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1. INTRODUCTION 
1.1. Covariance NMR 
1.1.1. Basic Concepts 

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most 

widely used techniques for studying structural determination, conformational 

analysis and dynamic properties of molecules in solution. Indeed, instrument 

developments in the last five decades culminated in the positioning of NMR as 

the primary analytical technique to characterize organic compounds and 

biomolecules in solution- and solid-state conditions. Besides that, NMR is a 

quantitative and non-destructive analytical tool also applied to many other fields 

of science. In 1966, the application of the Fourier Transformation (FT) for 

efficient NMR data processing represented a significant advance that 

revolutionized the concept of fast NMR. Its general implementation allowed the 

design and development of a high number of different pulses sequences.1 

Some years later, two-dimensional (2D) NMR was initially projected by Jeener 

and experimentally implemented by Ernst and their collaborators in the so-

called COrrelation SpectroscopY (COSY) experiment.2 With these 

fundamentals and with the help of technological enhancements that have been 

appearing over time (higher magnetic fields, improved probe heads and more 

robust electronic devices), an extensive library of new and increasingly 

sophisticated NMR experiments are now available for a wide range of NMR and 

Magnetic Resonance Imaging (MRI) applications. 

Figure 1 shows a general pulse sequence scheme to acquire a 2D 

NMR experiment. The nuclei of interest are initially excited during the 

preparation period, and the corresponding transverse magnetization evolves 

during a variable t1 period with a 1 frequency (that affords the indirect 

dimension (F1) after FT). After that, transfer polarization between different 

nuclei takes place during the mixing time which defines the type of the NMR 

experiment to be performed. Finally, all schemes finish with the acquisition of 

the Free Induction Decay (FID) of the signal monitored during a detection t2 

period with a 2 frequency (that generates the direct dimension (F2) after FT). 
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The resulting 2D spectrum displays signal intensities as a function of two 

correlated 1 and 2 frequencies involved in the mentioned t1 and t2 periods, 

respectively. 

 

Figure 1: (A) Generalized scheme for the acquisition of a 2D NMR experiment. The 

pulse sequence is repeated n times by incrementing the t1 period that provides the F1 

dimension. On the other hand, the detection t2 period generates the F2 dimension; (B-

D) Generalized scheme for data processing of a 2D NMR dataset: (B) The full-time t1 

and t2 domains; (C) after the first FT, the time-dependent F2 dimension is transformed 

to frequencies (columns); and similarly, (D) a second FT is subsequently applied to 

generate the F1 dimension (rows).  
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The time-dependent 2D NMR data set is represented by a 2D data matrix 

which is processed with a double FT to obtain an interpretable 2D spectrum. 

The first step applies FT in F2 (columns) of the 2D matrix (Figure 1C) and then, 

a second FT is executed for transform the signals in F1 (rows), as shown in 

Figure 1D. Usually, standard 2D experiments are collected with a relatively high 

resolution in F2 (for instance 2048 data points) and a lower resolution in F1 (64, 

128 or 256 data t1 points). As a significant drawback of 2D and higher 

dimensional NMR experiments, the overall experimental time is proportional to 

the number of incrementable t1 increments to be recorded. Therefore, a 

resolution improvement in the F1 dimension is, in principle, only feasible by a 

proportional increase of the spectrometer time. Due to the mathematical nature 

of NMR data, other complementary data processing treatments are also 

available to increase spectral resolution per time unit. Some examples of 

current powerful tools are the use of window functions,3 linear prediction,4 Non-

Uniform Sampling (NUS)5–7 or Covariance co-processing.8 In statistical terms, 

the Covariance is defined as the measurement of the variability of two or more 

variables. In practice, Covariance in NMR spectroscopy is associated with the 

combination of different dimensions of the same or different NMR spectra 

(Covariance mapping), with the aim to reconstruct a new spectral 

representation. This reconstruction avoids the necessary spectrometer time for 

data acquisition or generates new spectra that are difficult or impossible to 

obtain by experimental NMR pulse sequence acquisition. For a better 

understanding, the different types of Covariance NMR are briefly explained in 

the next section. 

 

1.1.2. Types and applications of Covariance NMR 

Covariance NMR methods are divided into two groups: Direct 

Covariance (DC) and Indirect Covariance (IC). In general, DC transfers the 

information available in F1 onto the F2 dimension of the same spectrum 

whereas that IC does the reverse process. As an extension of IC co-processing, 

other Covariance methods (Doubly Indirect Covariance (DIC), Unsymmetrical 

Indirect Covariance (UIC), and Generalized Indirect Covariance (GIC)) have 
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been further developed to combine dimensions from different 2D spectra. All 

these new co-processing tools allow different spectral reconstruction strategies 

while the presence of potential artefacts are minimized. 

The utility of covariance NMR co-processing has been demonstrated in 

several studies devoted to structural elucidation,9 quantitative NMR,10 complex 

mixture analysis,11,12 and the reconstruction of NMR spectra that are difficult or 

even impossible to acquire experimentally by pulse sequence design. 

Covariance is also compatible with other mathematical treatments, including 

deconvolution or NUS.13,14 Covariance NMR is currently available in different 

commercial or open software tools. In this work, the covariance module 

included in the MNova software (version 11.0.0) package by Mestrelab 

Research15 was used to reconstruct all spectra. Table 1 summarizes some pros 

and cons of each type of covariance processing. 
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Table 1: Pros and cons of Covariance NMR. 

Types of 
covariance 

Pros Cons 

Direct  
Covariance (DC) 

- Enhanced F1 resolution. - Only applicable in 2D 
homonuclear spectra. 

- Do not combine different 
NMR spectra. 

Indirect 
Covariance 
(IC) 

- Reconstruction of 13C–13C 
correlations spectra. 

- Higher sensitivity than 
experimental acquisition. 

- Reduced F2 resolution. 

- Good F1 resolution is 
required (long acquisition 
times). 

-  Do not combine different 
spectra. 

Double Indirect 
Covariance 
(DIC) 

- Combine the F1 dimensions from 
two different spectra. 

- Reconstruction of 13C – 13C 
correlations spectrum. 

- Limited to homonuclear 
reconstructions. 

Unsymmetrical 
Indirect 
Covariance 
(UIC) 

- Reconstruction of a heteronuclear 
2D spectrum from two different  F1 
dimensions. 

- Reconstruction of 2D NMR 
spectra faster than experimental 
acquisition. 

- It does not apply matrix-
square root. 

- Take care of the possible 
presence of artefacts. 

Generalized 
Indirect 
Covariance 
(GIC) 

- All pros of UIC. 

- Reconstruction of experiments 
that are difficult or even impossible 
to obtain experimentally. 

- Reduction of artefacts concerning 
UIC. 

- Applying different values of matrix 
power () is possible. 

- Take care of the possible 
presence of artefacts. 

 

Direct Covariance 

Brüschweiler and collaborators initially developed DC16 with the aim to 

find alternative mathematical processing tools to the second FT in 2D 

experiments. DC co-processing captures the information of the high-resolved 

F2 dimension and transfers it onto the F1 dimension of the same spectrum, thus 

increasing resolution in F1 dimension and offering a valuable spectrometer 

time-saving. This kind of covariance only works in 2D homonuclear 
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experiments, like COSY, where both dimensions have the same properties and 

nuclei. The DC works with the following equation: 

𝑪𝟐 = 𝐴𝑇𝐴 

(1) 

where C is the covariance map, A is the matrix data of the original spectrum 

and AT is the matrix transpose of A. The F2 dimension of a 2D spectrum is 

called donator dimension because it donates its information to F1 dimension, 

the acceptor dimension.17 

Different NMR spectra of the target molecule strychnine 1 dissolved in 

CDCl3 are used in the following descriptions to explain the different types of 

existing covariance procedures. Figure 2 shows the benefits of using DC co-

processing in a regular COSY spectrum acquired with an original digital 

resolution of 2048 (F2) x 64 (F1) complex points (Figure 2A). The increased 

resolution of the reconstructed COSY spectrum, with a symmetrical resolution 

of 2048 (F2) x 2048 (F1), is evidenced observing the resulting 2D cross-peaks 

and the F1 spectrum projection (Figure 2B). Regarding spectrometer time, the 

experimental COSY was acquired in 10 minutes whereas the equivalent 

spectrum with 2048 t1 increments would last more than 6 hours of overall 

experimental time. Thus, the reconstruction of 2D homonuclear spectra by DC 

affords improved F1 resolution without additional spectrometer time. The DC 

co-processing has been successfully applied to enhance resolution in different 

homonuclear experiments, as reported for TOCSY,18 NOESY,16,19 COSY19,20  

and INADEQUATE21 spectra. 
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Figure 2: Example of Direct Covariance co-processing where the F2 resolution is 

transferred to the F1 dimension. (A) Conventional 500 MHz COSY spectrum of 

strychnine 1 (in CDCl3) acquired with a matrix resolution of 2048 (F2) x 64 in F2 (F1), 

respectively, eight scans, 64 t1 increments and 10 min. of overall experimental time. 

(B) After DC co-processing, the reconstructed COSY spectrum presents an improved 

matrix resolution of 2048 (F2) x 2048 (F1).  

 

Indirect Covariance 

Zhang and Brüschweiler announced IC22 which works in the opposite 

sense of DC. IC transfers the information from F1 to F2 dimension, generating 

an unwanted reduction of F2 resolution. As an advantage, IC co-processing 

works on both 2D homonuclear and heteronuclear datasets. For instance, IC on 

the heteronuclear 2D 1H–13C HSQC-TOCSY spectrum of 1 (Figure 3A) 

transfers the information and features of the nucleus of the F1 (13C) to F2 

dimension. The result is a reconstructed homonuclear 2D 13C–13C TOCSY 

spectrum (Figure 3B) without having to detect 13C directly. It is important to 

remark that time-consuming 13C–13C or 15N–15N correlation NMR experiments 

are not commonly recorded because they have a very low sensitivity (low 
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isotopic natural abundance of 1.1% for 13C and 0.36% for 15N), requiring ultra-

long acquisition times or expensive 13C isotopic enrichment.17,23  

 

 

Figure 3: (A) standard 2D 1H-13C HSQC-TOCSY spectrum of 1 acquired in a 600 MHz 

spectrometer with 16 scans, 2048 complex points, and 256 t1 increments (overall 

experimental time of 1 hour and 23 minutes). (B) IC processing quickly affords a novel 
13C-13C TOCSY spectral representation. 

 

Several spectral reconstruction examples involving IC have been 

reported such as the above-mentioned 13C-13C TOCSY spectra from 1H–13C 

HSQC-TOCSY.22 Inspired in that example, Blinov et al.24 investigated the 

presence of artefacts in 1H–13C HSQC-TOCSY and Inverse Direct Response 

(IDR) HSQC-TOCSY spectra that revealed that most of the artefacts are 

caused by overlapping signals. On the other hand, reconstructed long-range 
13C-13C or 1H-1H correlation spectra can be derived from standard HMBC 

spectra.25 Recently, Morris et al.26 published a new F1-homodecoupled TOCSY 

(Figure 4A) experiment for achieving high levels of signal resolution in F1. The 

subsequent IC co-processing transfers the information from the F1 to F2 

dimension to afford homodecoupled features in both dimensions (Figure 4B). 

The same idea has been extended to homodecoupled versions of the COSY 

and NOESY experiments. 27,28 
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Figure 4: (A) 2D F1-homodecoupled TOCSY spectrum of estradiol 2 acquired in a 600 

MHz spectrometer with four scans, 2048 complex points in F2 and 512 increments in 

F1. (B) IC transfers the information in the F1 to F2 dimension affording a 2D spectral 

representation homodeclouped in both dimensions. 

 

Doubly Indirect Covariance 

Until now, the described Covariance methods have combined the F1 

and F2 dimensions of the same spectrum. On the other hand, the DIC is a 

double-step extension of IC that uses an intermediate step to take information 

from a different second spectrum. The DIC is defined as: 

𝑪𝟐 = 𝐴. 𝐵. 𝐴𝑇 

(2) 

As an example, when A is a 1H–13C HSQC (Figure 5A) and B is a 1H–
1H COSY (Figure 5B), DIC first combines the F1 dimension of HSQC and 

COSY spectra and, then with the transpose of HSQC spectrum (AT), yielding a 

spectral reconstruction with the F1 dimension of HSQC in both dimensions 

togother with the information of COSY spectrum. Thus, the resulting DIC 

reconstructed spectrum affords a 2D 13C–13C COSY correlation map (Figure 

5C). The benefit of such combination is that the experimental time of an 

experimental 2D 13C–13C COSY is much larger than the experimental time of 

two separate HSQC and COSY experiments. Furthermore, to acquire a 



 
 

10 
 

spectrum 13C–13C the molecule under study must be enriched with 13C in order 

to detect such a nucleus with such low isotopic abundance. The DIC 13C–13C 

COSY spectrum presents a diagonal in which indicate the protonated carbons 

and the off-diagonal peaks correlates two directly connected carbons, but as a 

drawback, only protonated carbons are correlated while non-protonated 

carbons correlations are missing. To solve this problem, an alternative 

combination using 1H–13C HMBC and 1H–1H COSY spectra would afford long-

range 13C–13C correlations involving both protonated and non-protonated 

carbons.17 

 

Figure 5: Experimental (A) 2D 1H–13C HSQC and (B) 2D 1H–1H COSY spectra of 1. 

Both spectra were acquired in a 400 MHz NMR spectrometer using two scans, 2048 

complex points in F2 and 256 t1 increments (overall experimental time for each 2D 

experiment was about 10 minutes). (C) DIC quickly reconstructs a 2D 13C –13C COSY 

spectrum that affords the connections between directly attached protonated carbons. 

 

Unsymmetrical Indirect Covariance 

Until here, all the reconstruction covariance methods yielded spectra 

where both dimensions share the same resolution, the same nucleus and the 

same sweep widths. Martin and coworkers29,30 created a new type of 
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covariance, named UIC, which combines two F1 dimensions containing 

different information of two different NMR spectra. UIC NMR is defined as 30 

𝑪 = 𝐴𝐵𝑇 

(3) 

              For example, 1H-13C HSQC and 1H-1H COSY can be quickly combined 

by UIC to yield a 1H-13C HSQC-COSY representation without the need of 

additional spectrometer time. This HSQC-COSY spectrum is generated from 

the F1 dimension of the HSQC (red colour) and the F2 dimension of the 

transposed COSY dataset (violet colour) (Figure 6 A and B, respectively). 1H-
13C HSQC-COSY is a useful spectrum because correlates carbon and protons 

separated by two bonds (like an H2BC experiment) or more bonds depending 

on how many correlations the COSY spectrum has.  

 

Figure 6: Experimental 400 MHz (A) 2D 1H-13C HSQC and (B) 1H-1H COSY spectra of 

1 acquired with two scans, 2048 complex points in F2 and 256 t1 increments. (C) UIC 

co-processing affords a 2D 1H-13C HSQC-COSY spectrum that draws the correlations 

between two-bonded protonated carbons and protons signals. 
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Many other UIC co-processing combinations are feasible to afford 

highly demanding experiments. For example, Martin et al.31 combine 

multiplicity-edited 1H-13C HSQC and 1,1-ADEQUATE experiments by UIC to 

yield a 13C-13C correlation plot with resolution and sensitivity levels comparable 

to the original HSQC. Another possibility is the combination of HSQC and 

HMBC by UIC to reconstruct long-range 13C-13C correlations similar to the 

ADEQUATE experiment with higher sensitivity.32 Similar 13C-13C correlations 

were obtained from IDR HSQC-TOCSY and HMBC to yield reconstructed  

HSQC-TOCSY-HMBC spectra.33 The UIC can also be used to reconstruct 

insensitive spectra between nuclei that have a low gyromagnetic ratio. For 

example, the 1H-13C HSQC and 1H-15N HMBC can be combined by UIC to 

generate synthetic 13C-15N HSQC/HMBC spectra, affording 2JCN and 3JCN 

correlations.29,34 

UIC co-processing works very well but as the Eq. 3 not lead a square 

root operation and it is not symmetrical operation, the generation of some 

unwanted artefacts must be checked with caution.13,17 

 

Generalized Indirect Covariance 

Snyder and Brüschweiler proposed the GIC co-processing as a better 

mathematical algorithm to UIC.35 This method involves submatrices and a 

matrix power () that plays an essential role to reduce artefacts generation.13,17 

GIC co-processing is defined as:  

𝐶 = {[
𝐴
𝐵

] [𝐴𝑇 𝐵𝑇]}


 

(4) 

 The experimental set-up of  value is a useful parameter to detect the 

presence of false positives (artefacts) by observing decreased intensity when 

using low  values.35,36 The GIC co-processing can be exemplified using 1H-13C 

HSQC and 1H-1H TOCSY (A and B respectively in eq. 4). The 1H information 

contained in the F1 dimension of TOCSY is transferred to the F2 dimension of 

the new spectrum, whereas the 13C information in the F1 dimension of the 
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HSQC is transferred to the F1 dimension of the new spectrum, generating a 

new reconstructed 2D 1H-13C HSQC-TOCSY spectrum (Figure 7). High 

resolution in the F1 dimensions of the two original datasets is recommended to 

obtain optimum high-resolved reconstructed NMR spectra.  

 

 

Figure 7: Experimental 400 MHz (A) 1H-13C HSQC and (B) 1H–1H TOCSY spectra (60 

ms DIPSI-2 mixing period)  of 1 (in CDCl3) acquired with four scans, 2048 complex 

points in F2 and 512 t1 increments. (C) These spectra can be combined by GIC ( = 

1.0) to reconstruct a 1H-13C HSQC-TOCSY spectrum.  

 

A general drawback of any covariance method is the possible 

generation of unwanted artefacts due to signal overlapping.24,37 The 

combination of spectra is performed using the rows of one spectrum and the 

columns of the other one, as schematically represented in Figure 8. Some 

artefacts are easily detected by visual inspection because they appear with 

inverted phase about the rest of signals. However, other artefacts are more 

difficult to distinguish because they have the same relative phase as correct 

signals.24 
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Figure 8: Graphic representation explaining the generation of false peaks during GIC 

covariance co-processing due to the presence of accidental signal overlapping along 

the F2 dimension. 

 

1.2. Pure-Shift NMR 

1.2.1. Introduction to Pure-Shift NMR 

Scalar proton-proton couplings (JHH) provide valuable information about 

the structure of molecules. The splitting of the NMR signal by J coupling can 

generate wide multiplets (up to 30-50 Hz) with characteristic and sometimes 

complex multiplicity patterns, increasing the probability of signal overlapping 

with other resonances. For years, the advantages to decouple JHH in 1H NMR 

spectroscopy has been recognized since spectra that exclusively contain 

chemical shift () information should be more readily analyzed. This approach, 

known as Pure-Shift NMR (psNMR) or as broadband homodecoupled NMR, 

collapses characteristic 1H multiplet J patterns into singlet signals, increasing 

signal resolution by several orders of magnitude. This spectral simplification can 

facilitate the analysis and the assignment of overcrowded areas, as observed in 
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the aliphatic region of the steroid estradiol 2 (Figure 9). Unfortunately, a 

frequent drawback related to the most psNMR techniques is their decreased 

sensitivity compared to conventional ones. 

 

Figure 9: (A) 600 MHz 1H NMR spectrum of estradiol 2 (in DMSO-d6); (B) ps 1H 

spectrum showing a simplified singlet signal for each proton resonance.  

 

Since the beginning of the high-resolution NMR, it was already 

recognized that the decoupling of JHH would be of great help to simplify, analyze 

and interpret 1H NMR spectra. In 1976, Ernst and co-workers developed the 

first approach for obtaining a fully homodecoupled 1D 1H spectrum, by 

extracting the F2 projection of a 2D J-resolved (J-res) spectrum.38 After that, 

different strategies were proposed, but a general solution did not succeed. 

Recently, the idea of broadband homodecoupling has resurrected, and the 

development of new psNMR methods and applications have taken a significant 

leap as shown for the increased number of publications and citations appeared 

in the period 2014-2017 (Figure 10).39–42 

 

(A) 

(B) 

estradiol 

2 

X20 
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Figure 10: (A) Number of scientific publications and (B) citations per year including the 

term psNMR appeared in the last ten years. The search was performed on the Web of 

Knowledge database using the keywords "pure-shift NMR", “Homodecoupling” and/or 

“pure chemical shift”. 

 

1.2.2. Concepts in Pure-Shift NMR 

The development of new strategies and methods related to psNMR is 

nowadays an active area of research in small molecule NMR. Some current 

challenges to solve are: i) to enhance the sensitivity of the existing techniques 

(depending on the method, the available sensitivity is only around 1-10% of the 

conventional ones); ii) to design automated, user-friendly protocols without need 

of troublesome acquisition or processing set-ups; iii) to offer general 

implementation on a wide range of traditional 1D and 2D NMR experiments; iv) 

to speed-up data acquisition; v) to improve spectral quality; and vi) to minimise 

strong coupling effects and undesired artefacts such as decoupling sidebands.41 
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Homonuclear building blocks in Pure-Shift NMR 

The key to success in obtaining a fully-decoupled NMR spectrum is to 

refocus the J coupling information while  evolves freely. The most basic NMR 

building blocks are summarized in Figure 11.41 

 

Figure 11: NMR building blocks used for homonuclear decoupling: (A) isotopic BIRD 

editing; (B-D) frequency-selective 180º pulse; (E-G) slice-selection elements that 

promote spatial-encoding along the z-axis due to the simultaneous application of one 

gradient (Gs) and a single-, multiple- or region-selective 180º pulse; (H) the spatially-

encoding PSYCHE element which consists of a pair of small flip angle frequency-swept 

adiabatic pulses combined with an encoding Gs gradient.41  

 

The BIRD homodecoupling block (Figure 11A) is based on the 

presence of 13C nuclei and was introduced by Garbow and coworkers more 

than 30 years ago.43 The BIRD element selects the protons that are attached 

with 13C while suppressing the 12C-attached protons, or vice-versa. BIRD editing 

is very efficient and robust, but it can also suffer some drawbacks. First, the 

sensitivity of the experiment is limited to 1.1% of the full signal, because of the 

natural-abundance 13C isotopic ratio. Secondly, the decoupling of diastereotopic 
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protons in prochiral CH2 groups is not possible because BIRD cannot 

distinguish protons directly bond to the same 13C nucleus. Thus, a doublet due 

to the geminal 2JHH remains in BIRD-based psNMR spectra. The BIRD building 

block has been implemented in 1D 1H pure-shift 44–46 and 2D psHSQC47 

experiments, which are powerful tools in current structural elucidation 

studies.48–53  

Another type of homodecoupling block uses selective 180º pulses to 

refocus the J coupling in the middle of the evolution time. Several options are 

feasible including single frequency (Figure 11B), multiple-frequency (Figure 

11C) or band-selection (Figure 11D). Band-Selective Homodecoupled (BASH)54 

and HOmodecoupled Band-Selective (HOBS)55 blocks work applying one band-

selective 180º pulses in a specific region on the spectrum. This method retains 

full sensitivity and affords a better SNR with respect other homodecoupling 

elements like slice selection or BIRD. Besides that, HOBS have an easy set-up, 

fast acquisition and easy implementation as demonstrated for different 2D 

experiments, such as shown for the HOBS versions of the TOCSY, HSQC,55 

CPMG,56 HSQMBC,57 and HSQC-TOCSY58 experiments. The main drawback 

of this method is that pure-shift features are restricted to spectral regions where 

all protons do not have a mutual coupling. In practice, the duration of the 

selective 180º pulse can become critical and short lengths of 5– 15 ms are 

required for real-time homodecoupling methods. 

The standard homodecoupling method, known as Zangger-Sterk (ZS), 

uses the slice-selective element depicted in Figure 11E.59 This spatial encoding 

concept was originally exploited in in-vivo MRI studies60 but, in the recent years, 

it has found an enormous utility in psNMR applications.41,42 The simultaneous 

application of a selective 180º (sel180º) pulse together with a weak Pulse-Field 

Gradient (PFG) causes a spatially-encoded selective decoupling of different 

signals placed at different z-slices of the NMR sample tube. This spatial 

encoding causes a location-dependent shift of all signals in different slices of 

the NMR tube, as indicated Figure 12.41,42 The duration of the sel180º pulse 

influences the width of the slices. Pulses with long durations generate smaller 

slices whereas short pulses generate thinners slices that increase the 

experimental sensitivity. 
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Figure 12: Different strategies to induce spatial selection along the z-axis of an NMR 

tube: (A) standard excitation/detection over the entire coil; (B) single-slice selection; (C) 

sequential spatial selection; (D) frequency-selective spatial selection; (E) simultaneous 

multiple frequency-selective spatial selection; (F) simultaneous multiple-slice 

excitation/detection.41 

 

An excellent approach for homonuclear broadband decoupling is the 

Pure Shift Yielded by CHirp Excitation (PSYCHE) experiment.61 This method 

uses two symmetrical low flips (º) frequency-swept chirp pulses62 which are 

applied during a weak PFG to refocus the passive spins while leaving the active 

ones undisturbed. PSYCHE experiment is a statistical approach that runs 

through the NMR tube in a random way exciting only one frequency of each 

proton without being coupled with another proton.27,42 The use of frequency-

swept pulse with gradient applying at the same time cause the suppression of 

zero-quantum coherences (ZQ) by superposing different ZQ evolutions from 
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different NMR tube regions.39,41,42 Experimentally, the sensitivity of PSYCHE-

based experiments depend on the º flip angle used, that provides optimum 

results when º=15-20º. In practice, the sensitivity in PSYCHE experiment is 

reduced to about 10% compared with the original 1D 1H spectrum but is higher 

than those pure-shift methods based on BIRD- or slice-selection 

homodecoupling (Figure 13). PSYCHE has been recently incorporated into 

some 1D, and 2D homodecoupling experiments like 1D homodecoupling,61 1D 

selTOCSY,63 2D DOSY,64 and 2D TOCSY27 experiments. The PSYCHE 

element is incompatible with real-time homodecoupling techniques and only is 

efficient in interferogram-based NMR methods acquired as more time-

consuming pseudo-2D or pseudo-3D datasets.  

 

Figure 13: (A) Pulse scheme of the ZS-based PSYCHE experiment that uses a pair of 

low-power frequency-swept chirp pulses and a weak gradient as a selective inversion 

element. (B) 600-MHz 1H NMR spectrum of the sex hormone estradiol 2 in DMSO-d6; 

(C) PSYCHE spectrum obtained with two chirp pulses of 15ms (β= 20°); Original ZS 

spectra using (D) 12 ms and (E) 100ms Rsnob 180° 1H pulses. Adapted from 

reference.51 
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Acquisition mode in Pure-Shift NMR 

There are two acquisition strategies in psNMR: Interferogram-based 

pseudo-2D and Real-Time. The first method (the original ZS experiment) uses a 

conventional t1-incremented 2D acquisition followed by a data reconstruction 

processing to generate a 1D homodecoupled FID (Figure 14A).59 Any 

homodecoupling block depicted in Figure 11 can be applied in the middle of the 

incremented delay to refocus any JHH evolution. The FID reconstruction is 

performed by concatenating the first ~10ms (data chunk) from the FID of each 

sequential increment, and the final homodecoupled 1H spectrum is obtained 

after conventional Fourier transformation (Figure 14A). The size of the data 

chunk is 1/SW (F1) (typically, SW (F1) is set to 40–100 Hz) and 16–32 t1 

increments give reasonable results in 5–10 minutes with several milligrams of 

sample.23 This process is efficient because the temporal evolution of J coupling 

is much slower than the chemical shift. However, a certain amount of the J 

coupling evolution does occur for the data block length of 10 ms, introducing 

some extra line broadening. Furthermore, some artefacts appear typically in the 

form of the sidebands peaks at multiples of SW, around each decoupled signal. 

The intensity of the sidebands is proportional to the square of 1/SW, sometimes 

comparable to that of the 13C satellites.41,23 Because of the 2D acquisition mode, 

this pseudo-2D strategy expends more time than a standard 1D experiment 

which is proportional to the number of collected t1 increments. This point is 

more critical for homodecoupled 2D spectra acquired with this ZS method 

because a time-consuming pseudo-3D dataset recording is required.  

Real-time homodecoupling works in a different way than pseudo-2D. In 

this method, the homodecoupled FID is directly recorded in a single scan with 

brief interruptions into the FID (chunks) to refocus scalar coupling (Figure 14B). 

The  period is the duration of the data chunk, and this is defined as AQ/2n, 

where AQ is the acquisition time and n the number of loops. The data chunks of 

the FID are concatenated to make a fully-homodecoupled FID. In fact, real-time 

homodecoupled experiments reduce the experimental time compared to the 

pseudo-2D method. However, some limitations are present depending on the 

inversion element involved: i) the duration of data chunks is limited to some ms; 

ii) it can present poor selectivity; iii) severe sensitivity losses are achieved when 
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slice-selection is applied; iv) broader signals due to shorter T2 relaxation or 

inefficient homodecoupling can be obtained; v) signals for strongly coupled 

nuclei cannot be efficiently decoupled; vi) the interruption of the FID causes a 

discontinuity, causing the presence of sidebands artefacts around the 

signals.41,42 

 

 
Figure 14: Generic schemes for the acquisition of 1D homodecoupled 1H NMR 

spectra. (A) Pseudo-2D acquisition mode that consists on the recording of a 2D dataset 

followed by an FID reconstruction from the initial data chunks of each increment; (B) 

Real-Time acquisition mode that includes concatenated FID chunks flanking the 

incorporation of the homodecoupling block. 41 

 

In summary, both real-time and pseudo-2D homodecoupling acquisition 

modes (described in Fig. 14) can be combined with the different 

homodecoupling blocks, as shown in Figure 15. It is worth remembering that no 

technique is better than the other and all psNMR approaches present particular 

advantages and disadvantages, also depending on the molecules or spin 

systems under analysis. Table 2 summarizes pros and cons of each approach. 
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Figure 15: Different strategies for developing psNMR techniques by combining 

homodecoupling blocks with real-time or pseudo-2D acquisition modes.  
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Table 2: Summary of pros and cons of the different homodecoupling methods. 

PS 
TECHNIQUES 

PROS CONS 

HOMODECOUPLING BUILDING BLOCKS 

BIRD - Both acquisition modes. 

- Easy set-up. 

- Retains maximum sensitivity 

in HSQC. 

- Single scan. 

- Does not work for 

diastereotopic CH2 

protons. 

- Low sensitivity due to 

isotopic 13C natural 

abundance. 

HOBS - Both acquisition modes. 

- Maximum sensitivity. 

- Single scan. 

- It is not broadband. 

- Does not work for mutually 

coupled spins. 

Slice-
selection 

- Both acquisition modes. 

 

- Fail with strongly coupled 

protons. 

- Low sensitivity. 

- Careful set-up is required 

to optimise sensitivity. 

PSYCHE - Highest sensitivity in 

broadband homodecoupling. 

- Easy set-up and automation 

- Excellent tolerance to strong 

coupling effects. 

- Only works in pseudo-2D 

acquisition mode. 

- Presence of unwanted 

sidebands. 

 

ACQUISITION MODES 

Pseudo-2D - Compatibility with any 

homodecoupling block. 

- Longer acquisition time. 

- Special processing. 

Real-time - Single scan. 

- Faster acquisition mode. 

- Poorer selectivity. 

- Broader signals. 

- Presence of artefacts. 

- Does not work with 

PSYCHE. 
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1.3. 2D J-resolved and SERF experiment 

1.3.1. Introduction of J-resolved 

The homonuclear JHH or other heteronuclear couplings cause a split of 

signals into multiplets. Besides that, the range of spectral width in the 1D 1H 

spectrum is small, typically between 10-12 ppm, and therefore the probability of 

signal overlapping becomes high in complex molecules or mixtures. On the 

other hand, multidimensional methods are powerful tools to obtain more 

efficient information about  and J. The 2D J-res experiment38 provides a simple 

tool to solve signal overlapped problems by separating  of the detected 

nucleus along F2 dimension while the orthogonal F1 dimension displays J 

couplings patterns. The original J-res experiment is based on the 1D spin-echo 

pulse sequence that was reported in 1950 by Hahn to measure relaxation 

times.65 Figure 16 shows the pulse sequence and the vector representation of 

the spin-echo experiment. 

 

 

Figure 16: The spin-echo pulse sequence starts with an initial 90º pulse followed by a 

central 180º pulse placed between two evolution times /2. The vector representation 

gives a visual and intuitive model representation of the magnetization behaviour during 

the pulse sequence. 

 

The spin-echo experiment starts with an initial 90º(𝑥) pulse which 

placed the magnetization along – 𝑦 axis. After this, the magnetization evolves 
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during the first /2 delay, from −𝑦 towards to 𝑥-axis. The central 180º pulse is 

applied to rotate the magnetization in which ends up in mirror image position 

with respect to the 𝑥𝑧-plane. During the second /2 delay, the magnetization 

evolves with the same angle as in the first delay, and end up being refocused. If 

the /2 delay is set to ½J, the magnetization is completely refocused and ends 

in the +𝑦 axis. The 180º pulse is called a refocusing pulse because it causes 

the magnetization to be refocused at the end of the second delay. In this 

experiment is possible to monitor different evolution modulations and that was 

the origin of the CPMG experiment to measure T2 relaxation times.65,3 As a 

summary, an spin-echo NMR element refocuses (1H) effects while allows the 

evolution of JHH coupling during the entire  period. The homonuclear spin-echo 

experiment is known as J-modulated spin-echo.3 

 

1.3.2. J-resolved pulse sequence 

Aue and co-workers proposed the 2D spin-echo version, known as J-

res experiment, for the first time in 1976 (Figure 17A).38 Unlike conventional 2D 

correlation NMR experiments, 2D J-res separates  and J couplings into two 

independent dimensions. After tilting, 2D J-res spectra show only singlets for 

each nucleus in F2 and J coupling patterns in F1, making the interpretation and 

measurements of J couplings easy and intuitive (Figure 17C) thanks to the high 

digital resolution and the short spectral width (50 Hz or less) defined in the 

indirect F1 dimension.38 
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Figure 17: (A) 2D J-res pulse sequence; Schematic 2D J-res spectrum (B) before and 

(C) after the 45º tilting process. (D) Experimental 2D J-res spectrum of 1 acquired in a 

600 MHz spectrometer with 16 scans, 2048 complex points, and 64 t1 increments. In 

the 2D J-res, the spectral width in the F1 dimension is 40-60 Hz which provides a high 

F1 resolution. 
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Signals in the 2D J-res spectrum appear 45º tilted due to JHH evolution 

in both dimensions (Figure 17B). A tilting post-processing algorithm is applied to 

align signals along the F2 dimension (Figure 17C). As shown in the 

experimental 2D J-res spectrum of 1 (Figure 17D), J-coupling patterns for each 
1H signal can be extracted in the F1 dimension. On the other hand, phase 

modulation during the incrementable t1 delay generates “phase-twisted” 

lineshapes. For this reason, 2D J-res datasets are best processed in magnitude 

mode, causing an undesired line broadening of the signals. Different 

modifications in pulse schemes66–68 or data processing strategies69 have been 

proposed to obtain pure-absorption mode J-res spectra. A first solution was the 

modification reported by Thippleton and Keeler66 based on the incorporation of 

slice-selection59 and the separate acquisition of the P- or N-type data sets 

varying the sign of the gradient,3 better known as Echo/Anti-Echo (EA) mode. 

Due to its slice selection scheme, the method suffers a severe sensitivity 

penalty. Recently, J-res versions using PSYCHE instead of slice-selection have 

been proposed to improve sensitivity, robust performance and to offer better 

tolerance to strong coupling effects.70 In 2005 Keeler et al.68 proposed the 

minimization of strong coupling artefacts by using the Double Spin Echo (DSE) 

pulse sequence. 

Another solution to obtain pure-absorption J-res spectra adds a Zero-

Quantum Filter (ZQF)71 just before the acquisition.67 The ZQF consists of an 

adiabatic 180º pulse applied simultaneously with a weak gradient both flanked 

by 90º pulses. The ZQF eliminates the antiphase contributions effectively, 

providing clear in-phase signals. An essential advantage of this approach is that 

only one scan per each t1 increment is required, allowing fast acquisition times. 

Besides that, a J-pattern processing algorithm must be applied to obtain 

homonuclear decoupled signals along the detected F2 dimension.   

 

1.3.3. Selective homonuclear J-res experiments 

The J-res experiments afford full J couplings patterns in F1 dimension, 

and for complex multiplets or large molecules, the extraction of J values can 
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become a challenging task. The use of selective pulses instead of hard pulses 

can bring a significant simplification of the resulting J-res spectra. The 2D 

SElective ReFocusing (SERF)72 experiment (Figure 18A) was proposed in 1995 

by Fäcke and Berger to measure a specific J coupling between two protons. 

Two selective 180º pulses are applied on different I, and S spins, respectively, 

for efficient refocusing of  and all other undesired J couplings to the rest of 

spins. Thus, the original SERF spectrum (Figure 18C) provides a simple doublet 

splitting along F1 corresponding to the coupling between the selected spins. 

Phase-sensitive SERF experiments were also designed by adding a z-filter 

before the acquisition.73,74 
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Figure 18: (A) The original SERF pulse sequence uses two different selective 180º 

pulses to determine the J coupling between the selected two protons. (B) G-SERF 

pulse sequence with a ZQF that uses spatial encoding element to extract all JHH of the 

chosen proton signal. (C) SERF spectrum adapted from72. (D) 2D G-SERF spectrum of 

1 acquired in a 600 MHz spectrometer with 16 scans, 2048 complex points, and 64 t1 

increments. H22 is the I proton selected by the sel180º pulse, and H23a and H23b are the 

passive S protons chosen by the slice-selective element .  
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Giraud and co-workers proposed an improved Gradient encoded SERF 

experiment (G-SERF) experiment75 which uses the slice selection block as a 

refocusing element to allow the measurement of the magnitude of all JHH 

couplings of the selected proton (Figure 18B). The major drawback is that 

sensitivity of the experiment is about only 1-3% of the maximum signal intensity. 

As an example, the G-SERF spectrum after selecting the H22 proton of 1 allows 

the accurate measurement of 3JH22-H23a and 3JH22-H23b (Figure 18D). Recently, a 

Clean G-SERF version has been proposed to obtain a much cleaner 

spectrum.76 

 An exciting improvement of the G-SERF has been the Pure Shift 

Yielded by CHirp Excitation to DELiver Individual Couplings (PSYCHEDELIC) 

experiment77 where all 1H signals are fully homodecoupled in F2 (Figure 19). 

The PSYCHEDELIC experiment uses the PSYCHE element instead of band-

selective or slice selection elements, and the EA mode to obtain absorption 

mode line shapes. The use of the PSYCHE pulses provide an increase of 

sensitive compared to slice selection, but the inconvenient is its pseudo-3D 

acquisition mode requiring longer experimental time compared to other G-SERF 

versions.  
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Figure 19: (A) 1D 1H NMR spectrum of 2, showing a crowed region with overlapping 

signals between 1.0 and 1.4 ppm. Experimental 2D PSYCHEDELIC spectrum showing 

the J’s of selected H9 (B) and selected H14 (C). Pseudo-3D PSYCHEDELIC pulse 

sequence designed to measure JHH using the EA approach: (D) N-type and (E) P-type. 

The narrow and wide black bars represent hard 90º and 180º pulses, respectively. The 

sel180º pulse is represented by the shaped gray pulse. The chunk of the FID has the 

duration of 1/SW2 for each increment t1. Figure adapted from77. 
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Other G-SERF-based methods have been reported incorporating 

homodecoupling in F2.78 On the other hand, the Quick G-SERF experiment79 is 

a faster 1D broadband homodecoupled version which affords a ps1D 1H  

spectrum only displaying doublets with the active J coupling of the selected 

proton. This experiment relies on the use of real-time homodecoupling 

acquisition mode, and therefore broader linewidths can hamper the 

measurement of small J values. Another drawback is the requirement for a 

selective pulse which limits its application to isolated proton resonances.  
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2. OBJECTIVES  

The primary objectives of this thesis were: 

 Understand the theoretical and practical concepts of modern NMR 

techniques. 

 Specialization in the design of new acquisition NMR pulse 

sequences and in the performance of several NMR data processing protocols. 

 Evaluation of existing NMR experiments to know how to set up 

them, as well as to understand how it works and which are their 

advantages/drawbacks with the goal to improve them. 

 Open a new research line on the potential of mathematical data 

post-processing treatments as a cheap approach to obtaining reconstructed 

NMR spectra without using spectrometer time. 

 Use of Covariance NMR to evaluate and solve some current 

drawbacks related to psNMR: a) their relative low-sensitivity; b) their long 

acquisition times; c) the presence of unwanted strong coupling effects and 

sidebands; d) the presence of geminal coupling effects between diastereotopic 

CH2 in heteronuclear psNMR experiments; e) the obtention of some psNMR 

spectra which has never been designed experimentally. 

 Development of new pulse sequences to facilitate the 

measurement of homo- and heteronuclear J couplings. 
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3. RESULTS AND DISCUSSION 

In this section, the experimental results obtained in this thesis are 

presented in the form of three papers published in NMR specialised scientific 

peer-reviewed journals. Two articles dela with the use of covariance NMR as a 

general method to generate novel psNMR spectra. The last work describes a 

new selTOCSY G-SERF experiment, for accurately measuring JHH in 

overlapped regions.  

Publication 1 describes a novel general protocol to generate psNMR 

spectra by Covariance NMR. This new approach is unique in NMR 

spectroscopy; giving a cheap, fast an easy way to reconstruct psNMR spectra 

without spending time in the spectrometer. This new strategy has been 

referenced to as psNMR Covariance. 

The concept of psNMR Covariance has been extended in Publication 2 
by inserting Multiplicity-Edited (ME) information into 2D experiments that are 

difficult or even impossible to achieve experimentally. It is shown how the ME 

information can be efficiently transferred to a set of homonuclear and 

heteronuclear 2D NMR spectra by Covariance processing, reconstructing new 

psME spectra in a fast way. 

Finally, G-SERF and related methods only work for isolated 1H signals on 

which selective excitation can be successfully applied. Unfortunately, as it 

happens in other frequency-selective experiments, this approach fails for 

overlapped signals. A doubly-selective TOCSY G-SERF scheme is presented in 

the Publication 3 to circumvent this limitation, by measuring JHH efficiently even 

for protons resonating in crowded regions. 

 

 

 



 
 

38 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

39 
 

PUBLICATION 1 

Exploring the use of Generalized Indirect Covariance to reconstruct 

pure shift NMR spectra: Current Pros and Cons 

 

André Fredia, Pau Nolisa, Carlos Cobasb, Gary E. Martinc, TeodorParellaa 

aServei de RessonànciaMagnètica Nuclear, UniversitatAutònoma de 

Barcelona, Catalonia,  

bMestrelabResearch, Santiago de Compostela, E-15706 A Coruña, Spain 

cNMRStructureElucidation, Process&AnalyticalChemistry, Merck &Co. Inc.,  

United States 
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Introduction 

The development of novel experimental strategies to significantly 

enhance signal resolution by broadband homodecoupling is a current topic of 

high interest in 1H NMR spectroscopy.39,41,42 For instance, the original ZS 

experiment has been modified and improved in several ways. All of these 

homodecoupling techniques have been implemented in many 1D and 2D homo- 

and heteronuclear pulse schemes to provide resolution-enhanced pure 

chemical shift 1H NMR spectra, where common multiplet J patterns appear 

collapsed to singlet signals. However, not all traditional NMR experiments can 

be successfully converted to their homodecoupled counterparts.  

On the other hand, covariance processing methods have been used to 

generate new and challenging NMR spectral representations.59 We present 

here the first attempts towards a general solution to create Pure-Shift NMR 

spectra by using Generalized Indirect Covariance (psGIC). The current strategy 

is based on the calculation of a new 2D psGIC spectrum from the combination 

of a parent homo- or heteronuclear spectrum and a reference 2D F1-

homodecoupled 1H-1H correlation spectrum only showing diagonal cross-peaks 

(DIAG), which share a characteristic 1H frequency dimension. It is shown how 

the features of the F1 dimension in the DIAG spectrum can be transferred to the 

F2 dimension of the target spectrum using psGIC, thus generating a new ps2D 

spectrum. Examples are provided for a set of homonuclear and heteronuclear 

2D NMR spectra of the alkaloid strychnine. 

 

 

 

 

 



 
 

42 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 
 

43 
 

 
 

 
 
 



 
 

44 
 

 
 
 

 
 



 
 

45 
 

 
 

 
 
 



 
 

46 
 

 
 

 
 
 



 
 

47 
 

 
 

 
 



 
 

48 
 

 
 

 
 
 



 
 

49 
 

 
 
 
 

 



 
 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

51 
 

 

 

 



 
 

52 
 

 

 

 



 
 

53 
 

 

 

 



 
 

54 
 

 

 

 



 
 

55 
 

 

 

 



 
 

56 
 

 

 

 



 
 

57 
 

 

 

 



 
 

58 
 

 

 



 
 

59 
 

 

 

 



 
 

60 
 

 

 



 
 

61 
 

 

 

 



 
 

62 
 

 

 

 



 
 

63 
 

 

 

 



 
 

64 
 

 

 



 
 

65 
 

 

 

 



 
 

66 
 

 

 



 
 

67 
 

 

 



 
 

68 
 

 

 



 
 

69 
 

 

 



 
 

70 
 

 



 
 

71 
 

 



 
 

72 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

73 
 

PUBLICATION 2 

 

Access to experimentally infeasible spectra by pure shift NMR covariance 
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Introduction 

The (ME) information is a valuable parameter because it allows the 

differentiation among CH/CH3 and CH2 groups from its relative signal phase. 

Therefore, this editing strategy reveals essential information for characterisation 

purposes. The experimental 2D ME-HSQC experiment is an excellent example 

showing how multiple NMR information in the form of direct 1H–13C 

connectivities and ME can be simultaneously extracted from a single NMR 

spectrum, simplifying spectral analysis and reducing the overall experimental 

time which should be needed to record separately the equivalent 2D HSQC and 

1D DEPT135 spectra. ME is usually encoded along the F1 dimension, and the 

nature of cross-peaks are quickly identified as a function of their opposite 

up/down relative phases (CH/CH3 peaks are phased up whereas CH2 appear 

down).80–83 Experimentally, ME encoding has also been integrated with 

alternative formats into different heteronuclear experiments such as  ME-

HSQC-TOCSY,84 ME-HMBC,85 ME-selHSQMBC86 or ME-ADEQUATE87 but, 

unfortunately, it can not be incorporated in other class of NMR experiments. 

As a continuation of our psNMR Covariance strategy described 

above,88 we report here the insertion of ME by GIC into some 2D spectra that 

are either impractical to acquire or cannot be acquired at all by available 

experimental pulses schemes. These principles are demonstrated by 

generating several reconstructed multiplicity-edited psNMR spectra of some 

very popular homonuclear and heteronuclear experiments. 
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Accurate measurement of JHH in overlapped signals by TOCSY–edited SERF 

Experiment 
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Catalonia,  

 

 

 

 

 

 



 
 

86 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

87 
 

Introduction 

The analysis of multiplet J patterns in 1H NMR spectra usually affords 

the extraction of JHH values. However, such determinations are often limited by 

the presence of overlapped signals hidden in overcrowded areas. A typical 

strategy is to record alternative NMR experiments that simplify the appearance 

of 1H multiplets in a different format. For instance, the 2D J-res experiment38 

offers a user-friendly representation where J multiplets are spread out along the 

F1 dimension, independent of their chemical shifts. 

The SERF pulse scheme is based on the excitation of a passive spin 

followed by a doubly-selective echo where the two selected protons (the same 

passive spin and a second active spin) are both selectively inverted at the 

middle of a variable echo period. The result is a characteristic J-res spectrum 

displaying only the JHH coupling between the active and the passive protons in 

the form of a clean doublet along F1 and at the chemical shift of the passive 

spin in F2. The SERF experiment was improved with an improved gradient-

encoded version (the G-SERF experiment)75 that allows the measurement of all 

JHH for a selected proton in a single J-res spectrum. 

On the other hand, the TOCSY experiment3,89 is a very efficient editing 

tool to select exclusively those proton signals belonging to the same J spin 

network. In small molecules, from a practical point of view and when possible, 

TOCSY is best performed in a selective 1D mode (referred to as selTOCSY), 

affording high-quality and clean 1D spectra of specific spin systems in short 

experimental times.90 

Selective G-SERF or the new PSYCHEDELIC experiments only work 

for isolated signals on which frequency-selective excitation can be successfully 

applied. These experiments were initially designed to determine all JHH for a 

selected proton resonance. However, they fail for overlapped signals. A doubly-

selective TOCSY-GSERF scheme is here developed for the measurement of 

JHH in protons resonating in crowded regions. This new experiment takes 

advantage of the editing features of an initial TOCSY transfer to uncover hidden 

resonances that become accessible to perform the subsequent frequency-

selective refocusing. 
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Table S1: Comparison of experimental and calculated J(HH) coupling constants (in Hz) 

of strychnine 

 ref. 12b ref. 12c thiswork 

 expt calc  

H14-H15a 4.78 4.77 4.70 4.7 

H14-H15b 1.86 1.88 1.94 1.7 

H15a-H15b 14.27 14.30 14.26 14.4  

H15b-H16 2.16 2.16 2.12 2.1 

H11a-H11b 17.38 17.39 17.26 17.4 

H11a-H12 8.43 8.42 8.74 8.4 
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;TOCSY-GSERF 
;SeRMN UAB (http://sermn.uab.cat)  
; Selective TOCSY filtered 2D J-resolved experiment using the Pell-Keeler method  
; applying PSYCHE and selective pulses to evolve only selected couplings    
 
#include <Avance.incl> 
#include <Delay.incl> 
#include<Grad.incl> 
 
"d0=0u"  
"in0=inf2/2"  
"p2 = p1*2"  
"l0=1" ; switch for Pell-Keeler  
 
;PSYCHE calculations  
"cnst50=(cnst20/360)*sqrt((2*cnst21)/(p40/2000000))"  
"p30=1000000.0/(cnst50*4)"  
"cnst31= (p30/p1) * (p30/p1)"  
"spw40=plw1/cnst31"  
"p12=p40"  
 
;shape pulse offset calculations  
"cnst3 = cnst1*bf1" ;selto controlled by cnst1 
"spoffs22 = cnst3-o1"  
"cnst4 = cnst2*bf1" ;selto controlled by cnst2 
"spoffs1 = cnst4-o1"   
 
;tocsy mixing time 
"FACTOR1=(d9/(p6*115.112))/2" 
"l1=FACTOR1*2" 
 
"acqt0=0"  
baseopt_echo 
 
 
1 ze 
2 50u  
20u LOCKH_OFF  
d1  
20u pl1:f1  
50u UNBLKGRAD  
p1 ph1  
 
  3u 
  p16:gp1 
d16 pl0:f1 
p22:sp22:f1 ph22:r     ; sel. 180 pulse on spin A 
3u 
  p16:gp1 
  d16 pl1:f1 
 
  p1 ph3 
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;  10u gron0                 ;optional z-filter 
;  (p32:sp29 ph3):f1 
;  20ugroff 
  d16 pl10:f1 
 
 
      ;begin DIPSI2 
4 p6*3.556 ph23 
   p6*4.556 ph25 
   p6*3.222 ph23 
   p6*3.167 ph25 
   p6*0.333 ph23 
   p6*2.722 ph25 
   p6*4.167 ph23 
   p6*2.944 ph25 
   p6*4.111 ph23 
 
   p6*3.556 ph25 
   p6*4.556 ph23 
   p6*3.222 ph25 
   p6*3.167 ph23 
   p6*0.333 ph25 
   p6*2.722 ph23 
   p6*4.167 ph25 
   p6*2.944 ph23 
   p6*4.111 ph25 
 
  p6*3.556 ph25 
  p6*4.556 ph23 
  p6*3.222 ph25 
  p6*3.167 ph23 
  p6*0.333 ph25 
  p6*2.722 ph23 
  p6*4.167 ph25 
  p6*2.944 ph23 
p6*4.111 ph25 
 
  p6*3.556 ph23 
  p6*4.556 ph25 
  p6*3.222 ph23 
  p6*3.167 ph25 
  p6*0.333 ph23 
  p6*2.722 ph25 
  p6*4.167 ph23 
  p6*2.944 ph25 
  p6*4.111 ph23 
lo to 4 times l1 
      ;end DIPSI2 
 
; p16:gp2                         ;optional 
 ; d16 
10u gron0*1.333 
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(p32*0.75:sp29 ph3):f1 
  20u groff 
 
d16 pl1:f1 
  p1 ph3 
 
 
if "l0 %2 == 0" ; R-type  
{  
d0 ;Jcoup evolution 2DJ  
}  
4u pl0:f1 
p11:sp1:f1 ph3:r ; sel. 180 pulse on spin B  
4u  
if "l0 %2 == 1" ; N-type 
{  
d0 ;Jcoupevolution 2DJ  
}  
d16 
p16:gp2  
d16   
( center (p40:sp40 ph3):f1 (p12:gp3 ) ; PSYCHE  
d16  
p16:gp2 
d16  
if "l0 %2 == 0" ; R-type 
{  
d0 ;Jcoupevolution 2DJ  
}  
4u  
p11:sp1:f1 ph4:r ; sel. 180 pulse on spin B  
4u  
if "l0 %2 == 1" ; N-type  
{  
d0 ;Jcoup evolution 2DJ  
}  
 
go=2 ph31  
50u mc #0 to 2 F1EA(calclc(l0,+1), caldel(d0,+in0)) ; 2D Jres 
20u LOCKH_OFF  
exit 
 
ph1 = 0  
ph2 = 0  
ph3 = 0  
ph4 = 0  
ph22 = 0 1 2 3 
ph23=3 
ph25=1 
ph31= 0 2  
 
;pl0: 0 W  
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;pl1 : f1 channel - power level for pulse (default)  
;p1 : f1 channel - high power 90 pulse  
;p2 : f1 channel - high power 180 pulse  
;p11: sel. 180 pulse width for spin S  
;p16: CTP gradient pulse duration  
;p40: duration of PSYCHE double chirp  
;d1 : relaxation delay; 1-5 * T1  
;d16: [1ms] delay for homospoil/gradient recovery  
;cnst1: Chemical shift of selective pulse for selTOCSY block(in ppm)  
;cnst2: Chemical shift of selective pulse for Jres block(in ppm)  
;cnst20: desired flip angle for PSYCHE pulse element (degree) (normally 10-25)  
;cnst21: bandwidth of each chirp in PSYCHE pulse element (Hz) (normally 10000)  
;cnst50: desired PSYCHE RF fiere 99re ld for chirp pulse in Hz  
;NS: 4 * n, total number of scans: NS * TD0  
;FnMODE: Echo-Antiecho in F2  
;sp22: (spin A selective pulse power level  
;spoffs22: (spin A) selective pulse offset  
;spnam22: (spin A) file name for selective pulse  
;sp1: (spin B) selective pulse power level  
;spoffs1: (spin B) selective pulse offset  
;spnam1: (spin B) file name for selective pulse  
;sp40: (PSYCHE) power level of chirp element (calculated from cnst21)  
;spoffs40: (PSYCHE) selective pulse offset (0 Hz)  
;spnam40: (PSYCHE) file name for selective pulse  
; for z-gradients only  
;gpz0: 11% 
;gpz1: 15% 
;gpz2: 40% 
;gpz3: 1% 
;use gradient files:  
;gpnam0: RECT.1  
;gpnam1: SMSQ10.100  
;gpnam2 SMSQ10.100  
;gpnam3: RECT.1 
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4. CONCLUSIONS 

A new processing technique referred to as psNMR Covariance has 

been developed for the synthetic reconstruction of psNMR spectra. Also, it is 

now possible to insert ME information in NMR spectra that are extremely 

difficult or impossible to acquire by experimental pulse sequence design. To 

finish, in the last work an improved GSERF experiment, referred to as 

selTOCSY-G-SERF, has been developed to analyse and measure JHH 

couplings with high accuracy in overlapped regions. Detailed conclusions of 

each work are: 

 

Publication 1: 

 A general strategy to generate synthetic psNMR spectra using a 

fast GIC processing has been explored. This co-processing 

method, called psNMR covariance, has been applied to the most 

common homonuclear and heteronuclear NMR experiments. 

 psNMR Covariance is a general and cheap alternative for the 

attempts to obtain broadband homodecoupled 2D NMR spectra 

without experimental pulse sequence design. 

 psNMR Covariance demonstrated to be a fast and efficient 

processing tool available for the non-experienced user, without 

in-depth knowledge about the mathematical treatment. 

 Some unfeasible NMR spectra can be quickly reconstructed from 

standard datasets. In particular, it has been shown that 2JHH 

splitting in diastereotopic methylene systems are removed in 

psGIC-HSQC. Other reconstructed spectra like, for instance, 

psGIC-HSQMBC or psGIC-HSQC-TOCSY can be now available 

after some seconds of calculation.  

 psNMR Covariance can be applied to a broad range of NMR 

experiments, and it is compatible with other mathematical 
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treatments and data processing algorithms like NUS, different 

kinds of covariance-derived NMR datasets or deconvolution 

procedures. 

 

Publication 2: 

 psNMR Covariance can reconstruct 2D spectra incorporating 

simultaneously pure-shift features and ME information (13CHn 

multiplicity) in the form of up/down relative phase. 

 The proposed strategy can generate new “synthetic” NMR 

spectra incorporating simultaneously ps and ME features, even 

for challenging or impossible NMR experiments. 

 ME information can be transferred by GIC into different kinds of 

experimental COSY, TOCSY or HMBC spectra, among others. 

 Spectral reconstruction by GIC can offer a significant added 

value in automated spectra analysis, generating complementary 

multiplicity-edited psNMR spectra useful to the computer-

assisted structural elucidation of small molecules. 

 

Publication 3: 

 A new selTOCSY-GSERF experiment solves the overlapping 

signal limitations existing in conventional G-SERF experiments, 

allowing the measurement of JHH in challenging crowded regions. 

 selTOCSY-GSERF is a potent, general tool to measure J 

couplings with high accuracy. The incorporation of a selTOCSY 

block into the G-SERF experiment offers cleaner spectra 

because only the protons selecting by selTOCSY are exclusively 

visualised. 

 selTOCSY-GSERF retains all the features of the original 

PSYCHEDELIC experiment, maximising sensitivity thanks to the 
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PSYCHE element and optimising experimental time due to the 

optimum 2D acquisition mode. 
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5. ON-GOING RESEARCH 

In this section, some ideas and some on-going projects that have not 

been completed are briefly presented. 

 

Reconstructed Homodecoupled selTOCSY spectra by GSD 

The experimental 1D selTOCSY-PSYCHE sequence expends a long 

time to acquire a single 1D spectrum.63 The 1D selTOCSY experiment is much 

faster than its ps version. Our preliminary results show that synthetic ps1D 

selTOCSY spectra can be quickly generated in seconds, also preserving the 

original signal intensities. The idea is to acquire the 1D selTOCSY spectrum 

and reconstruct the ps1D selTOCSY by a special co-processing did by 

Mestrenova15. This co-processing is based on a new script in which it obtains 

the chemical shift information from the 1D spectrum by Global Spectral 

Deconvolution (GSD) and rebuilds a new 1D spectrum with only one signal for 

each chemical shift.  
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Figure 20: (Left) Synthetic ps selTOCSY after applying GSD and a new script to 

reconstruct ps spectrum and (Right) conventional selTOCSY spectra. The total 

experimental time for all Synthetic ps selTOCSY spectra: 11 minutes and 28 seconds; 

entire experimental time of Experimental ps selTOCSY all spectra: 2 hours, 31 minutes 

and 18 seconds. 

 

Reconstruction of Diffusion-edited 2D spectra by psNMR 
Covariance 

Experimental diffusion-edited NMR experiments require long acquisition 

times due to their 3D acquisition mode. It was idealized that 2D diffusion-edited 

NMR spectra could be synthetically reconstructed by Covariance NMR from 

original datasets using a selected DOSY row as a target co-processing and 

combine with an HSQC spectrum. This approach can be applied to any 

homonuclear or heteronuclear 2D spectrum. Figure 21 shows the schematic 

strategy to obtain a reconstructed DOSY-HSQC spectrum from an experimental 

DOSY and HSQC spectra. This idea was not tested experimentally. But it is 
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known that signals overlapping in the DOSY or HSQC spectra can generate 

artefacts. 

The same idea can be applied by exchanging the DOSY spectrum for a 

selTOCSY, thus generating this selectivity necessary to follow the idea of 

creating separate spectra of mixtures of substances under study from some 

kind of selective experiment and doing the re-construction with NMR 

Covariance. 

 

Figure 21: A) Conventional 2D DOSY spectrum. The green arrow indicates the 

extraction of one line from the DOSY spectrum; B) 2D HSQC spectrum. The red arrows 

indicate the Covariance processing that is performed combining the selected DOSY 

row with a standard 2D HSQC spectrum of a mixture sample giving a C) 2D diffusion-

edited HSQC spectral representation only of the selected substance. 

 

Measurement of heteronuclear coupling constants from 
heteronuclear J-resolved spectrum for high-abundant 19F or 31P nuclei. 

Heteronuclear versions of the PSYCHE-GSERF experiment can be 

developed for the measurement of the magnitude of JHX coupling constants 
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(X=31P or 19F). The 2D heteronuclear G-SERF spectrum affords 1H δ in F2 and 

the selected JHX doublets in F1. The PSYCHE block decoupled the J and δ in 

F1 dimension providing a better intensity compared with other ps building 

blocks. The sel180º pulse selects the heteronuclear of interest and leaves that 

its J evolves during the t1 period. Thus, the new experiment proved to be quite 

efficient for measuring J between 1H and 31P or 19F. This new approach 

combines the benefits of G-SERF and the benefits of PSYCHE block. 

 

Figure 22: Selective heteronuclear PSYCHE-G-SERF spectra corresponding to the 

selective excitation of (A) fluorine-1 and (B) fluorine-1 of 2,3 difluoropyridine in CDCl3. 

Both spectra were acquired in a 400 MHz NMR spectrometer using two scans, 2048 

complex points in F2 and 64 t1 increments.  
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7. APPENDIX 

TUTORIAL psGIC 

2D-DIAG FROM 1D HOMODECUPLED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. To begin, import your 2D homo or heteronuclear spectrum and your 1D 

homodecoupled1H spectrum into Mnova 10.1 software. 

 

2. For to reconstruct the 2D DIAG from 1D pure shift spectrum, it is 

necessary to use the make2D script (Figure1). This script is included in 

Mnova v11. 
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Figure 1: Reconstruct 2D DIAG from 1D pure shift spectrum. 

 

3. Select your pure shift 1H spectrum and follow scprit>run script > find the 
make2D script in your computer. 
 

4. To execute the GIC processing, follow the menu 
'Processing/Covariance NMR/Generalized Indirect Covariance', Figure 
2. 

 

Figure 2: Generalized Indirect Covariance. 
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5. The ' Generalized Indirect Covariance NMR' dialogue box which allows 
you to select the spectrum and lambda value. 
 

6. Select the target 2D spectrum that you want to transform into a pure-
shift format and the 2D DIAG spectrum. Enter the value for the lambda 
parameter (we advise to use the value of 1), Figure 3. 

 

 

Figure 3: Generalized Indirect Covariance dialogue box. 

 
7. It is important to keep in mind that both spectra must have the same 

number of points in F2 to apply GIC. 
 

8. After a few seconds, you have the new psGIC spectrum, Figure 4. 
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Figure 4: psGIC HSQC. 
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2D-DIAG FROM 2D PULSE SEQUENCE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Another way to obtain the 2D-DIAG spectrum is from 2D pulse 
sequence. This experimental DIAG spectrum can be obtained from a 
modification of the recent PSYCHE-TOCSY pulse sequence with the 
omission of the DIPSI-2 pulse train. 
 

2. After acquiring the spectrum, the result is a spectrum with any off-
diagonals signals (Figure 5B). For to solve this problem, you can use 
the Clean2D script implemented in Mnova v11. 

 
 

3. The cleanDIAG macro sets all the values in the experimental DIAG 
spectrum to zero except in a diagonal band with a user-defined width 
(e.g. 35 Hz). 
 

4. For to run this script is the same as step 3 in 2D-DIAG FROM 1D 
HOMODECOUPLED. 
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Figure 5: 5A) Pulse sequence used for the DIAG experiment; B-C) Experimental 
results showing the removal of any off-diagonal signals in the experimental DIAG 
spectrum by the Clean2D script implemented in Mnova. The script is executed with a 
customised multiple-width factor. The experimental DIAG spectrum in B) was recorded 
using a double frequency-swept chirp pulse length of 30 ms applied simultaneously to 
a weak gradient of 1.5 G/cm and with a flip-angle of β=20º. C) DIAG spectrum without 
off-diagonals signals. 

5. After running the Clean2D script, it is possible to see the difference 
between F1 and F2 dimensions (Figure 6). Because of this, it is advisable 
to use the Clean 2D script. 
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Figure 6: Comparison between the B) internal F1 and C) internal F2 projections in the 
D) 2D cleanDIAG spectrum of strychnine (see details in Figure 5). The enhanced high 
resolution obtained along the F1 dimension in DIAG is projected along the detected F2 
dimension of regular homo- and heteronuclear NMR spectra. 

 

 


	Títol de la tesi: New Applications of Covariance NMR and Experimental Development for Measurements of Homonuclear Coupling Constants in Overlapping Signals
	Nom autor/a: André Roberto de Oliveira Fredi


