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Supplementary Experimentation 

Single scan 2D NMR by Spatiotemporal Encoding 

Spatiotemporal encoding imparts the indirect domain time evolution along one of the sample’s 

dimensions. For instance, if choosing t1 to denote the time domain and z as the axis along which the 

evolution is imparted, we have   
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where the i and T2 denote the chemical shift and transverse relaxation time of a given site, L is the overall 

length of the sample, C is a constant that relates the spatial extent of the sample with the overall duration 

of the encoding (i.e., C ≈ 𝑡1
𝑚𝑎𝑥/L), and the sums run over the discrete set of frequencies 1 assumed in 

the spectrum. This results in a peculiar spatial pattern: the signal S(z) will be given by a superposition of 

“helices”; spirals of the magnetizations associated to each chemical site, whose pitch depends on 1. In 

general, when integrated over the extent of the sample, such spirals will cancel each site’s contribution 

to the signal. In order to obtain an observable signal from the NMR coil extending over the length L, each 

chemical-shift-dependent magnetization spiral needs to be “undone”, bringing all the spin-packets along 

z into a constructive superposition (see Supplementary Figure 1), This can be done if during the course of 

the signal acquisition the spins are subjected to a magnetic field gradient applied along the same z-

direction as the 1 encoding. This is the kind of spin evolution that the EPSI block that is executed during 

the course of the single-shot signal acquisition, will impart1. Indeed the action of EPSI’s oscillating 

acquisition gradient Ga will then be given by: 

𝑆(𝑘) ≈ ∫ 𝑑𝑧𝑆𝑜(𝑧)eikz
𝐿

,         (2) 

where 

  𝑘 = 𝛾 ∫ 𝐺𝑎(𝑡′)𝑑𝑡′
𝑡2

0
          (3) 

is the wavenumber usually used to describe the acquisition time-domain of MRI experiments40. It follows 

that whenever k = C1 a coherent superposition of the spin-packets throughout L will form, and a signal 

emerging from the noise will be observable: this kind of gradient-driven echo is a site-dependent peak. It 

follows that the action of the EPSI gradient will generate peaks whose position along k reflects the 

frequencies that were active during the spatiotemporal encoding, while its intensity will be proportional 

to the number of spins resonating at such frequencies. In other words, the signal S(k) will be proportional 

to the intensity of the indirect-domain NMR spectrum I(F1) being sought. It follows that the 

spatiotemporal parallelization mapping t1 ↔ Cz –where C ≈ 𝑡1
𝑚𝑎𝑥/L is an experimental parameter defined 

by the maximum t1 evolution time one wishes to employ and by the physical length of the sample 

– thereby maps the indirect-domain frequency axis F1 into -k/C.  As a result of this one-to-one 

correspondence it follows that, despite their very dissimilar acquisition times and acquisition modes, 

similar considerations will define the spectral lineshapes of the peaks in both the conventional and in the 

spatiotemporally-encoded acquisition schemes.  Still, the fact that in the case of the EPSI-driven readout 

the spectral F1 information is decoded in an analogue way, without a need for digitization and/or further 

processing such as a numerical Fourier transformation, implies that certain features, like the folding of 

the F1 resonances whenever the Nyquist criterion is not fulfilled, will be absent in the echo-based spectral 

readout.  

It follows that one of the key features of single-scan 2D NMR rests on performing the 



spatiotemporal transformation summarized in Supplementary Equation (1): the “morphing” of a time 

evolution, into a spatial one. Indirect-domain t1 evolutions can be converted into spatial z encodings by a 

variety of strategies, all of which open the possibility of completing a total 2D NMR acquisition in a single 

scan; we refer the reader to the specialized literature 41-46 for details on the spin physics that underlies 

each of them. Once such spatiotemporal encoding has been achieved, it can be incorporated into a 

scheme like that depicted in Supplementary Figure 1, in order to complete the acquisition of a full 2D 

NMR experiment in a single scan. In this figure the multi-scan t1 encoding characteristic of conventional 

2D NMR acquisition schemes has been replaced by some form of spatiotemporal encoding along the z 

axis, usually involving bipolar gradients and some kind of frequency incremented (or chirped) pulses. This 

is followed by a spatially homogenous mixing period akin to the one usually used in 2D NMR, which 

preserves the spatially-encoded magnetization helices referred to earlier, and is concluded by a series of 

oscillating gradient readouts repeated numerous N2 times, over which the spins’ FID is digitized. Each of 

these oscillating EPSI gradients will in turn read out a signal where the indirect domain “F1 spectrum” 

appears as a series of k-echoes, that evolves as a function of t2. Once suitably rearranged according to 

their k-t2 coordinates and Fourier transformed along t2, this data string will provide the 2D NMR spectrum 

being sought –within a single data scan.    

 
Supplementary Fig 1 | The spatio-temporal encoding and decoding of two distinctive sites’ magnetization 

patterns. At the end of the spatial encoding each site (red, black) produced its own helical-winded pattern of 

magnetization, reflecting the site’s chemical shift. Following a mixing process, an oscillating gradient reads out of 

this F1 spectrum repeatedly by applying an oscillating magnetic field gradient yielding the full S(F1,t2) interferogram 

within a single scan. In the actual experiment, the FID(t) signal arising during the course of this gradient echo train is 

read out continuously, it’s individual echoes (e.g., 1, 2…) rearranged, and the overall array processed as described in 

the lower right panel. 



The main drawback of all these ultrafast methods rests in their limited sensitivity. Indeed, these 

methods need to use the time that would be normally consumed for sampling the direct domain, to 

sample both the direct time domain and all indirect frequency domains involved in the experiment.  

This requirement for large sampling bandwidths that will simultaneously accommodate data arising 

from all spectral axes, is associated to an increase in the NMR receiver’s bandwidth –which in turn 

defined the amount of noise coming into the data. Hence, this kind of methods suffer from per-scan 

sensitivity penalties vis-à-vis their conventionally sampled counterparts. 

 

  



Homo-nuclear Multi-FID detection 

Several NOAH sequences, such as NOAH-2 SC, NOAH-2 ST, NOAH-3 SCN, and NOAH-4 BSCN have been 

implemented on a desktop NMR spectrometer operating at 80 MHz (1H) frequency. The system did not 

have a gradient capability and the quadrature detection based on States method was used. As an example 

spectra recorded using the NOAH-4 BSCN supersequence are shown in Supplementary Figure 2. 

 
 

Supplementary Fig 2 | NOAH-4 BSCN spectra of anti-inflammatory drug ibuprofen (isobutylphenylpropionic acid) 

in DMSO-d6, (40 mg in 0.75 ml) recorded on a 80 MHz (1H) Bruker Fourier-80 desktop spectrometer with no 

gradients; spectral windows were 13 ppm (1H) and 220 ppm (13C), raw data size was 512x256 points per spectrum, 

8 scans per increment, total experiment time was 1 h 18 min.   



Supplementary Results  

Parallel NMR with multiple microcoils 

 

Snapshots of high resolution 2D COSY, TOCSY and gradient COSY spectra from small molecules recorded 

with an eight coil probehead depicted in FIG 2 of the main text are shown in Supplementary Table 1. 

 

Supplementary Table 1 | NMR spectra acquired with the 8-coil probe and the chemical structures of the 

compounds used. Column 1: Each sample (10 mM solution in D2O) was loaded into the coil via the attached teflon 

tubes. Column 2: chemical structures of sucrose, galactose, arginine, chloroquine, cysteine, caffeine, fructose, and 

glycine. Column 3: COSY spectra. Data acquisition parameters: data matrix 2048256, 8 scans, sw = sw1 = 6000 Hz. 

Data were zero filled in t1 to 2048 points, processed with shifted sine-bell window functions applied in both 

dimensions, symmetrized and displayed in magnitude mode. Column 4: Phase sensitive TOCSY spectra, mixing time 

= 30 ms. Data were zero filled in the t1 dimension to 1024 points and processed with a gaussian window function 

applied in both directions. Other parameters as in Column 3. Column 5: Gradient COSY spectra. gradient duration 

1.9 ms, gradient strength 10 gauss / cm. Other parameters as in Column 3. Explanation of what the various spectra 

show is found in BOX 1 in the main text. Adapted with permission from Supplementary Ref 2, Elsevier. 
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Multi-nuclear Detected Experiments 

Practical examples 

Examples of the sensitivity advantages of the NOAH experiments are shown in Supplementary Figure 3 

for three NOAH sequences – NOAH-2 SN, NOAH-2 SCN and NOAH-4 MSCN in comparison with the 

equivalent spectra recorded with the conventional approach where the experiments are recorded 

sequentially. The representative traces taken along the dotted line are colour coded according to the 

NOAH sequences.  

 
Supplementary Fig 3 | Relative sensitivity enhancements, t in NOAH spectra. The 2D spectra on top show NOAH-

4 MSCN spectra of the immunosuppressant peptide cyclosporine (50 mM sample in C6D6). Traces from the 

corresponding conventional and NOAH-2, -3 and -4 experiments taken along the dashed lines illustrate the relative 

sensitivity enhancements per unit time (see entries 1-3 in main text Table 3). All traces are plotted with the same 

noise level in the corresponding spectrum type while keeping the crosspeak intensity in the conventional spectra 

(black traces) constant. Data were collected on a 800 MHz Bruker NEO spectrometer equipped with a TCI cryoprobe 

using the parameters in main text Table 3. 

 

Basic experiments. 

Multi-nuclear detected experiments can be interleaved with the NOAH-type supersequences. As an 

example, the parallel COSY (PANSY-COSY) experiment based on simultaneous multi-nuclear detection is 

easily interleaved with many NOAH-type supersequences. As an example, the NOAH-4 SCRC2 scheme 

along with the spectra recorded with this supersequence are shown in Supplementary Figure 4. This 



supersequence records five 2D spectra essentially in a time period required to record a single conventional 

2D experiment. Note that following the ROESY module the proton magnetization pool is pretty much 

completely exhausted. Therefore the PANSY-COSY experiment exploits the untouched 31P magnetization 

to record the P-P and P-H PANSY-COSY spectra. As an additional benefit the 1H-detected 31P-1H COSY 

experiment is more sensitive as compared to a similar 1H-31P COSY experiment based on 31P detection.  

 
Supplementary Fig 4 | The NOAH-4 SCRC2 pulse scheme (top) and spectra of the sugar moiety of adenosine 

triphosphate (ATP, bottom right) solution in D2O recorded in 17 min. 39 sec. on a 700 MHz (1H) Bruker NEO 

spectrometer equipped with QCIP cryoprobe. The spectral windows were 6.25 kHz (1H and 31P) and 20 kHz (13C). 

The raw data sizes for all spectra were 1k x 256 data points zero filled to 4k x 2k before processing.  
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