spin induced by external or internal magnetic fields. Due to differences in 50 

their surrounding chemical environments, each nucleus in a molecule will have characteristic energy 51 

differences, which are often expressed in terms of resonance frequencies or chemical shifts [G]. NMR can 52 

also detect magnetic interactions between nuclear spins via either through-bond (scalar) or through-space 53 

(dipolar) coupling interactions, which can be directly correlated with molecular structure. 54 

Routine NMR applications typically involve spin-½ nuclei commonly found in organic compounds 55 

and biomolecules, such as 1H, 13C, 15N, 19F, and 31P. Of these, 1H, 19F, and 31P are particularly important as 56 

their high natural abundance and magnetogyric ratio [G],  provide greater detection sensitivity. One-57 

dimensional (1D) NMR experiments directly measure the chemical shifts of and couplings between these 58 

nuclei, which provide direct information about their chemical environments. More intricate 59 

multidimensional (nD) NMR experiments use separate spectral dimensions [G], usually for correlating 60 

different nuclei in a molecule. In an nD pulse sequence, each spectral dimension corresponds to a time 61 

period in which chemical shifts and spin-spin couplings are allowed to evolve. These are interspersed with 62 

mixing periods that transfer magnetisation from one nucleus to other adjacent nuclei. Different forms of 63 

mixing enable the identification of different forms of molecular connectivity (see BOX 1 for examples). In 64 

nD spectra, a total of n – 1 evolution periods must be independently incremented, leading to long 65 

experiment times.  66 

In this Primer, we describe various parallelization techniques that allow the concurrent acquisition 67 

of different signals to reduce the time needed for collection of nD NMR data. The small energy differences 68 

between nuclear spin states make NMR spectroscopy an inherently low-sensitivity method. We show that 69 

the parallelization techniques offer new ways of increasing the sensitivity of NMR experiments. 70 

The first parallel NMR technique covered in this Primer is the use of multiple radiofrequency (RF) 71 

microcoils in NMR7. Microcoils, which have dimensions of a millimeter or less, are typically used for high-72 

sensitivity NMR of mass-limited samples [G] such as small proteins8. For parallel NMR, multiple microcoils 73 

are fitted within the usable volume of the NMR magnet, and many (different) samples are then inserted 74 

in the bore of the NMR magnet. The aim is to use one coil per sample and acquire all sample signals 75 

simultaneously. Another mode of operation is to use multiple microcoils on a single sample which has 76 

been split into different aliquots, a process that can significantly reduce total data acquisition times in nD 77 
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NMR spectroscopy. In order to process the data from separate coils, they must first be aligned in time by 78 

a suitable phase shift [G] and then any slight differences in coil sensitivity corrected by normalization.  79 

This concept of physically separating a sample into sub-samples studied by individual coils has a 80 

natural link to the next parallel technique, spatially-encoded ultrafast NMR. In ultrafast NMR experiments, 81 

the sample is effectively sectioned by using magnetic field gradients11-15, which spread the frequencies of 82 

the spins in the sample according to their physical positions. When combined with frequency-selective 83 

pulses, this allows a 2D NMR (or pseudo-2D NMR; e.g., relaxation, diffusion) experiments to be performed 84 

in a single transient [G] instead of multiple scans with different time increments. The ultrafast approach 85 

to 2D NMR thus endows different spatial “bins” with what amounts to different time evolutions. This 86 

“binning” manipulation can be executed in a single shot and is compatible with either homo- or 87 

heteronuclear 2D correlation pulse sequences (COSY, TOCSY, HSQC, HMQC, see also BOX 1). Thus ultrafast 88 

NMR enables the collection of complete multidimensional NMR spectral sets with orders-of-magnitude 89 

shorter timeframes than conventional techniques, and couples well with measurements that are 90 

incompatible with prolonged acquisition times, such as experiments involving hyperpolarized nuclear 91 

states in dynamic nuclear polarization [G].16  92 

The introduction of multiple receivers in NMR spectroscopy, also adopted from MRI, has led to the 93 

development of new types of experiments involving simultaneous detection of free induction decays [G] 94 

(FIDs) from several nuclear species17. This allows the design of more efficient pulse schemes and 95 

supersequences [G]. Furthermore, experiments with simultaneous detection of high abundance, high  96 

nuclei, such as 1H and 19F, double the amount of detected signal in direct and indirect detection 97 

experiments and improve the sensitivity per unit of measurement time18.  98 

Finally, we describe recent approaches to data acquisition that provide time-efficient 2D NMR 99 

data collection by strategically sampling separate pools of magnetization [G] available within samples 100 

whilst storing others for subsequent collection in the same experiment19,20. This tailored sampling of 101 

magnetization reservoirs manipulated in parallel yields multiple 2D datasets from a single experiment. 102 

One parallelized experiment can thus provide a complete set of through-bond and through-space 103 

correlations within molecular structures, which may then be combined to yield complete molecular 104 

connectivity and three-dimensional structures. We describe various approaches to parallelized sampling 105 

that use the direct acquisition of proton magnetization reservoirs for maximum sensitivity and that can 106 

be collected using conventional spectrometer hardware. These include time-shared experiments, 107 

experiments that exploit differing magnetization transfer pathways, and the modular NOAH 108 

supersequences. The time-efficiency of the methods will be exemplified by the elucidation of complete 109 

structures from single multi-FID experiments. 110 

All of the aforementioned examples of NMR parallelization serve to greatly reduce data 111 

acquisition times, which can frequently be translated into associated gains in sensitivity per unit time. 112 

Along with the fundamental concepts of each of these techniques, we will show selected examples of 113 

obtained spectra and consider their application in a variety of contexts where NMR is already used 114 

routinely. We end by briefly covering a few key points about experiment reproducibility, limitations and 115 

potential avenues for future improvement. 116 
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Experimentation 117 

 118 

Generally, NMR is considered to be a low sensitivity technique. The two main approaches to tackle this 119 

problem are improvements in instrumentation and methodology developments. Parallelization of NMR 120 

involves both of these approaches. We therefore start this section by briefly introducing the sensitivity 121 

aspects of NMR measurements, focussing on NMR probes. This is followed by instrumentation used in 122 

parallel NMR such as probes with multiple microcoils and use of multiple receivers. We then describe 123 

experimental setups and essential considerations for parallelization methods based on simultaneous 124 

detection of multiple FID-s, spatiotemporal encoding and ultrafast NMR spectroscopy. 125 

NMR Probes and Sensitivity  126 

The sensitivity of routine NMR experiments largely depends on the available probe configurations 127 

and the magnetic field strength B0. Nuclei with high  and high natural abundance (1H, 19F, 31P) offer the 128 

highest sensitivity, while magnetically diluted and low  spins (13C, 15N, 29Si) are typically observed 129 

indirectly, via high abundant nuclei (see Table 1). In experiments involving polarization transfer [G] 130 

between nuclei the signal to noise ratio (S/N) can be defined as: 131 

𝑆/𝑁 ∝ 𝑛𝛾𝑒√𝛾𝑑
3𝐵0

3𝑇𝑒𝑥𝑝      (1) 132 

where n is number of observed spins, Texp is the experiment timee and d are magnetogyric ratios of the 133 

excited and detected spins respectively, and B0 is the magnetic field strength21,22. The highest 134 

commercially available magnetic field strength suitable for NMR is currently 28.2 T, corresponding to a 1H 135 

resonance frequency of 1.2 GHz. Larger magnetic fields allow greater sensitivity (Eq. 1) as well as improved 136 

peak dispersion in NMR spectra. However, due to the large cost of purchasing and installing very high-137 

field spectrometers, routine small molecule experiments are typically conducted on 400 – 700 MHz 138 

systems.  139 

 140 

Cryogenic probes23, while still expensive, offer a considerably cheaper way to improve the sensitivity 141 

of measurements relative to the cost of increasing B0. In most commercial NMR probes there are typically 142 

two nested RF coils that are tuned to the NMR frequencies of various nuclear species. The sensitivity 143 

depends on the probe filling factor (the fraction of the coil’s active volume that is filled with sample) and 144 

configuration of the RF coils. The inner coil is closer to the sample and therefore offers better sensitivity. 145 

It is usually tuned to 1H to maximize the sensitivity in most routine experiments. The less sensitive outer 146 

coil is used primarily for indirect detection of other nuclear species (the “hetero nuclei”) via pulsing and 147 

decoupling. This coil is typically tuneable to either a wide range of frequencies (broadband probes) or a 148 

set of two or three fixed resonance frequencies of the most commonly observed nuclei in organic 149 

molecules and biomolecules such as 13C, 15N, 19F or 31P. Indirect-detection cryoprobes, for example, are 150 

tuned to 1H (inner coil), and 13C and 15N (outer coil). In direct detection probes, the coil configuration is 151 

reversed to maximize the sensitivity of experiments involving direct detection of hetero nuclei.  152 

Probes dedicated to detection of a single nuclear species, such as cryoprobes optimized for 13C 153 

detection, offer the highest sensitivity. Larger diameter probes accommodating increasing sample 154 
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volumes increase n in Eq. 1 and result in further improvement of S/N, with direct detection probes 155 

designed for 10 mm, 8 mm and, most commonly, 5 mm diameter sample tubes. Small diameter probes 156 

can significantly reduce the amount of sample necessary for measurements, thereby increasing the 157 

sensitivity of mass-limited [G] samples 24. For example, on a 600 MHz instrument equipped with a 1.7 mm 158 

inverse detection cryoprobe, 10 µg of substance is sufficient for detecting 13C–15N correlations at the 159 

natural abundance of isotopes (ca. one 13C–15N pair in 25000 molecules)25. Likewise, the 3D structure of a 160 

protein has been determined using a 6 L sample of 1.4 mM 68-residue protein and a 1 mm microcoil 161 

NMR probe26.  162 

   For low-concentration samples, sensitivity is a crucial issue, and typically a large number of 163 

transients are required to obtain spectra of acceptable quality. In this sensitivity-limited regime, 164 

parallelized experiments are useful only when a gain in sensitivity per unit time can be achieved, as this 165 

means that less time is required to reach the S/N threshold. In this respect it is important to note that the 166 

sampling of indirect domains in nD NMR experiments involves a sort of signal averaging - a summation 167 

which becomes evident upon performing the full Fourier analysis of the data. On the other hand, the 168 

primary constraint for more concentrated samples is spectral resolution, particularly in indirect 169 

dimensions. In this resolution-limited regime, the time savings afforded by parallelized experiments can 170 

be fully exploited, as any moderate decreases in S/N resulting from the shorter experiments are easily 171 

tolerated. For mass-limited samples, high detection sensitivity will therefore prove to be advantageous as 172 

they allow one to move from the sensitivity-limited to the resolution-limited regime, with probes 173 

optimized for proton detection and/or cryogenic probes being the most beneficial. 174 

NMR with multiple microcoils 175 

There are two hardware-enabled approaches to parallel NMR with multiple microcoils: the first 176 

uses multiple coils that are connected in parallel, with the combination being impedance matched by a 177 

single electronic circuit and fed into a single receiver via a single coaxial cable to the NMR spectrometer 178 

(FIG. 1). This has the advantage of electrical simplicity, but since noise for microcoils is coil-dominated, 179 

the overall noise contribution is higher than that for a single microcoil. In parallel configuration the  180 

signals from each sample are separated through the use of spatially-selective pulse sequences using a 181 

frequency-selective pulse27-30. The sequence in FIG. 1b used to acquire the data employs a frequency-182 

selective Gaussian pulse: the frequency offset of this pulse selects one of the four samples shown in the 183 

inset of FIG. 1a. If a conventional hard pulse is used then the signals from all the samples are acquired at 184 

once (FIG. 1c). By selecting only the relevant frequency range (FIG. 1d) the signal from only one of the 185 

samples at a time can be acquired (FIG. 1e).  186 

Approaches using magnetic field gradients in combination with frequency-selective pulses for a 187 

single sample in a single coil have been extensively reviewed.31 These techniques have the advantage of 188 

requiring no additional hardware to a standard NMR spectrometer, and in cases where S/N is high enough 189 

these methods can significantly increase the rate of data acquisition, such as for efficient T1 190 

measurements,32 diffusion ordered spectroscopy (DOSY) experiments,33 and homonuclear broadband 191 

decoupling.34. 192 

The second approach is to separate each of the coils for each to have their own impedance 193 
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matching circuit, which gives optimal S/N35-39. This increases the complexity of the electrical circuitry: 194 

although NMR systems may have multiple receive channels, there is typically only one transmit channel 195 

for each nucleus, and so pulse transmission must be switched between the coils (FIG. 2). The major 196 

challenge with multiple microcoils is to achieve electrical isolation between the coils so that neither signal 197 

nor noise is transferred between coils, and to ensure that B0 is sufficiently homogeneous over each of the 198 

samples to achieve high spectral resolution. Provided that the physical separation between coils is 199 

sufficiently large compared to the size of the coil, high isolation can be achieved. If this condition is not 200 

met, then small shielding conductors can be placed between coils. The B0 homogeneity is further 201 

improved by placing magnetic susceptibility matching fluid around each of the microcoils. This enables to 202 

resolve scalar-coupled multiplets and resonances with close chemical shift values.  203 

There are different types of parallel NMR experiments. The simplest is to run several samples at 204 

once, with one sample associated with one microcoil, to increase throughput. Alternatively, a single 205 

sample can be split into different aliquots and flowed into each of the detector coils and different 206 

sequences, or different components of sequences, run simultaneously. For example, a COSY spectrum 207 

might be acquired with coil 1, a TOCSY with coil 2, an HSQC with coil 3 etc.; or the first n time increments 208 

in the indirectly detected domain (t1 increments) of a TOCSY on coil 1, the second n t1-increments on coil 209 

2 etc. When the data from all coils is concatenated, it yields a dataset with the total number of required 210 

t1-increments acquired in a time reduced by a factor of the number of coils. Both these types of 211 

experiment have been shown using two, four and eight RF coils, for proton high resolution spectroscopy 212 

of small molecules and multinuclear spectroscopy of small proteins35-37.  213 

Single Scan nD NMR   214 

The concept of physically separating a sample into sub-samples studied by individual coils can be 215 

notionally extended to sectioning a sample into multiple emitters using magnetic field gradients. This is 216 

the idea underlying ultrafast multidimensional NMR, where magnetic field gradients and frequency 217 

selective pulses are combined to distinguish different positions within a sample13,42,43. This idea is easiest 218 

to visualize when considering a 2D NMR acquisition, where S(t1,t2) signals are collected within the 219 

framework of the Jeener-Ernst classical scheme44,45: 220 

  Relaxation/Preparation – Evolution (t1) – Mixing – Detection (t2)   (2) 221 

Here the preparation and the mixing events remain constant, while signals are collected by changing the 222 

parameter t1 through a series of independent scans. This leads to a collection of signals depending on two 223 

time variables t1 and t2. Instead of considering a t1 time evolution parameter that is incremented scan-by-224 

scan to monitor the frequencies I(1) making up an indirect-domain spectrum, ultrafast 2D NMR ports 225 

the encoding along a spatial direction as illustrated in FIG 3.  226 

FIG.3 (a) shows the classical scheme of a 2D experiment, where the duration of t1 is changed from 227 

scan-to-scan over N1 increments for all spins in the sample, taken as one homogeneous set. FIG 3 (b) 228 

shows the spatiotemporally encoded scheme, where different positions along the sample’s z-axis B0 are 229 

first endowed with different evolution times as a function of their position within the NMR tube (referred 230 

to as the “encoding” process), and then acquired in a spatially-resolved fashion as a function of t2 (referred 231 

to as the “ decoding” process). Ultrafast 2D NMR executes both the encoding and the decoding process 232 
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within a single scan, by using magnetic field gradients. Such fields are used during the evolution to address 233 

spins positioned at different z coordinates, and impart an evolution time t1 that is proportional to their 234 

positions. As further detailed in the Supplementary Information, a unique feature of this kind of 235 

spatiotemporal (z/t1) encoding, is the creation of magnetization helices - patterns of magnetization, where 236 

the pitch of the helices has encoded the indirect-domain interaction. Ultrafast 2D NMR then uses the 237 

echo-planar spectroscopic imaging (EPSI) block 46 over the course of the acquisition, for collecting the 2D 238 

NMR data. EPSI views its signal as a function of the direct-domain acquisition time t2, and as function of a 239 

variable k:  240 

𝑘 = 𝛾 ∫ 𝐺𝑎(𝑡′)𝑑𝑡′
𝑡2

0
       (3) 241 

where k describes the evolution imposed by a linear magnetic field gradient. In EPSI, k oscillates back-and-242 

forth by periodically reversing the sign of the acquisition gradient Ga. Fourier analysis vs. t2 provides the 243 

equivalent of a conventional, directly-detected NMR spectrum; for each direct-domain peak, k then maps 244 

the frequencies that acted during the initial t1 evolution. This is done by “unwinding” the aforementioned 245 

magnetization helices, leading to indirect-domain peaks that will thus show up as echoes [G]. The k-axis 246 

then becomes equivalent to the indirect F1 frequency axis in 2D NMR; as a result of this, there is no need 247 

to perform an explicit Fourier transform to retrieve an indirect-domain spectrum that has been 248 

spatiotemporally encoded. This type of single-shot 2D acquisitions only requires splicing of the single 249 

string of collected EPSI data into a 2D array, rearrangement of this 2D array in a bi-dimensional space 250 

according to each data point’s (k/F1,t2) coordinate, and a final 1D Fourier transform along the directly-251 

detected t2 axis to transform these time evolutions into frequencies along the second F2 domain.  252 

This single-scan parallelization of Jeener-Ernst’s 2D NMR scheme (Eq. 2) does not need to be 253 

circumscribed to one indirect domain: multiple gradients can be used to encode multiple independent 254 

dimensions; x, y, and z gradients for instance have been used simultaneously to coalesce a four-255 

dimensional NMR experiment into a single scan43. Furthermore, as long as samples are spatially 256 

homogeneous, the same strategy can be used to encode incoherent processes such as spin-lattice 257 

relaxation behaviour or diffusivity31-33,47-49. Somewhat related to this topic but outside the bounds of this 258 

survey, is the use of gradients and frequency selective pulses for achieving homonuclear broadband 259 

decoupling.34 Last but not least, this spatiotemporal encoding strategy arguably sees its most widespread 260 

applications in cases of heterogeneous samples, where it has been used to deliver single-shot 261 

multidimensional MRI images and multidimensional spectral images with unprecedented speed and 262 

robustness50-55. 263 

 264 

 Homo-nuclear Multi-FID detection 265 

Biomolecular NMR studies typically involve low concentration samples (≤ 1 mM) that are routinely 266 

enriched in 13C (natural abundance = 1.1%) and 15N (natural abundance = 0.37%) to improve measurement 267 

sensitivity.In contrast, in small molecule research, more concentrated samples are usually available and 268 

sample enrichment is considered too expensive or impractical for routine applications. In this section, we 269 

will focus on small molecule NMR, which is typically performed at natural isotopic abundance. 270 
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In a given sample, there typically exist multiple magnetization pools that can be manipulated 271 

selectively since they originate from different nuclear spins (FIG. 4a). For example, protons directly bound 272 

to 13C can be distinguished from other protons on the basis of their large one-bond C–H coupling using 273 

pulse sequence elements such as BIRD pulses56, TANGO/BANGO elements57,58 or zz-filters59,60. The 274 

development of parallelized nD experiments relies on the concurrent manipulation of multiple 275 

magnetization pools such that the respective signals arising from each pool may be detected without the 276 

conventional recovery delay [G] (d1 in FIG. 4) between individual pulse schemes (FIG. 4b). The recovery 277 

delay is typically the longest time period in any pulse sequence and significant time can be saved by 278 

reducing the number of these delays during data collection. This can be done even on basic desktop 279 

spectrometers equipped with only a single receiver and no gradients (see Supplementary Figure 2).  280 

The signals from each magnetization pool can be collected either simultaneously as part of one 281 

FID or sequentially in a multiple-FID experiment. Simultaneous acquisition is exemplified by time-shared 282 

experiments61, in which multiple indirect-dimension frequencies (typically 15N and 13C) are encoded and 283 

then transferred back to 1H for detection (FIG. 4c). Each resulting FID is a sum of the component signals, 284 

and direct Fourier transformation will yield a spectrum containing signals from every magnetization pool 285 

sampled. These signals can be separated using nucleus editing [G] 62, following which addition and 286 

subtraction of the phase-labelled datasets yield spectra containing only one signal. 287 

Sequential acquisition is typified by NOAH methods—experiments in which signals from different 288 

magnetisation pools are consecutively sampled without intervening relaxation delays. NOAH 289 

supersequences are constructed by direct concatenation of suitably tailored modules which sample only 290 

their respective magnetization pools (FIG. 4d)20,59,60,63-65, with each module designed to return other 291 

magnetization pools to equilibrium (+z). In these experiments, the FIDs are acquired independently and 292 

are initially stored in a file partitioned into multiple memory blocks. These blocks may be separated such 293 

that each experiment has its own matrix of raw data, after which processing takes place as usual. These 294 

procedures, which can generate multiple datasets from one experiment (up to five in the case of NOAH 295 

to date20,) are typically invisible to the end user as they are executed by automated processing scripts. 296 

These scripts also make it possible to run these experiments under automation, which is essential for 297 

optimizing throughput. 298 

An alternative strategy for sequential acquisition is polarization sharing, where a magnetisation 299 

pool is divided into multiple portions that are independently manipulated and detected. This is most 300 

readily achieved by the PEP (Preservation of Equivalent Pathways) scheme66 employed, for example, in 301 

HSQC67 and TOCSY68 experiments, where following t1 evolution there are orthogonal (i.e. cosine- and sine-302 

modulated) components that can be separately manipulated69-71. In a TOCSY experiment, these 303 

components can be subjected to different durations of isotropic mixing [G] , thereby yielding two TOCSY 304 

spectra from one experiment displaying a different set of correlations69. Likewise, the two HSQC pathways 305 

can be used to separately generate HSQC spectra with different F1 spectral widths71, both coupled and 306 

decoupled HSQCs, or HSQC and HSQC-TOCSY spectra from the respective components69. Alternatively, 307 

pulse sequence elements such as BANGO can be used to excite only a portion of magnetisation for one 308 

module57,58, retaining the remainder for use in a subsequent module72. It should be noted that all such 309 

polarization sharing methods suffer from a decreased sensitivity. Nonetheless, the time savings still 310 

represent a substantial benefit for samples that are not sensitivity-limited. 311 
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Lastly, a magnetisation pool can also be sequentially sampled by subjecting magnetization that 312 

has already been detected once to another mixing process before sampling it again. For example, the 313 

HMBC [G] experiment ordinarily records correlations between 13C and 1H nuclei separated by 2–3 bonds. 314 

Appending a COSY mixing period after the HMBC acquisition transfers magnetization from 1H nuclei to 315 

other 1H spins coupled to it; this yields a HMBC-COSY spectrum where 13C nuclei are correlated with 316 

precisely those coupled partners, which are typically 3–4 bonds away from the original 13C nuclei. Applying 317 

such mixing periods more than once opens up novel possibilities such as HMQC [G] - or HMBC-COSY relay 318 

chains for stepwise detection of through-bond correlations73. Such strategies can be further combined 319 

with time-sharing principles to create even more information-rich experiments19. 320 

All of these parallelized experiments share one major feature in common: they enable the 321 

collection of multiple 2D spectra with a single recovery delay (compare FIG. 4b–d), thus providing 322 

significant reductions in the time needed to obtain all the constituent spectra. Furthermore, as long as 323 

the S/N in the parallelized sequence is not excessively compromised, these time savings can also be 324 

translated into an overall gain in sensitivity per unit time, as they allow more transients to be collected in 325 

the same duration. 326 

Multi-nuclear detection experiments 327 

Basic multi-nuclear detection techniques  328 

Typical NMR systems are designed with multi-nuclear functionality in mind. For instance, most 329 

commercial probes are built to allow simultaneous irradiation and detection of up to five nuclei 330 

simultaneously. However, until recently commercial NMR consoles were equipped with only a single 331 

receiver and for sensitivity reasons most NMR experiments were designed to involve 1H detection. 332 

However, sensitivity permitting, direct detection of hetero-nuclei (X) has important advantages such as 333 

better resolution74 and advantageous relaxation properties75. Furthermore, cryogenic high temperature 334 

superconductor probes optimized for direct detection of hetero-nuclei can potentially increase the 335 

sensitivity of X-detected experiments by a factor of more than ten76,77. Together with the advent of 336 

commercial multiple receiver NMR systems, this has prompted the development and routine use of multi-337 

nuclear detected experiments.  338 

Three basic types of multi-nuclear data acquisition techniques are shown in FIG. 5a-c: parallel, 339 

interleaved, and sequential acquisitions, each with their own pulse schemes. The parallel acquisition pulse 340 

schemes or PANSY (Parallel Acquisition Nmr SpectroscopY)17 typically involve polarization transfer from 341 

more sensitive nuclei (usually 1H) to less sensitive nuclei (13C, 15N, 19F, 31P and similar). In the conventional 342 

COSY experiment, one of the two orthogonal components of magnetization is discarded78; however in the 343 

PANSY-COSY pulse scheme, it is transferred to other nuclear species for detection, which increases the 344 

amount of observed magnetization. Mutual decoupling of two nuclear species during parallel acquisition 345 

is not feasible and is mainly applicable in situations where such decoupling is not essential, for instance if 346 

the mutual scalar couplings are unresolved and can be neglected. The repetition rate of the PANSY 347 

experiments is determined by the recovery time of the high  nuclei that typically serve as the polarization 348 

[G] source and usually have the shortest recovery time. However, this is not always the case. For instance, 349 

despite lower , the 19F nuclei often have shorter recovery times as compared to 1H due to more efficient 350 

relaxation mechanisms79.  351 

Parallel acquisition experiments may not involve polarization transfer at all, for example if there 352 
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is no scalar coupling between nuclear species of interest or in parallel relaxation measurements, diffusion 353 

measurements and similar pulse schemes with no polarization transfer between the nuclei of interest18. 354 

In such experiments the repetition rate is determined by the slowest relaxing nuclear species. 355 

The interleaved experiments (see FIG. 5b) are easy to design and are constructed simply by placing 356 

one of the two (or more) experiments into the recovery delay of the other experiment (see also FIG. 357 

2b)80,81. In practice the standard pulse programs are simply concatenated with minor adjustments. Since 358 

the interleaved pulse sequences are cyclic, it does not matter which of the experiments is executed first. 359 

In this way both recovery periods are used to record additional data. In practice the total duration of the 360 

pulse sequence, τpp and the data acquisition period, τaq for 2D experiments is considerably shorter (ca 100 361 

ms) compared to a typical recovery period, d1 (> 1 s). If the recovery periods of the two nuclear species 362 

are very different, it may be possible to improve the efficiency of the interleaved experiments by placing 363 

several experiments involving fast relaxing nuclei in the recovery delay of slow relaxing nuclei18. Any 364 

disturbance of spins that are recovering must be avoided in order to preserve speed and sensitivity 365 

advantages.  366 

For sequential detection experiments (See FIG. 5c) the pulse schemes involving sequential 367 

acquisition usually begin with transfer of otherwise unused magnetization from the more sensitive nuclei 368 

to the less sensitive nuclear species of interest. In addition to enhancing sensitivity this often also reduces 369 

the experiment repetition rate determined by the typically shorter recovery times of the sensitive high  370 

nuclei. In these pulse schemes, one of the spectra is acquired during a long evolution period within the 371 

specially-designed pulse sequence. Following the first acquisition period the second part of the 372 

experiment is then completed and the second FID is acquired. For example, the 2D H-C HETCOR [G] 373 

spectrum can be recorded during the mixing period of the 2D H-H TOCSY experiment17. In this experiment 374 

the isotropic H-H mixing sequence of the TOCSY pulse scheme works as a composite pulse decoupling for 375 

the HETCOR scheme to produce a fully decoupled HETCOR spectrum (see FIG. 5c). Once the HETCOR data 376 

are acquired the final part of the TOCSY experiment is executed. Similar techniques have been employed 377 

in biomolecular NMR where magnetization of one of the experiments is stored on slowly relaxing nuclei 378 

(for example 15N) during the acquisition period of an alternative experiment82,83. 379 

 380 

Combining techniques with direct multi-nuclear detection. 381 

Experiments involving direct detection of multiple FID-s may combine several basic techniques. 382 

For example, the COSY/PANSY-COSY scheme shown in FIG. 5d combines parallel and interleaved 383 

acquisition methods. This experiment records three 2D spectra (H-H COSY, P-P COSY and P-H COSY) in the 384 

time of one conventional 2D COSY experiment. Likewise, experiments of different dimensionality can be 385 

combined using the techniques discussed above. For example, the 2D HETCOR / TOCSY pulse scheme has 386 

been modified to allow the recording of 1D 13C spectrum of non-protonated carbons in parallel with the 387 

2D H-C HETCOR using the time-shared acquisition technique84. Similarly, the sequential 2D HETCOR / 388 

TOCSY experiment has been extended to acquire 2D H-H TOCSY and 3D H-C HSQC-TOCSY spectra in a time-389 

shared manner (FIG. 5e)85,86. In Fig 5e, a polarization sharing scheme is used to split the 1H-13C 390 

magnetization between the HETCOR and HSQC-TOCSY pulse schemes sacrificing some of the sensitivity 391 

advantage. Projection spectroscopy is employed to acquire tilted 2D projections of the 3D HSQC-TOCSY 392 

experiment and significantly reduces the experiment time87,88. 393 

The PANACEA [G] experiment combines the 2D 13C-detected INADEQUATE [G] with 1H-detected 394 
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2D HSQC and 2D or 3D J-HMBC into a single supersequence89. The block diagram of the basic PANACEA 395 

pulse scheme is shown in FIG. 5f. It is based on sequential acquisition of 13C and 1H detected spectra. The 396 

PANACEA supersequence is built around the 2D C-C INADEQUATE pulse scheme, which provides one bond 397 

C-C connectivities90,91. While the 2D INADEQUATE experiment  is the least sensitive in the PANACEA 398 

supersequence because it is designed to detect pairs of directly bound 13C nuclei with naturally low 399 

abundance (ca 0.012 %), it is one of the most powerful tools for structure elucidation of small organic 400 

molecules as it traces down the skeleton of organic molecules. Usually, 99% of the bulk 13C magnetization 401 

from molecules containing a single 13C isotope is destroyed in the conventional INADEQUATE pulse 402 

schemes. In the PANACEA experiment, however, this magnetization is recorded in a time-shared manner 403 

to produce a 1D 13C spectrum and then further used in a 2D 13C-1H HSQC experiment acquired sequentially 404 

that exploits the high sensitivity of 1H detection. Due to the low sensitivity of the INADEQUATE scheme, 405 

highly-concentrated samples are needed. Consequently, the HSQC experiment can be recorded with a 406 

very few scans. Once the HSQC spectrum is acquired the 13C decoupling is switched off and the HSQC pulse 407 

scheme is replaced with the HMBC sequence. The INADEQUATE spectrum typically requires a significant 408 

(often >64) number of scans. This can be exploited to record up to three HSQC spectra separating CH, CH2 409 

and CH3 resonances. Several HMBC spectra may be recorded to cover a rather large spread of the long-410 

range 1H-13C couplings. Alternatively, a 3D C-H J-HMBC spectrum is acquired. Thus, the sensitivities of 411 

individual experiments are balanced by adjusting their acquisition times – less time is used to record the 412 

more sensitive spectra. Consequently, in a single measurement the basic PANACEA experiment delivers 413 

1D 13C, 2D C-C INADEQUATE, three multiplicity edited 2D H-C HSQC spectra and several 2D H-C HMBC 414 

spectra or a 3D J-HMBC spectrum.  415 

The 1D 13C spectrum can also be used to eliminate spectral distortions caused by environmental 416 

instabilities, such as temperature variations and magnetic field fluctuations. This allows recording of the 417 

PANACEA spectra in pure liquids and eliminates the need for deuterated solvents77. In concentrated 418 

samples, such as cholesterol (1 M in CDCl3) the basic PANACEA can be recorded in as little as 20 minutes. 419 

Sensitivity permitting, the experiment duration can be further reduced to just 56 seconds by exploiting 420 

Hadamard encoding92. Together with Hadamard encoding, spectral aliasing93 has also been used to further 421 

reduce the measurement time. The extended version of the PANACEA experiment (FIG. 5g) involves 422 

recording of 1D 15N spectrum in parallel with the 13C INADEQUATE followed by time-shared acquisition of 423 

the 15N HSQC and HMBC spectra in parallel with the corresponding 13C spectra delivering 11 spectra in a 424 

single measurement.  425 

The PANACEA experiment has been modified to replace the 13C-based pulse schemes with their 426 

29Si analogues for studies of silicon oils94. Since there are no Si-H bonds in silicone oils, the HMBC module 427 

is discarded and the HSQC module is optimized for long range 1H-29Si couplings.  428 

Results  429 

The most significant use of 2D NMR spectra remains the structural verification and elucidation of 430 

small molecules via hetero- and homonuclear correlation experiments, such as those summarised in BOX 431 

1. Accelerated data acquisition and the recording of multiple experiments offered by parallel NMR 432 

techniques enable a rapid identification of spin correlations within a molecular structure (yielding 433 

connectivity) and spatial proximity between nuclei (defining stereochemistry) following conventional data 434 
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analyses procedures95,96. 435 

Parallel NMR with multiple microcoils 436 

The electronic setup shown in FIG 2 has been used with an eight coil probehead to acquire high 437 

resolution 2D proton spectra from small molecules. Automatic shimming on the central two coils was used 438 

as a starting point, and then manual shimming used for fine adjustment to determine a “universal shim 439 

setting” that produces linewidths [G] in the low-Hz range for each of the samples. With careful 440 

construction, the 90o pulse durations for each coil were essentially identical.  441 

COSY, TOCSY and gradient COSY spectra from sucrose, galactose, arginine, chloroquine, cysteine, 442 

caffeine, fructose and glycine samples, one of each in each coil, are shown in Table 2. Providing that the 443 

data from each coil are stored separately, then standard data processing can be applied, i.e. zero-filling, 444 

filtered with an appropriate window function, symmetrized and displayed in either magnitude or phase 445 

mode95. 446 

Homo-nuclear multi-FID detection 447 

Advantages of multi-FID detection.  448 

The duration of a typical NMR sequence Texp is generally given by: 449 

 Texp = N(d1 + τpp + τaq), (4) 450 

where τpp is the duration of the pulse program, τaq is the data acquisition (FID) time, d1 is the recovery 451 

delay and N is the total number of scans. In nD experiments, the pulse sequence duration τpp is typically a 452 

few milliseconds and usually is the shortest of the three components of Eq. 4, except in NOESY [G] , ROESY 453 

[G] or TOCSY experiments with long mixing periods. The acquisition time, τaq is the next-shortest 454 

component (ca. 100 ms), and the recovery delay, d1 is the longest pulse sequence element (typically 1–5 455 

s).  456 

In parallel NMR spectroscopy that incorporates M conventional experiments, the time savings 457 

provided by multi-FID experiments are defined by the ratio ρt: 458 

 𝜌𝑡 =  
∑ 𝑇exp(𝑖)𝑀

𝑖=1

𝑇exp(MF)
 =  

∑ [𝑑1(𝑖) + 𝜏pp(𝑖)+𝑀
𝑖=1 𝜏aq(𝑖)]

𝑇exp(MF)
  (5) 459 

where, Texp(i) is the duration of the i-th conventional experiment, and Texp(MF) is the duration of the multi-460 

FID experiment. Since the speedup arises from the elimination of recovery delays, the value of ρt depends 461 

on how significant these delays are as a proportion of total experimental time. In the limit where τpp and 462 

τaq are negligible compared to d1, ρt will be equal to M, the number of experiments combined into (or 463 

number of FIDs acquired in) one sequence. 464 

Parallel NMR spectra provide identical information to those obtained from conventional 465 

measurements, but in a reduced time frame as reflected in ρt. Given all other parameters in Eq. 1 are 466 

equal, the performance of the parallelized experiments can be measured in terms of the relative 467 

sensitivity enhancement per unit time, εt for each module, as defined by: 468 

 εt = RS · ρt
1/2 (6) 469 

where RS is a factor indicating the sensitivity losses due to parallelization, i.e. the relative signal intensity 470 

from the parallelized experiment with respect to an equivalent conventional experiment acquired with 471 

the same parameters.  472 
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Practical Examples  473 

Time-shared experiments which detect two different signals have a maximum attainable εt value 474 

of 21/2 ≈ 1.41. In practice, slightly lower sensitivity improvements are observed due to necessary 475 

compromises in delay timings, which result in a reduced RS factor. For example, the careful optimization 476 

of a time-shared sensitivity-enhanced HSQC yielded 15N and 13C εt improvements of 1.34 and 1.07 477 

respectively for doubly labelled proteins97. Likewise, time-shared HSQC-TOCSY experiments provided 15N 478 

and 13C εt improvements of 1.36 and 1.21 respectively for natural abundance samples98.  479 

For NOAH supersequences using sequential acquisition, up to five experiments have been 480 

combined20, yielding concomitant increases in ρt. A selection of NOAH experiments is presented in Table 481 

3, along with their values of ρt and εt. Since all modules in a supersequence share the same recovery delay 482 

d1, the incorporation of additional modules leads to minimal increases in experiment time, which arise 483 

only from τpp and τaq of the newly added module(s). In general, the gains in sensitivity per unit time, εt in 484 

the NOAH experiments increase with the number of modules, M as exemplified in Table 3, rows 1–3. The 485 

exact value of ρt depends on the relative sizes of τpp, τaq, and d1.  486 

 487 

Supersequences involving NOESY modules will typically have ρt somewhat smaller than the number of 488 

modules M, because of the relatively long mixing time (500 ms in these examples) that contributes to τpp. 489 

For example, the NOAH-2 MS supersequence has a ρt of 1.90, which is closer to 2 than the SN 490 

supersequence (rows 1 and 4 in Table 3). However, COSY experiments can be fully nested within the 491 

NOESY pulse sequence using the COCONOSY scheme99,100, which means that an extra module can be 492 

recorded without any increase in experimental time (compare rows 1 and 2 in Table 3). The NOAH-4 MSCN 493 

spectra of cyclosporine and the relative sensitivity advantages, εt across the NOAH experiments (Table 3, 494 

rows 1-3) are illustrated in Supplementary Figure 3. The threefold reduction of experimental time (ρt = 495 

3.01) leads to significant sensitivity enhancements per unit time. 496 

As mentioned above, the primary benefit arising from parallelisation is accelerated data 497 

collection, with increases in sensitivity per unit time relative to conventional data collection a secondary 498 

gain in some instances. To what extent such gains are realised depends strongly on the supersequence 499 

employed, molecular properties (nuclear relaxation times), sample conditions (solvent properties, 500 

temperature) and experimental parameters (recovery delays and acquisition times). The gains indicated 501 

in Table 3 should therefore be viewed as representative values typical for the characterisation of small 502 

organic molecules.  503 

Multi-nuclear detected schemes 504 

Basic experiments  505 

Three typical examples of parallel, interleaved and sequential acquisition experiments with multi-506 

nuclear detection involving abundant (1H, 19F and 31P) nuclei and magnetically diluted nuclei (13C) are 507 

shown in FIG. 6. One of the simplest and most versatile experiments is the COSY pulse scheme. The dual 508 

receiver 2D H-P PANSY-COSY experiment records homo-nuclear (H-H) COSY and heteronuclear (H-P) COSY 509 

spectra in the same experiment time as normally is required to acquire a single conventional 2D COSY 510 

spectrum (see FIG. 6a). Both spectra share the t1 evolution period and therefore the F1 (1H) frequency axis, 511 

which ensures peak alignment in the two spectra and facilitates the resonance assignment in complex 512 

spectra.  513 
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An example of interleaved H-H/F-F COSY experiment is shown in FIG. 6b. In this case, two homo-514 

nuclear 2D COSY spectra are recorded in the same time it takes to record one conventional COSY 515 

experiment involving nuclei with the longest recovery time, in this case 1H. Similar interleaved 516 

experiments can involve more complex pulse schemes18, other abundant nuclei (e.g. 31P)60 or isotopically 517 

enriched samples101,102. 518 

Spectra recorded using 2D H-C HETCOR / H-H TOCSY pulse scheme that employs sequential 519 

acquisition are shown in FIG. 6c. In this example diluted nuclear species (13C) have been chosen.. 520 

Generally, the HETCOR spectra contain the same information as the corresponding HSQC spectra, but can 521 

be recorded faster and with better resolution. However, this requires relatively high sample 522 

concentrations (>20 mM) due to the low 13C sensitivity and low natural abundance (1.1%) but there is no 523 

sensitivity advantage in this particular case.  524 

Combined multi-nuclear detection schemes   525 

Various combinations of the basic parallelization techniques have yielded sophisticated, efficient and 526 

information rich experiments. For instance, interleaved H-H COSY and P-P/P-H PANSY-COSY spectra 527 

recorded using the pulse scheme of FIG. 5d are shown in FIG. 7. The three 2D spectra were recorded in 528 

time that is required to acquire a single conventional 2D H-H COSY spectrum not only providing 529 

correlations within but also between the homo-nuclear 1H and 31P spin systems. In addition to saving 530 

time (ρt = 3), this experiment detects more magnetization per unit time offering considerable sensitivity 531 

improvements (εt = 1.73). Similarly, a supersequence that combines the PANSY-COSY module (C2) with 532 

the NOAH technique BSCC2, can record five spectra in a single measurement (H-C HMBC, H-C HSQC, H-H 533 

COSY, P-P COSY and P-H COSY)60. The C2 module can easily be appended to many other NOAH 534 

supersequences. An example of spectra recorded using the NOAH-4 SCRC2 supersequence is shown in 535 

Supplementary Figure 4. 536 

The HETCOR/TOCSY/HSQC-TOCSY experiment85,86 (see FIG. 5e) effectively delivers 3D information 537 

in a time of a 2D experiment by simultaneously recording two orthogonal 2D projections – the HETCOR 538 

and TOCSY spectra, together with tilted projections of the 3D multiplicity-edited HSQC-TOCSY87,88. The 539 

increased dimensionality in combination with C-H multiplicity editing and non-uniform sampling provided 540 

highly resolved spectra significantly reducing spectral overlap and the related resonance assignment 541 

ambiguities.  542 

The PANACEA spectra of quinine recorded using the pulse scheme of FIG. 5f are shown in FIG. 8 543 

that also details small molecule structure elucidation steps from these spectra89. First, the number of 544 

carbon atoms is obtained from the 1D 13C spectrum (FIG. 8a). The INADEQUATE spectrum reveals how the 545 

carbon atoms are interconnected (dotted lines in FIG. 8b) tracing down the carbon skeleton of the 546 

molecule (FIG. 8c). The multiplicity edited HSQC spectra (FIG. 8d) reveal the number of hydrogen atoms 547 

attached to each carbon site (FIG. 8e). Finally, the HMBC spectra (FIG. 8f) connect molecular fragments 548 

separated by heteroatoms (FIG. 8g). The chemical shift information coupled with elemental analysis data 549 

reveals the final structure of the molecule (FIG. 8h). 550 

The internal lock (or frequency correction) built into the PANACEA experiment allowed recording 551 

spectra in pure peanut oil and neat silicon oil with no deuterium lock and no temperature regulation77. 552 

This highlights one of the main advantages of parallel NMR – all spectra are recorded under equivalent 553 
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environmental and magnetic instabilities that can be corrected by post-processing. The latter involves 554 

measuring the frequency shifts in PANACEA 1D 13C spectra and applying the correction to all other 555 

PANACEA spectra scaled according to their chemical shifts. The highly accurate stereospecific long-range 556 

1H-13C coupling information recorded in a high-resolution PANACEA experiment indicated the presence of 557 

intramolecular hydrogen bond103. The extended PANACEA pulse scheme of FIG. 5g applied to nitrogen-558 

containing organic molecule (melatonin) yielded 1D 15N, 2D N-H HSQC and 2D N-H HMBC spectra in 559 

addition to the basic PANACEA data89 thus facilitating structure elucidation.  560 

 561 

 Parallel Ultrafast NMR  562 

Single-scan 2D NMR can be combined with other techniques. One such experiment is nuclear 563 

hyperpolarization, as has been demonstrated in the realm of natural products105. The 2D single-scan C-H 564 

HMBC and HSQC spectra of limonene, -pinene and camphene (1:1:2 mM) solution were acquired 565 

sequentially in a single measurement lasting only a few hundred milliseconds. The 4.4 μL sample was 566 

polarized with microwaves at 1.4K in a Hypersense (Oxford Instruments) polarizer and then dissolved in 567 

warm methanol-d4 before being transferred to a 600 MHz Varian Inova NMR spectrometer. The spectral 568 

aliasing combined with selective excitation was used to reduce the 150 ppm 13C observation bandwidth 569 

and to preserve non-protonated 13C magnetization prior the single scan HSQC pulse scheme for use in the 570 

sequential HMBC experiment. 571 

Ultrafast 2D NMR can also be combined with parallel techniques of multi-FID detection discussed 572 

in the previous sections. For instance, combining the ultrafast COSY methodology with the parallel 573 

acquisition COSY experiment (see FIG. 5a) enables recording of several multi-dimensional spectra in a 574 

single scan104. The methodology is accordingly named PUFSY (Parallel Ultra-Fast Spectroscopy). Two 575 

examples of H-H/H-F PUFSY-COSY spectra of fluorinated compounds recorded on a spectrometer 576 

equipped with two receivers are shown in FIG. 9. Each pair of the 2D PUFSY spectra was recorded in about 577 

100 ms. The 2D H-H and H-F COSY spectra recorded in parallel were stored in separate memory locations, 578 

each processed and analysed as individual ultrafast spectra (see FIG. 3b). Computer optimized folding was 579 

used to reduce the large 19F spectral window and the associated gradient amplitudes. Similar experiments 580 

involving 31P were also reported104. These experiments serve as a proof-of-principle with potential 581 

applications in studies of fast chemical reactions, bio-chemical interactions and in hyperpolarized samples.  582 

 583 

Applications 584 

In this section we discuss various applications of parallel NMR techniques. In addition to more efficient 585 

NMR spectra acquisition, each of these techniques offers unique ways of obtaining new information. 586 

Probes equipped with multiple microcoils allow simultaneous monitoring of multiple samples offering 587 

new insights in electrophoretic separations and diagnostic NMR. Ultrafast NMR methodology finds 588 

applications in real-time monitoring of chemical reactions and biophysical rearrangements. Multi-FID 589 

detection techniques involving one or more receivers elucidate small molecule structures from a single 590 

measurement.  591 
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Multiple microcoils 592 

Multiple microcoils enable the time-efficiency of studies of mass-limited samples to be increased 593 

significantly, up to a factor equal to the number of coils. However, they also enable information to be 594 

more easily acquired because of the multiple coils. For example, Raftery devised a difference-probe30, in 595 

which the degree of cancellation of common signals from each probe was 90%, that enabled identification 596 

of protein-ligand interactions using glutathione and glutathione S-transferase binding protein. Ciobanu 597 

described how multiple-microcoils can be used to increase the temporal sampling frequency of chemical-598 

reactions induced in small sample volumes via micromixers39. Wolters et al. demonstrated that a dual-599 

probe could be used in interleaved mode to overcome some of the disadvantages of coupling 600 

electrophoretic separations with microcoil NMR detection38. There have also been applications of multiple 601 

microcoils in microscopic MRI106 as well as diagnostic magnetic resonance (DMR)107.  602 

FIG. 10 shows a photograph of a dual-coil, multi-frequency, probehead which can be used for 603 

protein samples. The small solenoidal coils have an active volume of 15-20 L, requiring only small 604 

quantities of isotopically-labeled protein. Each of the two coils were tuned to both 1H and 15N frequencies, 605 

and a single external lock coil was also integrated. The high spectral quality achievable using this probe 606 

are highlighted in Fig. 10 where one coil was loaded with 1.25 mM 15N-labeled ubiquitin (highly structured, 607 

Fig. 10b) and the other contained a sample of 1 mM 15N-labeled yeast proteinase A inhibitor (IA-3) 608 

(intrinsically unstructured, Fig. 10b) in low-deuterated buffers solutions.  609 

 610 

 611 

Applications of single-scan nD NMR  612 

Spatiotemporal encoding can provide the ultimate parallelization at the price of reduced 613 

sensitivity. When considering potential applications, the question thus arises of when such price is worth 614 

paying. One family of experiments where spatiotemporal encoding is a must is in cases of time-dependent 615 

samples; where either the compounds’ lifetimes are incompatible with conventional multidimensional 616 

acquisitions, or where time instabilities become the dominant sources of noise –particularly of t1 noise. 617 

Applications include homonuclear and heteronuclear acquisitions on unstable magnets108, monitoring of 618 

organic reactions as they happen109-112, and the real-time monitoring of biophysical rearrangements on 619 

proteins and nucleic acids (see FIG. 11)113,114. Furthermore, the single-shot homonuclear 2D 1H 620 

correlations are also well suited for monitoring the flow of metabolites and chemicals –for instance as 621 

they elute out from a chromatographic column and through an NMR spectrometer acting as 622 

detector115,116.  623 

As mentioned, a particularly intriguing combination arises from merging high-speed and limited-624 

sensitivity ultrafast 2D NMR, with nuclear hyperpolarization. These methods can have much greater signal 625 

intensities than conventional NMR samples, but limited measurement lifetimes. An early example of this 626 

was provided by the combination of homonuclear single-shot 2D NMR and CIDNP [G], an optical 627 

enhancement technique leading to photobleaching after a few scans117. Sensitivity and speed 628 

enhancements of ca. three orders of magnitude each, were subsequently demonstrated by the 629 

combination of ex situ dynamic nuclear polarization and heteronuclear single-shot 2D NMR105,118,119. 630 

Homonuclear single-scan 2D correlations relying on enhancements derived from para-hydrogen have also 631 

been implemented120. Single-scan 2D spectral-spatial correlations have also been demonstrated in this 632 
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manner, including in hyperpolarized and thermal preclinical, as well as in clinical human MRI settings121-
633 

125. As mentioned, the spatial extent of a homogeneous sample can also be used to encode other sorts of 634 

information besides chemical shifts of evolving spins. The measurement of relaxation times47 and of 635 

molecular self-diffusivities48,49, for instance, have also been sped up in this manner. More recent 636 

applications of ultrafast NMR can be found elsewhere.126-129 637 

 638 

 639 

Structure elucidation from a single experiment 640 

[H3] The PANACEA experiment. A step by step example of manual structure elucidation of quinine from 641 

the PANACEA spectra is shown in FIG. 8. Although computer-assisted structure elucidation can be used, it 642 

was not available at the time when the experiment was published. This example is used to demonstrate 643 

the power of the INADEQUATE experiment that makes the manual structure elucidation easy. The 1D 13C 644 

spectrum of the quinine in CDCl3 recorded in the PANACEA experiment (top panel) provides the number 645 

of carbon atoms in the molecule. The 2D INADEQUATE spectrum reveals the connections between the 646 

carbon atoms. Some connections are interrupted by heteroatoms leaving several fragments disconnected 647 

from the main scaffolding. The HSQC spectrum provides information about the number of protons 648 

attached to the corresponding carbon atoms and revealing potential sites for the missing heteroatoms. 649 

The HMBC spectra provide long range correlations connecting the fragments and closing the rings. Finally, 650 

the nature of heteroatoms is revealed by the chemical shifts in combination with data from elemental 651 

analysis. Similar examples of structure elucidation based on the PANACEA experiment can be found 652 

elsewhere77,89,94,103.  653 

While the structure elucidation based on the PANACEA spectra is simple and largely unambiguous, 654 

the main disadvantage of this experiment is the need for substantial amounts of sample. Cryoprobes 655 

optimized for direct 13C detection can reduce the required sample amount by up to a factor of 10 as 656 

compared to room temperature probes76,77. 1H detected techniques coupled with CASE96 (Computer 657 

Assisted Structure Elucidation) and small diameter cryoprobes have the potential to reduce the required 658 

sample amount even further, often to sub-milligram quantities. 659 

[H3] CASE: from experiment direct to structure.  660 

BSC and BSCN-based NOAH supersequences (where the single-letter codes indicate B=HMBC, 661 

S=HSQC, C=COSY and N=NOESY) are capable of providing hetero- and homonuclear correlation 662 

information from a single experiment. Although this is possible with conventional sequences, the NOAH 663 

experiments achieve the same goal in a far shorter time and, for some combinations, with increased 664 

sensitivity. This not only enables optimal use of instrument time but should also prove to be critical for 665 

systems which are reacting or are otherwise unstable since it avoids temporal variations between 666 

individual experiments. The direct extraction of a molecular structure from NOAH spectra using CASE 667 

routines96,130 has been successfully demonstrated59,60, and is illustrated here for the pharmaceutical 668 

zolmitriptan (FIG. 12). A single NOAH-4 BMSC experiment (M indicating 15N HMQC) provided all necessary 669 

correlations for the structural identification and resonance assignment of the compound but required 670 

only one-third of the instrument time required by four conventional experiments of equal resolution (ρt = 671 
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2.98), illustrating the gains afforded through parallelization. 672 

 673 

Although not the case for zolmitriptan, structural elucidation can occasionally be hampered by 674 

overlap in the proton dimension, which is particularly problematic in COSY spectra. In situations such as 675 

these, additional dispersion in a 13C indirect dimension can prove highly useful, such as in 2BOB or 676 

H2OBC131 experiments, which have been incorporated into multiple-FID sequences60,132.  677 

 678 

Applications in metabolomics  679 

Metabolomics involves identification of metabolites - small molecules produced by cell metabolism, in 680 

biological mixtures, such as bodily fluids (blood plasma, urine etc.) and tissue76,86b. Parallelization of NMR 681 

methods potentially can increase sensitivity and throughput in metabolomics studies as well as mitigate 682 

the effects of sample degradation and environmental and instrumental instabilities that often complicate 683 

the analysis. To date, only one pulse scheme recording several spectra simultaneously, namely the 684 

HETCOR/TOCSY/HSQC-TOCSY, has been applied to metabolomics studies designed with this specific 685 

application in mind85,86. One of the basic steps in analysis of NMR spectra of metabolomics samples is 686 

signal assignment usually by 2D NMR techniques76. While 3D NMR offers even higher resolution and is 687 

widely used in biomolecular studies, such techniques are deemed to be too time-consuming for 688 

metabolomics applications to time-sensitive samples. Instead, the HETCOR/TOCSY/HSQC-TOCSY pulse 689 

scheme yields 3D information that is acquired in the time frame of a 2D measurement. The experiment 690 

achieved a complete resonance assignment in a mixture of 17 amino acids and 4 common metabolites 691 

comprising a medium used in human in vitro fertilization (IVF)86a resulting in a reduction of experiment 692 

time by an order of magnitude. This has opened new avenues for high-throughput metabolomics studies 693 

using NMR, even as similar combinations of multi-nuclear detection and projection spectroscopy have 694 

been used in biomolecular NMR133,134. Recent reports of ultrafast NMR in metabolomics studies135,136 are 695 

indicative of potential applications for parallel ultrafast NMR methods in this field.  696 

 697 

Reproducibility and data deposition 698 

The spectra yielded by parallel acquisition techniques provide equivalent data to standard 2D experiments 699 

once the requisite processing has been undertaken. This means that spectral information may be reported 700 

in the same format as existing methods. For data reproducibility, it generally suffices to specify a subset 701 

of acquisition parameters that will have the greatest impact on spectrum appearance and quality. Precise 702 

details will vary according to the sequence in use but will most often include parameters that directly 703 

influence spectrum resolution, sensitivity and the transfer processes within the mixing period, such as 704 

spectral widths for each dimension and FID acquisition times, the recovery delay and number of 705 

transients, as well as experiment-specific parameters such as scalar coupling constants or durations of 706 

mixing periods. Significant instrumental details include the vendor, field strengths (expressed typically in 707 

terms of 1H frequencies), detection probe characteristics (coil configurations and diameter) and sample 708 

temperatures. Where possible, the design of parallelized pulse sequences seeks to employ similar 709 

parameters to conventional experiments, standardising nomenclature and thus simplifying their 710 
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implementation. Similarly, as for conventional 2D data sets, parallelized data tends not to be suitable for 711 

quantitative measurements, and attempts to use the experiments in this way would require suitable 712 

endeavours to establish their viability for such work.  713 

For small organic molecules, metadata from processed spectra such as structural assignments, 714 

chemical shifts, coupling constants, and integrals may also be stored in plain-text format according to the 715 

recent NMReDATA (extracted data) specification137. The file format is an extension of the existing 716 

Structure Data Format (SDF), which is compatible with the commonly used molfile format for describing 717 

molecular structures. The association of an NMReDATA file with the raw spectroscopic data from which 718 

it originates constitutes an NMR record. The NMR-STAR (Self-defining Text Archival and Retrieval) 138-142 
719 

standard is particularly relevant for biomolecular NMR and includes the description of experiments, the 720 

data generated, and the derived results such as molecular structures, dynamics, and functional properties 721 

whilst nmrML (markup language)143 has been similarly promoted for metabolomics NMR data.  722 

As with experimental parameters, new pulse programmes and any processing scripts should be 723 

made available to users in order to ensure reproducibility. Most often these are included in the 724 

supplementary material sections of journal articles describing novel techniques and also through author 725 

websites. However, having a curated, centralised online “library” of pulse programmes, such as the Bruker 726 

User Library, is a desirable alternative that is scalable, robust and more likely to be future-proof. Ideally, 727 

instrument vendors may distribute these files together with NMR software releases; for example, a 728 

number of NOAH supersequences, as well as the associated scripts, are already distributed by instrument 729 

vendors.   730 

https://www.bruker.com/service/information-communication/nmr-pulse-program-lib/bruker-user-library.html
https://www.bruker.com/service/information-communication/nmr-pulse-program-lib/bruker-user-library.html
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Limitations and optimizations 731 

NMR with multiple microcoils 732 

The current limitations to the use of multiple microcoils are the number of coils that can fit into the bore 733 

of a standard NMR magnet and the number of receivers. Microfabrication techniques can potentially 734 

increase the number of coils, but as the sample volume becomes smaller so does the S/N, leading to 735 

samples requiring higher concentrations. Commercial NMR systems are currently limited to four receivers, 736 

and the only way to increase the number of separate experiments is to time-domain multiplex [G] the 737 

signals from more than four coils: there is no intrinsic limitation to the number of channels so we 738 

anticipate that this may increase in the future. When considering sample preparation and handling, one 739 

of the biggest challenges is producing samples with microvolumes closely matched to that of the 740 

microcoil, and delivering the sample to the coil accurately and reproducibly. One possibility is to use 741 

microdrop technology or zero-dispersion segmented flow, which is being actively developed 145. 742 

 743 

Single-scan 2D NMR 744 

2D—and in general, nD—NMR information originating from conventional and from single-shot 745 

acquisitions should be equivalent in terms of peak positions, line shapes, spectral resolution, and 746 

intensities146. In practice, however, the need to constantly apply magnetic field gradients for defining the 747 

encoding and readout spectral characteristics imparts constraints to the single-scan acquisition methods. 748 

For instance, gradient-based manipulations, and in particular those relying on strong gradients applied 749 

over 10s-100s of ms, will only work if high-quality gradient coils and amplifiers are employed. Such quality 750 

is routinely achieved by human MRI scanners as it is essential for their operation; the same is not always 751 

the case for high resolution NMR, where gradient quality and agility have not been given the highest 752 

priority. This in turn leads to special requirements for phasing the data, setting up suitable spectral widths, 753 

and so on147. However, the most important limitation of ultrafast nD NMR pertains to sensitivity and the 754 

presence of added noise.  755 

In conventional NMR acquisitions, noise will be determined by how much the receiver’s 756 

bandwidth is opened—noise increasing, in general, as the √bandwidth. This bandwidth will be given by 757 

the inverse of the acquisition dwell time (i.e. the time between sampled data points), which in 758 

conventional 2D NMR is 1/t2.22,95 In ultrafast NMR, however, the full F1  indirect-domain information is 759 

contained within the dwell time t2; for acquisitions aiming at defining the F1 domain with N1 equidistantly 760 

sampled k-domain points, the receiving bandwidth will thus have to be opened up by an additional N1 761 

factor to capture these changes. This leads to the S/N per scan decreasing by √N1 over its conventional 762 

counterpart. This is a sensitivity penalty that will increase as the number of indirect-domains, that are 763 

spatiotemporally encoded, increases. This is because the additional sampled domains have to be collected 764 

within each direct-domain acquisition dwell time. In cases where sensitivity is not a limiting factor, for 765 

example when dealing with sufficiently concentrated samples, this may not be an obstacle. But when 766 

dealing with sensitivity-limited samples, this price can be particularly onerous.  767 

Sensitivity can be improved by signal averaging in different forms, be it collecting the same scan over and 768 

over, interleaving the data so as to reduce the gradient demands,12 or performing ≥3D NMR acquisitions 769 

employing a mixed of temporal and spatiotemporal encodings148 (in this later case the  temporal 770 
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encoding provides a sort of signal averaging). Special cases where a priori information is known—for 771 

instance, an F1 spectral region which is known to be devoid of resonances and hence in no need of 772 

sampling—can be free from the full demands of the aforementioned condition; in such instances, the 773 

effective number N1 of points sampled, can be de facto reduced, leading to an improved sensitivityand 774 

lead to improved sensitivity. Another way to reduce these sampling-derived demands is with the use of 775 

multiple high-quality (micro)coils and receivers, leading the savings in the sampling requirements that are 776 

analogous to those enjoyed by parallel receiving in MRI. Such concepts, however, remain to be tested in 777 

the domain of high-resolution spectroscopy. 778 

Optimizing multi-FID detection schemes 779 

The same number of FIDs must be acquired for every module in a parallelized multi-FID experiment, 780 

meaning the minimum experiment time is necessarily limited by the least sensitive module. In practice, 781 

the time savings realized may not be as great, particularly for low-concentration samples that require 782 

many transients for the least sensitive module but not for others. It is possible to increase the number of 783 

scans only for the least sensitive module with a corresponding reduction in the number of t1 increments 784 

to trade resolution for sensitivity149. However, this is limited to situations where high spectral resolution 785 

is not required for the least sensitive module, which is most often the case for 15N correlations of small 786 

molecules. In cases of high sensitivity, benefits can be realised through the incorporation of non-uniform 787 

sampling (NUS) schemes150, either to afford additional time savings or to increase resolution in indirect 788 

dimensions without extending experiment durations.63 789 

The use of the same magnetization pool multiple times can also lead to drops in performance. 790 

This is most obvious in polarization sharing experiments, where RS is necessarily lower than 1. However, 791 

this can also inadvertently arise in NOAH supersequences involving the HMBC module, which destroys the 792 

bulk magnetization required for any subsequent homonuclear module. For example, the NOAH-3 BSC 793 

supersequence59,63 (HMBC/HSQC/COSY), recorded on a sample of the cyclosporine in benzene-d6 has ρt = 794 

2.65 and RS = 1.0, 0.92, and 0.27 for the three modules respectively, leading to εt = 1.63, 1.50, and 0.44 (E. 795 

Kupce, J. Yong & T. Claridge, unpublished work). The observed COSY signal in this case derives from 796 

magnetization that was excited during the HMBC module but has only partially recovered during the two 797 

subsequent FID periods prior to its use in the COSY. Nevertheless, this decrease in RS is readily tolerated, 798 

as the COSY spectrum is naturally far more intense than the HMBC. A more insidious problem arises from 799 

the differing relaxation rates of the different protons in the sample, leading to imbalanced crosspeak 800 

intensities in the COSY module. This can however be ameliorated by inserting a period of isotropic mixing 801 

prior to the COSY59,151,152, which serves to rebalance the available magnetization across all protons in the 802 

manner of the ASAP (acceleration through sharing of adjacent polarization) experiments153-155.  803 

Balancing the sensitivities in multi-receiver experiments involving insensitive and diluted nuclei 804 

such as 13C, 15N, and 29Si is a significant challenge, particularly in low concentration samples. Probes 805 

optimized for direct detection of such nuclei are essential in multi-nuclear detected experiments. 806 

Instrument software can also impose limits on method development. For example, the commercial Bruker 807 

software TopSpin limits the number of memory blocks and hence NOAH modules to 5. This limit has been 808 

reached and should be at least doubled to allow design and recording of experiments similar to the 809 

extended PANACEA pulse scheme. 810 

 811 
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Outlook 812 

Although the advantages of parallelization have been realized in many fields of science and technology 813 

including MRI4-6, NMR parallelization has not yet reached its full potential. We have discussed the basic 814 

parallelization approaches that have been developed in NMR over the past 20-30 years and their 815 

significant gains in speed and sensitivity. Many of these techniques are still under active development, 816 

with new methods continually being demonstrated11,17,20,35,61,89. However the largest gains are expected 817 

to emerge once the techniques discussed in this article are combined to multiply the benefits of individual 818 

approaches.  819 

One of the major advances in multiple microcoil NMR that can be envisioned is the use of three-820 

dimensional microfabrication techniques to improve the quality and reproducibility of the detector setup 821 

used for data acquisition156,157. Most of the studies outlined in this Primer have used RF coils wound by 822 

hand, with discrete capacitors used for impedance matching: as such these are very labour-intense to 823 

produce, and there is considerable inter-element variability in performance. Microfabrication techniques 824 

are much more accurate and reproducible, with the proviso that the conductor thickness needs to be 825 

much greater than typically used in this type of manufacturing, otherwise the coil resistance at high 826 

frequencies will be very large and the S/N will be correspondingly reduced. In addition, it should be 827 

possible to integrate much of the electronic circuits used for signal detection and demodulation very close 828 

to the RF coil, which will improve performance. Another potential application is in the field of 829 

metabolomics, which studies enormous numbers of samples. The time required could be reduced 830 

significantly by, for example, running several samples simultaneously using the multiple microcoil 831 

technology.  832 

The existing approaches towards time-shared and multiple-FID experiments lead to significant 833 

reductions in experiment time and improved sensitivity per unit time relative to conventional 834 

experiments60. However, the manipulation of multiple magnetization components typically requires the 835 

introduction of additional pulse sequence elements, reducing efficiency due to instrumental 836 

imperfections158. An immediate challenge is therefore the design of improved pulse sequences that have 837 

comparable or enhanced performance relative to conventional experiments, for example through optimal 838 

control theory159-161. 839 

The extension of these techniques to higher-dimensional experiments is an obvious area for 840 

future development. Although time-shared 3D and 4D sequences have long been used in biomolecular 841 

NMR162-164, there has been much less work on sequential and multi-nuclear acquisition experiments82,83,102. 842 

The potential time savings realized through these would be even more substantial than for their 2D 843 

counterparts. 844 

The combination of different approaches to parallelized acquisition provides a fertile area for 845 

future investigation. For example, one may even envision experiments in which separate magnetization 846 

pools can be sampled in an interleaved fashion without any explicit recovery delays. This can be easily 847 

done when detecting multiple nuclei, but the homonuclear case is substantially more difficult due to the 848 

precise control required over each magnetization pool. Marrying multi-FID schemes with spatial encoding 849 

could enable rapid and continuous sampling of magnetization pools for even greater gains in time 850 

efficiency and sensitivity per unit time. 851 

In the area of multinuclear, multi-receiver detection, the very different intrinsic sensitivities of 852 
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diluted nuclei such as 13C, 15N, 29Si and similar versus high-γ nuclei such as 1H and 19F present significant 853 

challenges, particularly in low-concentration samples. Probes optimized for direct detection of such nuclei 854 

are essential. For instance, the best performance of parallel NMR experiments that are based on direct 855 

detection of 13C is achieved with cryoprobes that are designed to maximize the 13C sensitivity. Constructing 856 

RF coils from high-temperature superconductors roughly doubles the sensitivity of cryogenic probes. For 857 

example, a home-built 1.5 mm (35 L) high-temperature superconductor probe optimized for 13C 858 

detection improved sensitivity by a factor of >20 compared to a commercial RT probe for the same sample 859 

mass76 thus reducing the measurement time for small sample quantities by a factor of >4000. It is 860 

expected that future probe developments and advances in hyperpolarization techniques will make 13C 861 

detected experiments such as PANACEA more practical. For instance, hyperpolarization allowed the 862 

recording of INADEQUATE spectra at the natural abundance of 13C in a single scan165. 863 

Parallelized experiments could also be employed for monitoring time-dependent processes such 864 

as chemical reactions to alleviate the spectral crowding and associated ambiguities in interpreting 865 

conventional 1D methods. Furthermore, the use of multi-FID pulse schemes in conjunction with time-866 

resolved non-uniform sampling166 or ultrafast methodology is extremely promising, but has yet to be 867 

investigated. Further development of ultrafast supersequences including direct detection of nuclei other 868 

than protons also offers promise in structure characterization and reaction monitoring, with 19F offering 869 

applications in fluorine chemistry and drug design. Combining multiple microcoil technology with efficient 870 

NMR supersequences would produce unprecedented throughput capability. Likewise, merging the 871 

ultrafast methodology with various pulse schemes for structure elucidation from a single measurement 872 

such as NOAH and PANACEA, opens amazing opportunities to design experiments yielding organic 873 

molecule structures in a fraction of a second. 874 

In conclusion, parallelization in NMR enables several concepts in hardware, data acquisition and 875 

data processing to be co-developed in ways in which the total gain is greater than the sum of the parts. 876 

There is a strong analogy with MRI, where recent advances in rapid patient imaging using massively 877 

undersampled data and the introduction of artificial intelligence into data processing have only been 878 

made possible by the availability of parallel data acquisition. We hope that future researchers will look 879 

back on the days of a single sample/single experiment mode in the way that we currently remember the 880 

early days of NMR where spectra were laboriously collected by sweeping across the entire frequency 881 

range one step at a time. 882 
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 901 

Tables 902 

Table 1. NMR properties of the most commonly observed nuclei22 903 

Nucleus (MHz/Tesla) Natural Abundance (%) Relative Sensitivity 
1H 42.58   99.98  1.00 
13C 10.71  1.11  1.76x10-4 
15N -4.32  0.37  3.85x10-6 
19F 40.08  100.0  0.83 
29Si -8.46  4.7  3.69x10-4 
31P 17.25  100.0  6.65x10-2 

 904 

Table 2 | NMR spectra acquired with the 8-coil probe and the chemical structures of the compounds used. Column 905 

1: Each sample (10 mM solution in D2O) was loaded into the coil via the attached teflon tubes. Column 2: chemical 906 

structures of sucrose, galactose, arginine, chloroquine, cysteine, caffeine, fructose, and glycine. Column 3: COSY 907 

spectra. Data acquisition parameters: data matrix 2048256, 8 scans, sw = sw1 = 6000 Hz. Data were zero filled in t1 908 

to 2048 points, processed with shifted sine-bell window functions applied in both dimensions, symmetrized and 909 

displayed in magnitude mode. Column 4: Phase sensitive TOCSY spectra, mixing time = 30 ms. Data were zero filled 910 

in the t1 dimension to 1024 points and processed with a Gaussian window function applied in both directions. Other 911 

parameters as in Column 3. Column 5: Gradient COSY spectra. gradient duration 1.9 ms, gradient strength 10 gauss 912 

/ cm. Other parameters as in Column 3. Explanation of what the various spectra show is found in BOX 1. 913 

[the table is submitted as a separate figure]. 914 

 915 

Table 3 | Selected examples of sensitivity and speed advantages achieved by NOAH supersequencesa  916 

Entry NOAHb  M Texp(MF) Σ𝑖
𝑀𝑇𝑒𝑥𝑝(𝑖) Speed, ρt Sensitivity advantage, εt 

1 SN 2 19 min 38 s 33 min 16 s 1.69 1.30(S), 1.30(N) 

2 SCN 3 19 min 38 s 47 min 38 s 2.42 1.56(S), 1.39(C), 1.50(N) 

3c MSCN 4 20 min 39 s 62 min 5 s 3.01 1.73(M), 1.50(S), 1.38(C), 1.61(N) 

4 MS 2 15 min 11 s 28 min 54 s 1.90 1.38(M), 1.20(S) 
aThe sample was cyclosporin (50 mM in C6D6). Two scans were acquired for each increment, with 256 t1 increments 917 

per module. A recovery delay (d1) of 1.5 s was used for all experiments. bSingle-letter codes for NOAH modules are: 918 

M = 1H–15N HMQC, S = 1H–13C HSQC, C = 1H–1H COSY, N = 1H–1H NOESY (mixing time of 500 ms). cSee Supplementary 919 

Figure 3. 920 
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 921 

Figure Legends 922 

Fig. 1 | Approach to multiple microcoil NMR using RF coils connected in parallel. a | In this configuration data from 923 

multiple samples are acquired in a single experiment by using a spatially selective pulse – a frequency selective pulse 924 

applied simultaneously with a magnetic field gradient in the z-direction - akin to slice selection in MRI. b | Spatially 925 

selective excitation pulse sequence. c | NMR spectrum with no gradient. d | NMR spectra from all samples separated 926 

with gradient, G and selective excitation of individual coils with transmitter offsets tof1 – tof4. e | spectrum recorded 927 

with coil 1. 928 

Fig. 2 | Approach using RF coils which are electrically and magnetically separate from one another. a |A switch 1-929 

4 is used to rapidly switch between transmitting pulses, Tx 1-4 to each of the eight RF coils. The received signals are 930 

fed into separate receive channels, Rx 1-4. Since the probehead contains eight coils, but there are only four receivers 931 

on the system, an interleaved mode is used to record separate spectra from all eight samples. 932 

Fig. 3 | Comparison of data acquisition schemes in conventional vs ultrafast 2D NMR. a | The conventional 2D 933 

NMR experiment; b | the ultrafast single-shot 2D NMR experiment. While this schematic compares the 934 

two experimental techniques by retaining the same nominal number of N1 elements, the actual ultrafast 935 

experiments are usually performed using continuous spatiotemporal encoding. Processing of the two 936 

types of data sets is usually different, even as both approaches lead to the same final spectra. For further 937 

details see Supplementary Fig 1. 938 

 939 

Fig. 4 | Exploiting isotope-specific magnetisation. a | Isotopomers of a typical organic molecule illustrating the 940 

different magnetisation pools present, namely 13C-bound protons (blue), remote 13C-coupled protons (purple), 15N-941 

bound protons (orange) and protons not scalar coupled to heteroatoms (green), which contribute to different 942 

correlation spectra. b | Conventional (separate) acquisition of the 1H–13C and 1H–15N HSQC and 1H–1H COSY spectra. 943 

Each experiment requires a recovery delay (d1) to allow proton magnetisation to relax toward equilibrium before 944 

being sampled. c | Simultaneous acquisition of both FIDs using the time-shared principle. The final dataset contains 945 

two phase encoded ( = +x or -x) sub-sets that are separated at the processing stage (blue and orange). Fourier 946 

transformation of each subset gives a spectrum containing peaks from both 15N- and 13C-bound protons, which can 947 

be separated via nucleus editing. Only a single recovery delay is required. d | Sequential acquisition in a NOAH-style 948 

experiment comprising multiple experiment modules indicated using single letter codes; here the NOAH-4 BMSC 949 

where B = HMBC, M = HMQC, S = HSQC and C = COSY. All FIDs are stored in a single 2D matrix which has been 950 

partitioned into memory blocks. Separation of these blocks and Fourier transformation yield the individual spectra. 951 

As with simultaneous acquisition, only a single recovery delay is needed, but far greater flexibility in experiment 952 

design is available. 953 

 954 

Fig. 5 | Multi-nuclear acquisition techniques. H-1, C-13, etc are different RF channels corresponding to the nuclei 955 

they detect. Each channel is equipped with a separate receiver. Overlapping FID-s denote time-shared data 956 

acquisition. The arrows indicate polarization transfer with color coding that corresponds to the target spectra. a | 957 

PANSY-COSY with parallel acquisition, b | interleaved H-H COSY/F-F COSY, c | HETCOR/TOCSY with sequential 958 

acquisition, d | interleaved COSY /PANSY-COSY, e | HETCOR/TOCSY/HSQC-TOCSY with sequential acquisition and 959 

time-sharing, f | the basic PANACEA experiment and g | the extended PANACEA experiment. All experiments have 960 

a common recovery period, d1, except for panels b and d, where nuclei-specific recovery periods are indicated. 961 
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 962 

Fig. 6 | Spectra recorded with basic dual receiver pulse schemes. a | H-H/H-P COSY spectra of P(Ph4)+Cl- recorded 963 

with parallel acquisition (see FIG. 5a), b | H-H/F-F COSY spectra of a mixture of 2,4,5 and 2,3,6- trifluoro-benzoic 964 

acids recorded with interleaved experiment (see FIG. 5b), c | C-H HETCOR/H-H TOCSY of gibberellic acid recorded 965 

with sequential acquisition experiment (see FIG. 5c). Note the joint F1 frequency axis in (a) and (c) that guarantees 966 

perfect peak alignment in the complementary spectra.  967 

 968 

Fig. 7 | Interleaved H-H COSY and P-P/P-H PANSY-COSY spectra of a mixture of ATP and GTP in D2O. The top trace 969 

shows peak assignment in the 1D proton spectrum. The dotted lines show connectivity of resonances a | in H-H 970 

COSY spectrum (blue); b |in P-P COSY spectrum (red) and c | in H-P COSY spectrum (pink) that connects the 1H and 971 

31P spin systems in (a) and (b). The spectra were recorded on a 700 MHz (1H) Bruker NEO spectrometer equipped 972 

with the QCIP cryoprobe. Experiment time was 10 min. 973 

 974 

Fig. 8 | Step-by-step manual structure elucidation from the PANACEA spectra. a | The spectra of quinine were 975 

recorded on a Varian NMR system operating at 500 MHz (1H) using the basic PANACEA pulse scheme shown in FIG. 976 

5f and equipped with a cryogenic HTS probe optimized for 13C detection. The trace is a 1D 13C spectrum indicating 977 

the number of carbon atoms. b, c | The 2D INADEQUATE spectrum (b) provides C-C connectivities as indicated by 978 

the dotted lines. This traces down the carbon skeleton of the molecule (c). d, e | The multiplicity edited HSQC 979 

spectrum (d) reveals the number of attached protons (CH2 signals are negative and shown in red) as shown in (e). f, 980 

g | The HMBC spectra (f) connect the molecular fragments (g). h | The last step establishes nature and position of 981 

heteroatoms as revealed by chemical shifts and elemental analysis. All spectra were recorded in a single 982 

measurement89. 983 

FIG. 9 | Ultrafast H-H and H-F PUFSY-COSY spectra recorded in parallel. a | PUFSY spectra of compound 2; b | PUFSY 984 

spectra of a mixture of compounds 1-3, all 5 % solutions in DMSO-d6. In both cases the two spectra share the F1 (1H) 985 

frequency axis. The spectra were recorded on a 600 MHz (1H) Varian DDR spectrometer. The excitation and 986 

acquisition gradients were Ge = ±10 G/cm and Gacq = 14.9 G/cm; the acquisition times, Tacq were 488 µs in 200 987 

acquisition cycles (top spectra) and 490 µs in 150 acquisition cycles (bottom spectra), a pair of 15 ms long chirp 988 

pulses were used for encoding the indirect dimension. The total experiment times were 128 ms (top) and 104 ms 989 

(bottom). 990 

 991 

Fig. 10 | Parallel studies of protein samples. a | A photograph of the two-coil double-tuned probe with the external 992 

lock coil and electronic circuitry. b | A 1H-15N HSQC spectrum of 1.25 mM 15N-labeled ubiquitin in H2O/D2O (9:1). 993 

Data matrix 1024 x 192 (States), 1 s water presaturation, 32 signal averages. Total data acquisition time 3.5 hours. c 994 

| A 1H-15N HSQC spectrum of 1 mM 15N-labeled IA-3 in H20/D2O (9:1), Identical data acquisition parameters were 995 

used. Interleaved data were acquired using an RF switch controlled via TTL signals from the pulse programme.  996 

 997 

Fig. 11 | Single-shot 2D NMR spectra. 15N-1H HSQC spectrum of Ubiquitin (a) and 13C-1H HMQC spectrum of the 998 

methyl region of Protein A (b), acquired in <80 ms. 999 

 1000 

Fig. 12 | NOAH data recorded for the pharmaceutical zolmitriptan. Spectra recorded using the NOAH-4 BMSC 1001 

sequence illustrated in FIG. 4d. This supersequence yields the four following spectra: a | 1H–13C HMBC, b | 1H–15N 1002 

HMQC, c | 1H–13C multiplicity-edited HSQC, and d | 1H–1H COSY. The inset shows the CASE derived structure and 1003 

assignments in order of decreasing 13C chemical shift. The duration of the NOAH BMSC was 20 min 12 s, whilst the 1004 

sum for the four conventional 2D experiments was 60 min 9 s (ρt = 2.98). Data were collected on a 50 mM 1005 

zolmitriptan sample in DMSO using a Bruker AVIII 700 equipped with a TCI H/C/N cryoprobe, with 2 transients, d1 = 1006 
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1.5 s, and 256 t1 increments per module. Parameters were optimized for 1JCH = 145 Hz, nJCH = 8 Hz, 1JNH = 90 Hz. The 1007 

CASE structure was generated using the Bruker CMC-SE software. 1008 

 1009 

 1010 

Boxes 1011 

Box 1 | Basic 2D NMR Experiments  1012 

2D NMR pulse sequences generally follow a “preparation–evolution–mixing–detection” scheme (see Eq. 1013 

2). Processing of the recorded data (Fourier transformation of both frequency domains) leads to 1014 

crosspeaks in the 2D spectrum at (ω1, ω2) that correlate the spin interactions of the two nuclei. 1015 

Experiments differ according to the nature of the mixing process employed, which is commonly designed 1016 

to reveal though-bond (scalar) or through-space (dipolar) spin coupling interactions between nuclei. Some 1017 

examples of classes of 2D experiments are summarized below. 1018 

 COSY: Correlation Spectroscopy. Correlates mutually scalar coupled (J-coupled) 1H spins.  1019 

 NOESY and ROESY: Identifies 1H spins that are close in space (typically < 5 Å) and hence share 1020 

dipolar coupling. 1021 

 TOCSY: Distributes magnetization within a 1H spin system to identify a group of mutually scalar 1022 

coupled protons.  1023 

 HSQC and HMQC: Heteronuclear experiments which typically link an insensitive nucleus (such as 1024 

13C or 15N) with directly attached protons. 1025 

 HMBC: Heteronuclear experiments that correlate an insensitive nucleus (such as 13C or 15N) with 1026 

protons that are remote in a molecular structure (typically within 2 or 3 bonds). 1027 

 INADEQUATE: Correlates scalar coupling between insensitive nuclei (usually 13C).  1028 

 1029 

Related links 1030 

https://www.bruker.com/service/information-communication/nmr-pulse-program-lib/bruker-user-1031 

library.html 1032 
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 1420 

Glossary 1421 

Precessional - The process by which nuclei spins rotate (precess) about an applied magnetic field.  1422 

Gradient-based spatial encoding – selective excitation in the presence of magnetic field gradients. 1423 

Chemical shifts - The resonant frequency of a nucleus relative to that of a defined chemical group within 1424 

a reference compound.  1425 

Magnetogyric ratio – the ratio of the magnetic moment of a nucleus to its angular momentum. 1426 

Spectral dimensions- Frequency dimensions in NMR spectra that will typically reflect chemical shifts 1427 

and/or coupling constants.  1428 

Mass-limited samples: samples of limited amount; the term is used to distinguish from the situation of 1429 

low concentration due to poor solubility. The sensitivity of NMR measurements of mass-limited samples 1430 

can be improved by using small diameter probes and higher sample concentrations prompting use of a 1431 

term ‘mass-sensitivity’ for small diameter probes. 1432 

Phase shift: The altering of initial phase of one oscillating signal, such as a free-induction decay, to 1433 

match that of another. 1434 

Transient – The acquisition of a solitary free induction decay, also referred to as a scan. 1435 

Dynamic nuclear polarization: a technique that uses unpaired electron spins to boost the NMR signal by 1436 

as much as 100,000. 1437 

Free induction decays (FID) – the observable NMR signal generated by non-equilibrium nuclear spin 1438 

magnetization precessing about the magnetic field. 1439 

Supersequences – a sequence of NMR experiments (pulse schemes) with a common relaxation delay 1440 

Pools of magnetization – subsets of nuclear spins, typically defined by their coupling interactions with 1441 

other NMR-active spins. 1442 

NOAH: NMR by Ordered Acquisition using 1H Detection: an experimental scheme for acquiring multiple 1443 

experiments in one whilst requiring only a single relaxation delay.  1444 

Polarization transfer – transfer of nuclear polarization between subsets of nuclear spins. 1445 

COSY: Correlation Spectroscopy: a technique for identifying directly scalar coupled (J-coupled) nuclei, 1446 

most often protons. 1447 
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TOCSY: Total Correlation Spectroscopy; a technique related to COSY that distributes magnetization within 1448 

a network of mutually scalar coupled protons so as to group them within a structure.  1449 

HSQC: Heteronuclear Single Quantum Correlation: an experiment used to correlate an insensitive nucleus 1450 

(such as 13C or 15N) with its directly attached proton(s) via one-bond scalar coupling. 1451 

Magnetization helices: spatially-dependent magnetization patterns, where each chemical site’s 1452 

magnetization subtends a helix whose pitch is linearly proportional to the site’s chemical shift 1453 

Echoes: signals that peak as a function of the k-domain variable, according to their indirect-domain 1454 

chemical shift 1455 

Recovery delay also relaxation delay; a time period in which spins recover their equilibrium populations 1456 

between scans. 1457 

Nucleus editing: recording multiple datasets in which signals from separate pools are phase-labelled 1458 

relative to one another 1459 

Isotropic mixing – transfer of x-, y-, and z-magnetization (hence isotropic) between J-coupled spin 1460 

systems. 1461 

HMBC: Heteronuclear Multiple-Bond Correlation: and experiments that correlates an insensitive nucleus 1462 

(such as 13C or 15N) with protons that are remote in a molecular structure (typically within 2 or 3 bonds) 1463 

via their long-range scalar coupling. 1464 

HMQC: Heteronuclear Multiple Quantum Correlation: an experiment closely related to HSQC and HMBC 1465 

used to correlate an insensitive nucleus (such as 13C or 15N) with its directly attached proton(s) via one-1466 

bond scalar coupling. 1467 

Polarization – the degree of alignment of nuclear spins with the applied magnetic field that gives rise to 1468 

an observable NMR signal. 1469 

HETCOR: Heteronuclear Correlation: a technique for correlating an insensitive nucleus (such as 13C) with 1470 

neighboring proton(s) via scalar coupling whilst using direct detection of the insensitive nucleus. 1471 

PANACEA: Parallel Acquisition Nmr, an All-in-one Combination of Experimental Applications: a method 1472 

that combines three standard pulse sequences (INADEQUATE, HSQC and HMBC) into a single supersequence. 1473 

INADEQUATE: Incredible Natural Abundance Double-Quantum Transfer Experiment: a method for 1474 

correlating adjacent insensitive nuclei (typically 13C) via one-bond scalar coupling.  1475 

 1476 

Linewidth – width of an NMR peak at half height, usually defined in hertz. 1477 

NOESY: Nuclear Overhauser Effect Spectrosopy: a technique for identifying nuclei, most often protons, 1478 

that are close in space (typically < 5 Å) and hence share dipolar coupling. 1479 
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ROESY: Rotating-frame Overhauser Effect Spectrosopy: a technique related to NOESY that is also used to 1480 

identify spatial proximity between protons. 1481 

Time-domain multiplex: another term for parallelizing NMR experiments. 1482 

  1483 
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