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ABSTRACT  
 
We describe three anisotropic ultrafast (UF) QUadrupolar Ordered SpectroscopY (QUOSY) 2D-NMR 
experiments (referred to as ADUF 2D NMR spectroscopy) designed for recording the 2H homonuclear 2D 
spectra of weakly aligned (deuterated) solutes in sub-second experiment times. These new ADUF 2D 
experiments derive from the Q-COSY, Q-resolved and Q-DQ 2D pulse sequences (J. Am. Chem. Soc., 121, 
5249, (1999)) and allow the correlation between the two components of each quadrupolar doublet, and then 
their assignment on the basis of 2H chemical shifts. The UF 2D pulse sequences are analyzed by using the 
Cartesian spin-operator formalism for spin I = 1 nuclei with a small quadrupolar moment. The optimal 
experimental/practical conditions as well as the resolution, sensitivity and quantification issues of these 
ADUF 2D experiments are discussed on comparison to their conventional 2D counterparts and their 
analytical potentialities. Illustrative ADUF 2D experiments using deuterated achiral/prochiral/chiral solutes in 
poly-γ-benzyl-L-glutamate based chiral liquid crystals are presented, as well as the first examples of natural 
abundance deuterium (ANADUF) 2D spectrum using 14.1 T magnetic field and a basic gradient unit (53 
G.cm-1) in oriented solvents. 
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Introduction 
 
The fundamental interest of NMR in weakly (lyotropic) aligning media as polymeric-based liquid 

crystals are rooted in the fact that anisotropic NMR parameters such residual chemical shift 

anisotropies (RCSAs, Δδ), the residual dipolar couplings (RDCs, D) or the residual quadrupolar 

couplings for spins I > ½ (RQCs, ΔνQ) are experimentally accessible  [1-4]. 
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Exploiting the wealth of these order-dependent NMR interactions, a vast collection of 

chemistry-oriented applications, such as the structural elucidation of analytes, the evaluation of 

enantiopurity of scalemic mixtures, the analysis of isotopic profiling of bioproducts, or the 

investigation of molecular conformational dynamic, has been proposed [4]. Among them, RQCs of 

nuclei possessing a small quadrupolar moment (Q) as deuterons (I = 1) has a particular place from 

an analytical point of view, for three main reasons: i) the simplicity of anisotropic 2H-{1H} spectra 

associated with a monodeuterated analyte, one quadrupolar doublet (2H-QD) which components are 

split by the quantity |ΔνQ|, ii) the relatively small magnitude of 2H-RQCs when weakly aligning media 

(as lyotropic systems) are used, and iii) the high sensitivity of 2H-RQCs to a difference of local order 

parameters, 𝑆C-Di
 , leads to an unsurpassed efficiency of 2H-{1H} NMR for revealing 

enantiodiscriminations (enantiotopic or enantiomeric) when chiral liquid crystals (CLCs) are used, 

accordingly to Eq.(1) [2-4]:  
 

Δ𝜈!!
!,!"#!! !" !,!"#!! = !

!
𝐾C-Di  𝑆C-Di

!,!"#!! !" !,!"#!!              (1) 

 

In this equation, 𝐾C-Di is the 2H quadrupolar coupling constant and  is the local order parameter 
of the C-Di bond. 

Initially explored for analyzing deuterated chiral analytes in CLCs [5,6], this approach was 

rapidly extended (from 1998) to the study of analytes at natural abundance deuterium NMR level 

(NAD NMR) [7]. Interestingly, NAD NMR avoids any isotopic enrichment step of the investigated 

analytes, but leads to experimentally detect all monodeuterated (dia- or enantio-isotopomers of 

mixture, thus complexifying the spectral analysis [8]. For facilitating the correlation of the 

components of each 2H-QD on complex (congested) anisotropic NAD-{1H} 1D spectra, and then 

their assignment on the basis of anisotropic 2H chemical shift (δ aniso(2H)), various homonuclear 2H 

2D experiments have been designed and successfully exploited [9-11] (see Figure SI-1). These 2D 

sequences referred to as « QUOSY » (QUadrupole Order SpectroscopY) are also very efficient for 

simplifying the analysis the 2H-{1H} spectra of poly- or perdeuterated analytes, even if in this case 

we do not detect a sum of independent monodeuterated isotopomers, but (ideally) a single 

isotopically-enriched molecule. In such molecules, the 2H-2H total couplings observed (TDD = 

2DDD (for A2 spin-systems); TDD = 3DDD (for A3 spin-systems) or TDD  = JDD  + 2DDD (for AX spin-

systems)) are generally smaller than the 2H linewidths, and hence NAD NMR spectra of a given 

molecule and its perdeuterated equivalent are formally identical (no extra line observed for this 

latter) [2,4]. The only difference between the two types of molecules is the possible presence of low-

SC−Di



 - 3 - 

intensity cross-correlation peaks on the 2D spectra, indicating an intramolecular 2H-2H coupling 

between two deuterated sites [11]. 

The conventional 2H QUOSY 2D experiments can be divided into two categories (see below): 

i) sequences based on single-quantum coherence (SQC) transfers with an echo in t1 dimension, 

refocussing either the δ aniso(2H)s (Q-resolved type) or 2H-QDs (δ-resolved type), or without any 

interaction refocussing (Q-COSY type); ii) sequences (Q-DQ type) exciting the double-quantum 

coherence (DQC) of an isolated deuteron (I = 1) [8,11]. Among them, only the Q-COSY 2D 

experiment leads to symmetrical 2D maps (identical spectral information on F1 and F2 prior to 

further process), but can be also symmetrized and then tilted, while the Q-resolved experiments 

must be tilted first prior to their symmetrization as a classical J-resolved experiment. Extensions to 

QUOSY 3D-NMR experiments [12,13] and heteronuclear 13C-2H QUOSY (NASDAC) [14,15] were 

also proposed.  

An exciting application domain of 2H-{1H} NMR in chiral anisotropic solvents is the following 

of a chemical/enzymatic reaction in real time and in situ (namely in the NMR tube). The idea is to 

follow the variation in the peak intensity of the QDs of each enantiomer of reactant and product 

during the reaction process in order to determine the specific reaction parameters. One illustrative 

example of reaction monitoring in a CLC concerned the interconversion of L- and D-alanine-d3 

enantiomers by alanine racemase (chiral enzymatic transformations) directly observed by 2H-{1H} 

1D NMR in DNA-based chiral aligned systems [16,17]. From the fit of time-dependent data versus 

time, specific parameters such as the enzyme turnover numbers could be correctly evaluated, thus 

providing an alternative tool to classical methods [18,19]. An inherent drawback of this approach is 

obviously the experiment time that is required to record exploitable spectral data for all compounds 

in the mixture. The experimental time control can be of paramount importance for multiple (cascade) 

reactions or extremely fast chemical transformations in which the fast identification and 

quantification of 2H signals of compounds (reactants, (un)stable intermediates, products, etc.) may 

require 2D NMR experiments with sub-minute or even sub-second time resolutions. 

Although the non-uniform sampling (NUS) combined with covariance/compressed sensing 

processing [20, 21, 22, 23] allows a significant reduction of the acquisition time in anisotropic NAD 

2D NMR experiments, this method does not lead to exploitable 2D spectra with sub-minute time 

resolutions. In order to achieve sub-second temporal resolutions, a real paradigm shift has been 

necessary, thus leading to the concept of ultrafast (UF) 2D NMR spectroscopy as pioneered by 

Frydman and co-workers from 2003 [24]. Indeed, this original approach is capable of yielding homo- 

or heteronuclear 2D correlation experiments with a single scan when its sensitivity allows this [25]. 



 - 4 - 

Within the last decade, the performance of UF experiments has been greatly enhanced by 

numerous methodological developments, which make UF NMR applicable to a wide range of 

analytical situations in spectroscopy and in Laplace NMR, as well [26, 27, 28]. For instance, UF 

NMR has been applied to the real-time monitoring of fast chemical transformations [29], the 

coupling with other techniques such as chromatography [30], or hyperpolarization, [31] and also the 

high-throughput quantitative analysis of complex samples [32]. 

So far, the methodological developments of UF approach reported were mainly conducted 

combining 1H nucleus and isotropic solvents (liquids), even if in 2012, the first 1H HSQC UF 

recorded at 11.7 T in weakly aligning systems was described [33]. In fact, an interesting new 

methodological breakthrough was proposed in 2016 with the description of the first anisotropic 2H 

UF (ADUF) 2D experiments of deuterated prochiral dissolved in PBLG chiral phase and recorded at 

16.5 T [34], thus showing the possibility of: i) detecting a nuclei of low γ (γ(2H) = γ(1H)/6.515) even 

using the basic gradient unit (40–60 G.cm-1) implemented on routine spectrometers (AV III) in a 

single-scan fashion, ii) obtaining robust exploitable UF 2D spectra while the 2H signal is divided into 

two components (four for enantiotopic positions). 

In this present work, we theoretically describe and experimentally evaluate the analytical 

potential of three anisotropic ultrafast QUOSY 2D-NMR experiments (derived from the Q-COSY, Q-

resolved and Q-DQ experiments) designed for recording single-scan 2H homonuclear 2D spectra in 

sub-second experiment times. The pulse 2D sequences proposed are theoretically analyzed by 

using the Cartesian spin-operator formalism for spin I = 1 nuclei with a small quadrupolar moment 

[10]. From a practical point view, the optimal experimental conditions for recording ADUF spectra 

are examined, and the characteristics (resolution, sensitivity and quantification) as well as the 

analytical potentialities of these ADUF experiments in relation to their conventional 2D QUOSY 

counterparts are discussed. Various types of deuterated achiral (C2v symmetry), prochiral (Cs 

symmetry), and chiral (C1 symmetry) solutes dissolved in the PBLG-based CLC will illustrate the 

discussion. Finally, the first isotropic and anisotropic natural abundance deuterium UF-QUOSY 2D-

NMR spectra (ANADUF 2D NMR) will be presented. 

 Theoretical description of UF 2D experiments for spin I = 1 
 
The herein ultrafast 2D experiments are carried out with phase-modulated constant-time (CT) 

spatial encoding. After the preparation step – usually a hard 90° excitation pulse - a pair of 180° 

chirp pulses are applied along with bipolar gradients (see Figure 1a). The CT nature of this spatial 

encoding is due to the identical time spent in the transverse plane by all spins disregarding their 

position along the z-axis. 
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Previous theoretical descriptions of the CT spatial encoding – based on both product-operator 

formalism and numerical simulations – have been proposed for systems of spin-1/2 in isotropic 

media [35, 36]. All of them conclude to a homonuclear decoupling of the scalar-coupling interaction 

along the spatially encoded dimension while the overall 2D-peak intensity is J-modulated, leading to 

a significant intensity distribution depending on both J values and experimental parameters. 

However, no theoretical descriptions on spin-1 as well as in oriented media have been reported, to 

date. Such theoretical description is relevant to optimize UF 2H QUOSY experimental parameters. 

  

 

Figure 1. (a) General principle of UF 2H QUOSY 2D experiments showing four sequential blocks: i) the preparation, ii) 
the spatial encoding, iii) the reading and iv) the EPSI-type detection. (b) Schematic representation of spatial encoding 
applied on a single nucleus of spin I = 1, at location z along the NMR tube in B0. The preparation and EPSI blocks are 
specific to the Q-COSY, Q-resolved and Q-DQ ADUF sequence. Details on these blocks are presented in Figure 3. 
 

Consider a single spin-1 (isolated nucleus), noted i, located at a position z within a range of 

[−𝐿/2; 𝐿/2] along the NMR tube in B0, where L is the length of the sensitive volume of the probe. 

This spin-1 precesses at a frequency, νi, corresponding to the offset frequency in the rotating frame. 

During the spatial encoding, the 180° chirp pulses with a duration of Tc and a frequency linearly 

sweep over a bandwidth, BW (in Hz), are applied, together with alternating encoding gradients ±Ge. 

The spin i – whose frequency becomes 𝜈! ± 𝛾𝐺!𝑧 2𝜋 in presence of encoding gradients ±Ge – 

undergoes a 180°-rotation whether the chirp pulse frequency matches with the frequency offset of 

spin i, i.e. at a time t as 𝑅𝑡 =  𝜈! + 𝛾𝐺!𝑧 2𝜋. In this equation, 𝑅 = BW 𝑇! is the frequency swept rate 
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(in Hz.s-1) of the chirp pulse. It is worth mentioning that this rotation is assumed instantaneous, a 

common assumption for such spatial encodings [37]. In practice, this condition is fulfilled with the 

use of chirp pulses whose adiabatic factor (expressed as 𝐵𝑊 × 𝑇!) does exceed 40. Considering 

the bandwidth of the chirp pulse centered at the carrier frequency, the delays 𝑡! and 𝑡! required to 

rotate the spin i during positive and negative encoding gradients can be expressed as: 𝑡! =

 (𝜈! +
!!!!
!!

+ !!!
!
) 𝑅  and 𝑡! =  (𝜈! −

!!!!
!!

+ !!!
!
) 𝑅, respectively. Thus, the effect of the CT spatial 

encoding can be illustrated with the scheme depicted in Figure 1b. 

For our purpose, we used a Cartesian spin-operator basis set for the representation of spin-

1, previously established for the description of conventional 2H QUOSY 2D experiments [10]. 

Operators in a matrix form as well as the relevant Hamiltonians used for the description of UF 

sequences are given in Figure 2. 

 

 
 
Figure 2. Some Cartesian spin-operators of the basis set dedicated to the representation of a single I = 1 spin and the 
Hamiltonians, Hz, HQ and HPFG used thorough this article. 
 
The time evolution of the relevant operator, Ô, on the density matrix, ρ(t), undergoing the effect of a 

time-independent Hamiltonian is classically calculated from the initial operator Ôi as: 

𝑶(!) =  𝑒!!"#𝑶!𝑒!"# 
 

           (2) 
 

The density matrix is propagated step-by-step through the sequence schemed in Figure 1b, namely 

𝑡! − 180!° − 𝑇! − 𝑡! − 𝑡! − 180!° − 𝑇! − 𝑡! .  The preparation block is at first simply a hard 

90!°  pulse, so that the initial density matrix is 𝜌! =  −𝑰𝒚. At the end of the spatial encoding, i.e. after a 

duration 𝑇𝐸 = 2×𝑇!, the density matrix 𝜌(!") exhibits as dephasing directly proportional to both the 

spin frequency ν and the z-position, as expected. 

  

𝐻" = 2𝜋ν𝐼( 𝐻) =
𝜋
3
∆ν)𝑄( 𝐻-./ = 𝛾𝐺𝑧𝐼(
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𝜌(!") =  
𝑖 2
2  

0 𝑒!!"∆!!!"𝑒!!
!!!!!!

! 0

−𝑒!"∆!!!"𝑒!(
!!!!!!

!  ) 0 𝑒!"∆!!!"𝑒!!
!!!!!!

!

0 −𝑒!!"∆!!!"𝑒!(
!!!!!!

! )  0

 

 

 
 

              (3) 
 
 

 
Eq. (3) can be simplified considering the BW of the chirp pulses matches with the dispersion 

induced by the encoding gradient, i.e. 2𝜋𝐵𝑊 = 𝛾𝐺!𝐿, so that 𝑅 = 𝛾𝐺!𝐿 2𝜋𝑇! . Thereby the spatio-

frequency dephasing term: 8𝛾𝐺!𝜈𝑧 𝑅, can be expressed as 8𝜋𝑇!𝜈𝑧 𝐿, leading to: 

 

𝜌(!") =  
𝑖 2
2  

0 𝑒!!"∆!!!"𝑒!!!!"!! 0
−𝑒!"∆!!!"𝑒!!!"!! 0 𝑒!"∆!!!"𝑒!!!!"!!

0 −𝑒!!"∆!!!"𝑒!!!"!!  0
 

 

 
 

     (4) 
 
 

 

where 𝐶 = !!!
!

 , is the spatial encoding constant, which is similar to the one reported for a similar CT 
spatial encoding performed on spins-1/2 [36, 37]. 
 
At this level, it is interesting to evaluate the observable signal 𝑆 = 𝑇𝑟(𝐼! 𝜌 !" ) obtained after the spatial 
encoding: 

 
 𝑆 ∝ 𝑖𝑒!"∆!!!"𝑒!!!!"!! + 𝑖𝑒!!"∆!!!"𝑒!!!!"!! 
 

 
  (5) 

 
which can be finally written using Euler formulae: 
 

𝑆 ∝ 2𝑖 cos(𝜋∆𝜈!𝑇𝐸) 𝑒!!!!"!! 
 

    (6) 
 

As highlighted in the Eq. (6), the overall dephasing 2𝜋𝐶𝜈𝑧 arising from the CT spatial encoding 

step depends on the δ aniso(2H) while the 2H-RQC constant is only involved in a constant factor 

cos(𝜋∆𝜈!𝑇𝐸). As a result, the 2H signal with respect to the spatially encoded dimension is homo-

decoupled with an amplitude modulated by both the term ∆𝜈! and the spatial encoding duration TE. 

These features remind what was previously reported in the context of coupled spin-1/2 systems. 

The J-modulation observed with spin-1/2 becomes a ∆𝜈!-modulation for systems of spin-1. It should 

be noted that this ∆𝜈!-modulation can be adjusted by adding a delay tmod (Figure 2) prior to the 

spatial encoding as shown in Eq. (7) below: 

 

𝑆 ∝ 2𝑖 cos(𝜋∆𝜈!(𝑇𝐸 + 𝑡!"#)) 𝑒!!!!"!!𝑒!!!!!!!"#    (7) 
 

In practice, the overall effect of this amplitude modulation is made more complex by potential 

spatial variations of the alignment as discussed further in Results and Discussions section. 
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In the case of ADUF DQ 2D experiments, the preparation block consists of excitation and 

spin-echo, followed by a 90° hard pulse: (90!° − 𝜏! − 180!° − 𝜏! − 90!° ) to convert a part of 

antiphase terms into DQC. The density matrix at the beginnings of the spatial encoding is: 
 

𝜌! ∝   
cos(2𝜋∆𝜈!𝜏!) 0 −𝑖sin(2𝜋∆𝜈!𝜏!) 

0 0 0
𝑖sin(2𝜋∆𝜈!𝜏!) 0 −cos(2𝜋∆𝜈!𝜏!)

                                   (8) 

 

 As shown on Eq. (8) above, the amount of DQC created for one single spin I =1 nucleus is 

proportional to sin(2𝜋∆𝜈!𝜏!). Consequently, the condition for optimum transfer into 2H-DQC is 

obtained with the delay 𝜏! = (2n + 1)/(4ΔνQ), where n is an integer (n = 0, 1, 2, ...). Thereafter, 

propagation of the density matrix through the spatial encoding step leads to the following 

expression: 
 

𝜌(!") ∝
cos(2𝜋∆𝜈!𝜏!) 0 −𝑖sin(2𝜋∆𝜈!𝜏!)𝑒!!!!"!! 

0 0 0
𝑖sin(2𝜋∆𝜈!𝜏!)𝑒!!!"!!

 0 −cos(2𝜋∆𝜈!𝜏!)
                     (9) 

 

which can be written as 𝜌(!") =  cos 2𝜋∆𝜈!𝜏! 𝑰𝒛 + sin(2𝜋∆𝜈!𝜏!)𝑒!!!"!!𝑫𝒚. The last equation shows 

that the DQC is well spatially encoded with a dephasing of 4𝜋𝐶𝜈𝑧 that is twice the dephasing 

obtained for SQC. As a result, signals along the UF dimension will appear at 2δ aniso(2H) rather 

than δ aniso(2H) after decoding. Another specificity of spatially encoded DQC is the absence of the 

Q-modulation factor cos(𝜋∆𝜈!𝑇𝐸) observed in the case of SQC. This feature is explained by the 

fact that Dx and Dy operators do not commute with Qz, so that quadrupolar interaction is ignored 

during the spatial encoding of DQC. It could be noted that this last property is specific to the 

hereby situation in contrast to what is observed in UF 1H-1H double quantum experiments [38]. 

In all ADUF experiments, the spatially-encoded coherences must be decoded by an echo 

planar spectroscopy imaging (EPSI) block during the detection period t2, consisting of a train of NL 

acquisition gradients Ga. Under application of each gradient Ga, the signal undergoes a dephasing 

𝛷 𝑘, 𝑡! = 2𝜋𝐶𝜈𝑧 + 𝑘(𝑡!)𝑧 , where 𝑘(𝑡!) = 𝛾 𝐺! 𝑡 𝑑𝑡
!!
!  (in rad.m-1) refers as a wave number. 

Vectorial sum along the sample length L is maximal whenever the overall dephasing 𝛷 𝑘, 𝑡!  is 

null. As a result, an echo occurs at a time 𝑡!"!! = 2𝜋𝐶𝜈 𝛾𝐺! and at a position 𝑘 = −2𝜋𝐶𝜈 along the 

k-domain. The line-shape of such echoes might be visualized as a Fourier transform along the z-

axis of a rectangular function of width L (see Figure 6a below) leading to a sinc-shape whose 
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amplitude is proportional to L and the full-width-at-half-maximum (FWHM) to 1/L. For instance, 

signals arising from a ADUF SQ 2D experiment may be expressed as follows: 

𝑆 𝑘 ∝  2𝑖 cos 𝜋∆𝜈!𝑇𝐸 𝑒! !"!!!"!!

!
!

!!!

𝑑𝑧. 
 

(10) 
 

 

From these features, constraints in terms of resolution and spectral width in the UF dimension can 

be described as follows: 

𝑆𝑊!" =  !!!!!
!

  and  𝑅𝑒𝑠!" =  !
!"
. 

 

 
      (11)  
 

In this article, two variants of the EPSI block are proposed to enable the acquisition of 

different types of ADUF QUOSY 2D spectra as described in the Results and Discussion section. 

Whatever the applied EPSI scheme, resolution and spectral width along the conventional 

dimension – Resconv and SWconv, respectively – are linked to both the number of pairs NL of 

acquisition gradients Ga and their duration Ta in a similar way: 
 

𝑆𝑊!"#$ =
!
!!!

  and  𝑅𝑒𝑠!"#$ =
!

! !!!!
. 

 

 
(12) 

 
Experimental section 
 
Liquid-crystalline samples. Chiral and achiral lyotropic LCs were prepared by dissolving neat 

poly-γ-benzyl-L-glutamate (PBLG) in chloroform as abundantly described previously [1,5,7]. The 

degree of polymerization (DP) evaluated by viscosity measurement of polymers (PBLG from 

Sigma) varies between 500 and 800. Molecules and the exact composition of isotropic of PBLG-

based samples (with to about 15 w/w) are provided in Figure SI-2 and Table SI.1. 5-mm o.d. NMR 

tubes of oriented samples were fire-sealed to avoid evaporation of the organic co-solvent (dry 

chloroform). To avoid any possible gradient matter and optimize the sample homogeneity, several 

cycles of centrifugation of NMR tubes (up and down) are performed. Since a homogenous z-

gradient profile is required for a suitable spatial encoding, the length of the anisotropic sample 

should slightly exceed the gradient coil length, e.g., nearby 30 mm with our 2H cryoprobe. In 

practice, since the length of the anisotropic sample is determined by the mass composition of the 

mixture (analyte, polymer and co-solvent), this must be optimized according to the NMR probe 

used (see below). 
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Experimental NMR measurements. Unless specified otherwise, conventional and UF NAD 2D-

NMR spectra were recorded at 14.1 T (92.1 MHz) on a Bruker Advance II spectrometer equipped 

with a 5-mm 2H selective cryogenically cooled probe [39]. To reach a good thermal equilibrium and 

ensure the best uniform solute orientation in the mesophase, each sample was spun at a 

frequency of 7 Hz for a couple of minutes inside the magnet. During the ADUF 2D experiments, 

the samples do not rotate. All spectra are recorded in the range 295-305 K. 

Conventional QUOSY NMR. To be as comparable as possible with ADUF 2D experiments, 

conventional QUOSY 2D experiments were recorded as in Figure 3, but without z-filter and 

processed in magnitude mode. Along this way, comparing the sensitivity of ADUF 2D versus its 

conventional counterparts is more relevant. Specific experimental details are given in Figure 

captions. Proton decoupling was achieved by using the WALTZ-16 CPD sequence. 

ADUF 2D NMR. In this work, ADUF 2D experiments were recorded using a basic gradient unit (53 

G.cm-1) of the spectrometer. The spatial encoding was carried out with 180°-chirp pulses of 20 kHz 

sweep width and duration of 22.5 or 25.0 ms, while encoding gradients amplitude, Ge, was set 

equal to 14.8 G.cm-1. These parameters were common for all the ADUF 2D experiments, 

otherwise specified. The second chirp pulse was flanked by a pair of spoiling gradients of 42.4 

G.cm-1 applied during 1 ms. 

For SQ ADUF 2D experiments, the reading pulse was flanked by a pair of identical sinusoidal 

pulse-field gradient (42.4 G.cm-1 during 1 ms) for the coherence selection. It should be mentioned 

that no coherence selection was required for similar experiments including a 180° reading pulse, 

but a same pair of gradients is used to prevent any imperfections from the refocusing pulse. In the 

“Q-DQ” type ADUF sequence, the selection of double quantum coherences was simply achieved 

with two gradients: 21.2 and 42.4 G.cm-1 during 1 ms on both sides of the reading pulse. 

As parameter related to EPSI blocks were tuned according to sample spectral characteristics, 

values of acquisitions gradient amplitudes Ga, duration Ta, as well as the number of loops NL were 

given in the Figure captions.  

For ADUF-{1H} 2D experiments, the proton decoupling was achieved by a pair of 180° pulses 

during the spatial encoding and acquisition periods (see Figure SI-3). Note here that this pair of 

180° pulses can be associated with similar pulses on the heteronuclear X channel for further 2H-X 
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Figure 3. Pulse diagrams of (a) UF-QUOSY and (c) conventional QUOSY 2H 2D experiments. No proton-decoupling is 
shown here. (b) 2D map associated to each experiment where UF dimension (horizontal) and conventional dimension 
(vertical) as well as the type of coherences (single and double quantum (SQC & DQC)) are shown. Ga: acquisition 
gradients; Ge: encoding gradients; Gp: pre-phasing gradient to center the peaks of interest in the middle of the spectral 
window; NL: number of loops for EPSI. Horizontal black boxes correspond to 2H-180°-chirp pulses. Pulse-field 
gradients symbolized by a half ellipsoid are for crushing purposes and coherence selection. Note in UF Q-resolved 
type the specific phase φ5 of the 2H-180° hard pulse incremented in each loop of EPSI. The z-filter gradient in the 
conventional Q-COSY and Q-resolved allows recording in-phase 2D spectra. For QUOSY, 1H CPD pulse sequences 
(WALTZ) can be used during the whole experiment, while for UF QUOSY, the decoupling of 1H can be perfomed by 
adding 1H-180° pulses at the middle of the spatial encoding and between successive acquisition gradient within EPSI 
(see Figure SI-3). Note that the phase cycling shown on UF NMR is optional and eliminates possible artifacts when 
several scans are added. 

      (a)     UF-QUOSY seq.                 (b)    Schematic UF map         (c)  QUOSY seq. 
  

 

 

 
β =  0°, 90° or 180° 
φ1 = φr : x, -x 

   
Symmetrization : N 

 

 
α =  53.7° 
φ1 : 2(x)  / φ2 : x, -x  
φ3 : x, -x / φ4 : 2(x)  
φr : x, -x  

	 The UF Q-COSY map is formally identical to a tilted Q-COSY map disregarding the doubling of difference of δ in F2 due to 
tilting procedure. 

 

 
β =  0°, 90° or 180° 
φ1 = φr : x, -x 
φ5 : x, -x, y, -y within EPSI 
 

 
Symmetrization : Y 

 

 
α = 60° (i=1, odd) / 45° (i=2, even) 
φ1 : 4(x) / φ2 : x, y, -x, -y 
φ3 : 4(x) / φ4 : 4(x)  
φr : x, -x, x, -x 

	 The UF Q-resolved 2D map and its conventional counterpart are strictly identical.		

 

 
 

 

 

 
φ1 = φr : x, -x 
 

 
       

 
  Symmetrization : N 

 

 
φ1 : 16(x) / φ2 : 16(x) 
φ3 : 4(x), 4(-x), 4(y), 4(-y) 
φ4 : 4(x, y, -x, -y) 
φr : -x, y, x, -y, y, x, -y, -x, x, -y, -x,  

 y, -y, -x, y, x 

	
The UF Q-DQ map is formally identical to a Q-DQ map followed by a 90° clockwise rotation or a tilted Q-COSY map.  

 

EPSI 

EPSI 

EPSI 
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heteronuclear decoupling. More complex decoupling schemes might be necessary according to 

the magnitude of 2H-X couplings, in particular for X nuclei of high γ. 

Finally, the (k, t2) raw data were processed with sinusoidal apodization (otherwise mentioned) 

along the conventional dimension, i.e. the vertical axis, while a Gaussian apodization was applied 

with the respect to the UF domain, i.e. the horizontal axis. The data processing was carried out via 

a Matlab routine, more details are available in Supp. Info.  
In all ADUF maps presented herein, the scale associated to the conventional dimension 

(vertical axis) is expressed in Hz and centered at 0 Hz while the UF dimension (horizontal axis) is 

expressed in ppm. 

 

2D-SNR measurements. In this work, SNRs measured both in 2H conventional and UF 2D 

experiments correspond to the 2D signal-to-noise ratio calculated as the amplitude of the 2D-peak 

divided by two-times the standard deviation of a noise region 

Results and Discussions 
Overview of ADUF 2D sequences and their conventional counterparts. Figure 3 presents the 

basic pulse diagrams of (a) basic UF-QUOSY and (c) conventional (phased) QUOSY 2D 

experiments without any proton-decoupling shown, as well as the associated 2D maps (b). The 

spatially encoded and conventional dimensions correspond to the horizontal and vertical axis, 

respectively. All ADUF 2D experiments were achieved with the CT spatial encoding previously 

described in the theoretical section. 

ADUF Q-COSY.  The UF version of the Q-COSY 2D experiment was the first ADUF experiment 

proposed to record single-scan QUOSY experiment with sub-second time resolution [34]. The 

sequence diagram is shown in Figure 3a (top row) [34]. It derives from the very simple (two-

pulses) Q-COSY 2D experiment, first designed to facilitate the analysis of overcrowded 2H-{1H} 

spectra [8], where the reading 2H pulse of 180°, leads to autocorrelate the two components of 2H-

QDs, and to eliminate the diagonal peaks [8,9]. The z-gradient filter (denoted Fz) adapted for spin I 

= 1 shown in Figure 3c (top row) allows to record in-phase 2D spectra [11]. In the UF version, the 

resulting spatially encoded signal is decoded during the t2-detection via an EPSI block consisting 

of a series of NL bipolar gradients [(Ga) – (-Ga)]NL. Disregarding both relaxation and diffusion 

effects, and without any reading pulses, the resulting echoes evolve under free-precession leading 

to the following S(k, t2) signal: 
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𝑆 𝑘, 𝑡! ∝ 2𝑖 cos(𝜋∆𝜈!𝑇𝐸) 𝑒!(𝑘 𝑡2 !!!!"!!)
!

!

 𝑒! !!"! !∆!! !! + 𝑒! !!" ! !∆!! !! 𝑑𝑧

!
!

!!!

𝑑𝑡! 

 

 
 

(13) 
 

This provides two 2D-peaks located at  (ν, ν+ ∆𝜈!/2 ) and  (ν, ν− ∆𝜈!/2)  after Fourier 

transformation along the t2-dimension on the S(k, t2) map. As seen in Figure 3b (top row), the CT 

nature of the UF Q-COSY sequence directly leads to a 2H 2D map where all 2H-QDs in F2 UF 

dimension are eliminated. This spectral representation is similar to a 2H Q-COSY 2D experiment 

tilted by 45° (tilt processing procedure) that leads also to a formal elimination of QDs in F2 

dimension rotation [10], with nonetheless two differences: i) UF method does not suffer from the 

distortion of 2D peak lineshape associated with the tilting procedure; ii) it cannot be symmetrized 

since the spectral data on the two spectral dimensions are basically different. Figure 4a shows the 

ADUF Q-COSY 2D spectrum of pentanol-d11 (1) in PBLG/CHCl3 at 300 K. 

  

 
 
Figure 4. Comparison of two single-scan 92.1 MHz ADUF QUOSY 2D experiments of pentanol-d12 (1) recorded in 
PBLG/CHCl3 at 300 K. (a) the UF Q-COSY (Texp = 0.15 s) is recorded with an EPSI block of NL = 128 pairs of 
alternative gradients with an amplitude Ga = 41.3 G.cm-1 and a duration Ta = 0.748 ms. (b) the UF Q-resolved (Texp = 
0.20 ms) is recorded with an EPSI block of NL = 128 pairs of acquisition gradient: Ga = 29.2 G.cm-1 during Ta = 1.2 ms; 
2H-180° hard pulses are applied between each successive gradient with phases as described in Figure 3c. Both 
single-scan spectra are recorded with a spatial encoding duration TE = 50 ms and a reading pulse β = 90°. The pro-
R/pro-S assignment shown is arbitrary.  
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ADUF Q-resolved. An alternative to Q-COSY ADUF experiment is based on another variant of 

EPSI for the detection consisting to inserting a π(2H) between two successive reading gradients: 

[(Ga) – 180°]NL. Through this block, the δaniso(2H) is refocused, so that the echo amplitudes are now 

only modulated by ΔνQ, during the t2-detection as seen in Eq. (14): 

𝑆 𝑘, 𝑡! ∝ 2𝑖 cos 𝜋∆𝜈!𝑇𝐸 𝑒! ! !! !!!!"!!

!

!

(𝑒!"∆!!!! + 𝑒!!"∆!!!!)𝑑𝑧

!
!

!!!

𝑑𝑡!. 

 
 

(14) 
 

The basic Q-resolved ADUF 2D sequence is presented in Figure 3a (middle row). 

According to Eq. (14), this delivers two peaks located at  (ν,+∆𝜈!/2) and  (ν,−∆𝜈!/2) which can 

be identified as a Q-resolved signal after tilting procedure. 

Compared to the previous ADUF 2D experiment, the absence of 2H chemical shifts in the 

EPSI dimension is advantageous for two reasons: i) the reduction of the spectral width provided by 

EPSI (SWconv ≥ ⏐ΔνQ
max⏐), ii) the possibility to symmetrize the 2H signals in the vertical dimension, 

thus improving the peak shape or removing artefacts. Figure 4b shows the ADUF Q-resolved 2D 

spectrum of pentanol-d11 (1) recorded in PBLG/CHCl3 at 300 K. As expected, all 1H-QDs are now 

symmetrically distributed relative to F1 = 0 Hz. 
 
ADUF δ-resolved. In the conventional QUOSY approach, another echo-type experiment can be 

performed by refocusing the 2H quadrupolar interaction during the t1 indirect dimension [10]. It 

consists to replace the π(2H) refocusing pulse by a π/2(2H) pulse (similarly to a quadrupolar echo 

for spin I = 1) [40]. However, from an analytical viewpoint, the δ-resolved ADUF 2D experiment is 

irrelevant because only the δaniso(2H) information is present on both spectral dimension, leading to 

series of diagonal 2H singulets. 

 
ADUF Q-DQ. The particularity of deuterium nuclei (I = 1) is the presence of double-quantum 

coherence (DQC), even for isolated atoms. As a pair of I = ½ coupled nuclei, we can generate and 

select the magnetization components which proceed via the coherence of order two (p = 2) in a 

spin I = 1 nucleus [10, 41], similarly to the 13C-13C INADEQUATE 2D experiment [42]. Devoted to 

spins I = 1, this “multi-quanta” 2H QUOSY 2D experiment has been renamed as 'Q-DQ', for 

Quadrupole Double-Quantum (see Figure 3c, bottom row). 

Derived from the UF 1H-1H double quantum 2D NMR experiment reported in 2015 [43], a 

UF version of the 2H Q-DQ 2D experiment is here reported for the first time. The basic sequence is 

shown in Figure 3a, (bottom row). Compared with the two first UF QUOSY 2D sequences, the 
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preparation block is more complex and allows the excitation of the 2H-DQC. As described in the 

theoretical section, 2H-DQC can be spatially encoded with a dephasing of 4𝜋𝐶𝜈𝑧 while the amount 

of 2H-DQC is tuned via sin(2𝜋∆𝜈!𝜏!), and obviously depends of RQCs associated with each 

deuterium nucleus. Thereafter, to convert DQC to observable SQC, a reading pulse is applied, 

potentially followed by a second spin-echo: 90!° − 𝜏! − 180!° − 𝜏! to obtain in-phase signal before 

detection. Considering optimal values of 𝜏! and 𝜏!  equal to 1 4∆𝜈! , a 90!°  reading pulse and 

coherence selection, echoes occur during EPSI as show in Eq. (15):   
 

        𝑆 𝑘, 𝑡! ∝ 𝑒! ! !! !!!!"!!

!

!

 𝑒! !!"! !∆!! !! + 𝑒! !!" ! !∆!! !! 𝑑𝑧

!
!

!!!

𝑑𝑡!. 

  
(15) 

 

 

The analysis of signal expression shows that, δaniso(2H)’s and 2H-QDs’ corresponding to the 2H-

SQC appear in the conventional dimension, while only the 2H-DQC is monitored in the UF 

dimension leading to echoes occurring at 2δaniso(2H). Thus, each deuterium nucleus delivers two 

2D-peaks located at  (2ν, ν+ ∆𝜈!/2) and  (2ν, ν− ∆𝜈!/2) in frequency units. Sampling 2δaniso(2H) 

rather than δaniso(2H) provides an interesting resolution enhancement in the UF dimension for 

ADUF Q-DQ experiments. 

To illustrate our purpose, Figure 5 shows a comparison between the ADUF Q-COSY and 

ADUF Q-DQ 2D experiments of toluene-d8 (2) in a PBLG phase. As expected, a better resolution 

of 2H peaks of the aromatic region of toluene-d8 is observed in the horizontal dimension (UF DQ 

dimension) of the ADUF Q-DQ spectrum. This can be seen as an analytical advantage for 

discriminating spectrally close 2H signals, but can also become an experimental drawback when 

the molecule presents a large distribution of chemical shifts since a stronger Ga gradient must be 

used to reduce the spatial encoding width [44]. It could be noted that some artifacts may occur due 

to non-ideal coherence selection, especially whether the 2D spectrum is recorded in a single scan 

without any phase-cycling. This issue may be easily overcome by the use of orthogonal gradients 

(i.e. Gx or Gy) for that purpose [45]. 

 
Optimization and practical features 
 
From an experimental point of view, the implementation of ADUF 2D pulse-sequences are not so 

trivial and deserves attention. In this section, we examine various experimental parameters that 
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may affect the quality of the anisotropic UF-QUOSY 2D spectra, and discuss the practical 

solutions than can be proposed to users. 

Spatial distribution of alignment. Equations established in the Theoretical Section 

assume an ideal spatial homogeneity of the molecular orientation. In practice, the oriented medium  

 
 
Figure 5. Comparison of 92.1 MHz ADUF Q-COSY and Q-DQ spectra of toluene-d8 (2) in PBLG/CHCl3 at 300 K 
focused on the aromatic part. Spectra are recorded with a single scan in Texp = 0.19 s. Note the better spectral 
separation of 2H doublets for meta and ortho position with respect to the UF dimension. Both single-scan spectra are 
recorded with a spatial encoding duration TE = 60 ms, an EPSI block of NL = 256 pairs of alternative gradients: 
amplitude Ga = 30.7 G.cm-1 and duration Ta = 0.748 ms. A reading pulse β = 90° is applied after the spatial encoding. 
In the Q-DQ experiment, the preparation block consists of a spin echo with a delay 𝜏! of 1.1 ms. Just before the 
detection, a second spin echo is carried out with a delay 𝜏! of 0.3 ms, for conversion of antiphase to in-phase signal. 
 

may undergo a spatial distribution of the degree of alignment as reported and investigated by Gil 

and coworkers [46]. As a result, 2H-RQCs of a deuteron vary along the NMR tube, so that the 

signal arising from the spatial encoding is now expressed as follows: 
 

              𝑆(𝑘) ∝ 2𝑖 cos(𝜋∆𝜈!(𝑧)𝑇𝐸) 𝑒!!!(!"!!!!)
!/!

!!/!

𝑑𝑧 
 

(16) 
 

 
where ∆𝜈! 𝑧  corresponds to the spatial distribution of the ∆𝜈!  values along the z-axis. This spatial 

dependence of the Q-modulation factor impacts the resulting line-shape of the echoes 𝑆(𝑘) in the 

k-dimension in complex manner depending on ∆𝜈! 𝑧  as well as the duration of the spatial 
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encoding TE. Figure 6 presents three simulations performed on a single 2H-spin with different 

linear variations of the 2H-RQC along the z-axis (i.e. ∆𝜈! 𝑧 =  ∆𝜈!! + 𝛼!𝑧 where αQ is a constant) 

at a fixed TE of 45 ms. 

 

 
Figure 6. Simulated line-shapes of 2H-echoes (a single deuteron) in k domain as a function of different linear 
variations, 𝛼! =

!∆!!
!"

, of the 2H-RQC along the z-axis. Simulations relying on Eq. (16) have been carried out with 
∆𝜈! 𝑧 = ∆𝜈!! + 𝛼!𝑧, where ∆𝜈!! = 250 Hz and TE = 45 ms. Left panel shows cos(𝜋∆𝜈!(𝑧)𝑇𝐸) as a function of z while 
the subsequent echoes are displayed on right panel. (a) Simulations without any spatial inhomogeneities, i.e. 𝛼! = 0. 
In this case the factor cos(𝜋∆𝜈!𝑇𝐸) is a constant with respect to z-position leading to an echo with a sinc-lineshape 
whose amplitude is Q-modulated by the factor cos(𝜋∆𝜈!𝑇𝐸). Similar simulations with linear variations of 2H-RQC equal 
to 𝛼! = 0.85 Hz/mm (b) and 𝛼! = 1.71 Hz/mm (c).  
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That feature might be visualized as a spatial cosine apodization. While a slight linear variation of 

the 2H-RQC leads to a line-broadening with attenuation of lateral wiggles (Figure 6b), a larger 

distribution shifts the maximum of the cosine leading to a tedious split-up of the echo (Figure 6c). 

It could be mentioned that this situation can be counterbalanced by tuning adequately TE, 

nonetheless with a modification of resolution and SWUF. A better suited option relies on adding a 

delay tmod (see Figure 2) to modify the Q-modulation factor as cos(𝜋∆𝜈! 𝑧 𝑇𝐸 + 𝑡!"# ), therefore 

enabling the line-shape adjustment without impacting the spatial encoding features. 

Besides modifications of the line-shape, this spatial distribution of ∆𝜈!  involves a 

misalignment of the two lines of one spin along the conventional dimension. This feature can  

be explained by expressing the overall dephasing 𝛷(𝑘, 𝑡!) experienced by a spin at a position z 

during the EPSI block. We consider in what follows the case of a Q-COSY type experiment. 

According to Eq. (13), the dephasing can be written for an ideal spatial homogeneity of the 

alignment as: 

𝛷 𝑘, 𝑡! = 2𝜋𝐶𝜈𝑧 + 𝑘 𝑡! 𝑧 + 2𝜋𝜈 ±  𝜋∆𝜈𝑄 𝑡!. 
 

 
(17) 

 
Leading to a single echo in the k-dimension when the z-component of dephasing is refocused: 

𝑘 𝑡!  = −2𝜋𝐶𝜈 , e.g. at 𝑡!"#$ = −2𝜋𝐶𝜈 𝛾𝐺! ; and two lines at 𝜈 ±  ∆𝜈!/2  after FT along the 

conventional dimension due to the free precession. The situation is more tedious whenever the 

∆𝜈! is z-dependent. Considering a linear variation of ∆𝜈! along the z-axis as mentioned above, the 

dephasing becomes: 
 

𝛷 𝑘, 𝑡! = 2𝜋𝐶𝜈𝑧 + 𝑘(𝑡!)𝑧 + (2𝜋𝜈 ± 𝜋(∆𝜈!! + 𝛼!𝑧))𝑡! 

               = 2𝜋𝐶𝜈 + 𝑘 𝑡! + 𝛼!𝑡! 𝑧 + 2𝜋𝜈 ± 𝜋∆𝜈!! 𝑡!. 

 

  
     (18) 
 

In this case, the echo occurs for 𝑘 𝑡! = −2𝜋𝐶𝜈 − 𝛼!𝑡!, e.g. at 𝑡!"#$ = −2𝜋𝐶𝜈 (𝛾𝐺! ± 𝛼!𝑡!). Thus, 

the echo position along the k-domain now depends on t2 and is shifted in an opposite way for the 

two components of the quadrupolar doublet, in a proportional way with respect to t2. Hence, 

echoes of the two components are firstly superimposed at t2 = 0 and progressively split-up 

thorough the EPSI block as illustrated in Figure 7. After FT along the t2-domain, the resulting 

ADUF 2D spectra exhibit misaligned lines along the conventional dimension (vertical axis). 
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Figure 7. (a) Example of experimental misalignment of the 2H-QD of CDCl3 (3) in the PBLG phase (non-uniformly 
oriented sample) observed on (a) the k domain of a UF Q-COSY 2D map and (b) after the FT (t2). Here a significant 
variation of the 2H-RQC is observed along the z-axis. 
 
Flip angle of reading pulse. In contrast to conventional QUOSY, ADUF 2D experiments do not 

formally require the presence of a reading pulse before detection. However, the application of such 

a reading pulse with a flip angle β has been considered to evaluate its impact on the subsequent 

ADUF 2D spectra. The general variation of the signal amplitude as a function of the flip angle β 

can be theoretically expressed as:  

 

𝐴 𝛽 ∝ sin!𝛽 −
2
2 𝑐𝑜𝑠𝛽(1+ 𝑐𝑜𝑠𝛽) with 𝛽 ∈ 0° to 90°  

 

𝐴 𝛽 ∝ sin!𝛽 +
2
2 𝑐𝑜𝑠𝛽(1− 𝑐𝑜𝑠𝛽)  with 𝛽 ∈ 90° to 180°  

 
(19) 

 

 

The use of absolute values enables the comparison between experimental data obtained on ADUF 

spectra computed in magnitude with the theoretical expression.  In Figure 8 is plotted the relative 

theoretical amplitude (normalized), ATheor., of 2H signal versus the β angle (see Eq. 19). As seen on 

the graph, ATheor(β) is maximum when 𝛽 = 0° or 180°, and minimum when β ≈ θm and β ≈ 180° − θm 

where θm is the well-known magic angle (54.73°). At 𝛽  = 90°, a maximum local with A!"°  =

 A!°,!"#° / 2. A good agreement is obtained between theoretical data and the experimental value 

obtained for seven β values (see Table SI-2). 
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Figure 8. Variation of the absolute value of the normalized 2H signal amplitude of CDCl3 (3) in PBLG mesophase as a 
function of the flip angle β of the reading 2H pulse of the Q-COSY ADUF 2D experiment. The values plotted 
correspond to the median value obtained by 2D integration of the shielded component of 2H QD over a series of three 
2D experiments. For each experiment, four scans with a recycling delay of 10 s have been added.  
 
At this level, either a 180° reading pulse or no reading pulse provide the highest sensitivity and 

seem the best options. In practice, a 180° pulse, flanked by a pair of crushing gradient leads to 

cleaner spectra by suppressing potential artifacts from imperfect spatial encoding. However, the 

situation is more nuanced and a 90° reading pulse may be a better option in some cases. Firstly, 

the signal obtained with β = 90° noted S(90°) evolves during EPSI with an initial phase different to 

the one observed for S(180°). As reconstructed FID from EPSI are typically short (e.g. from 60 to 

300 ms), this feature has a significant impact on the resolution along the conventional dimension. 

Figure SI-4 highlights how β = 90° yields a better resolution than β = 180° in a practical case. 

Secondly, while a 180° pulse only invert coherences, a flip angle of 90° splits the observable 

signals in two mirrors components with opposite dephasing. Although this split up causes the loss 

of sensitivity observed at β = 90° versus 180° (see Figure 8), this enables an interlacing of mirror-

signals along UF dimension which increases SWADUF [44]. In overall, the choice of the flip angle 

depends on the sample and both 90° and 180° flip angle should be tried in order to reach the best 

result. 

 
Choice of the UF-QUOSY experiments. The choice of the UF-QUOSY experiment mainly relies 

on a compromise between spectral width and resolution along both dimensions. This trade-off is 

well highlighted in the Eqs. (11) and (12), in which the SWUF and SWconv are entangled with Ta as 

a sheared parameter. Therefore, increasing this duration enhances SWUF at the expense of SWconv 
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and vice versa, making the choice of Ta critical for the appearance of the final 2D-map. A simple 

way to overcome this bottleneck is the use of a high Ga amplitude as shown in Eq. (20). However, 

the limited gradient strength available on current high-resolution NMR hardware hampers such a 

solution, especially at high magnetic field due to the large spectral width in frequency unit. 

 
𝑆𝑊!" × 𝑆𝑊!"#$

𝑅𝑒𝑠!"
=  𝛾𝐺!𝐿 

 

(20)) 
 

By refocusing the chemical shift interaction throughout the detection, the UF Q-resolved 

experiment makes this compromise between both dimensions less constraining. This experiment 

provides a shorter SWconv compared to its Q-COSY counterpart that enables an increase of Ta to 

sample signals along the conventional dimension. This leads either to an increase of SWUF at a 

given Ga value or to a similar SWUF with a reduced Ga, which reduces troubles related to the use of 

fast and strong alternative gradients. As a result, the UF Q-resolved delivers a broader scope of 

molecules to be analyzed. Yet, it is worth mentioning that the number of acquisition gradients NL is 

limited with the EPSI scheme of this experiment due to hardware troubles. 

While the spectral resolution in the conventional dimension lies in a range of 4-8 Hz – 

depending on relaxation and EPSI features – the one along the spatially encoded dimension is far 

higher, e.g. nearby 20 Hz for a 45 ms spatial encoding, and even more in case of spatially non-

uniform ordered samples. This makes the resolution along the UF dimension clearly a limiting 

factor, especially in case of crowded regions such as aromatic resonances. In such a case, the 

use of the Q-DQD 2D sequence which doubles the frequency shifts between lines along the UF-

dimension reduces the overlaps in such congested regions. However, this gain in resolution is 

yielded at the expense of SWUF, limiting the scope of this sequence for the analysis of samples 

with narrow spectral widths or for the analysis of regions of interest of the whole spectrum.  

 

Analytical performances and scope of applications  
 
Resolution and sensitivity. In order to examine the scope of possible applications of ADUF 

QUOSY, an evaluation of the attainable resolution, sensitivity and precision is hereby reported 

through different examples. As the most insightful chemical information, the quadrupolar-coupling 

interaction is monitored along the conventional dimension to yield the best resolution. An EPSI 

consisting of 256 read-out gradients with standard parameters enables the measurement of 2H-

RQCs with a resolution of nearby 4 Hz. As seen in Figure 9, this resolution is sufficient to probe  
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Figure 9. (a) 92.1 MHz ADUF-{1H} Q-COSY 2D spectrum of (1) in PBLG/CHCl3 at 300 K. The single-scan spectrum is 
recorded with a spatial encoding duration TE = 50 ms, an EPSI block of NL = 256 pairs of alternative gradients leading 
to a total Texp = 0.433 s. Reading pulse β = 90° is used prior to the detection, and the acquisition gradient parameters 
are Ga = 41.3 G.cm-1 and Ta = 0.748 ms. The spectrum is displayed, together with the sum-projections along both 
dimensions. (b) The vertical projections, marked by dashed lines are extracted from the ADUF 2D spectrum. QDs of 
deuterons bonded on carbons C1, C2 and C5 can be measured without ambiguities. Remaining overlaps hamper a 
clear measurement for QDs of C3 and C4. Asterisks denote partial peaks arising from adjacent projections. The 
stereodescriptors A and B are arbitrary defined. 
 

 

the nine 2H-QD arising from the nine inequivalent C-D directions associated with each anisotropic 

chemical shift of the pentanol-d11 (see Figure SI-2).  

A common drawback associated with spatial encoding methods is a loss of sensitivity owing 

to the application of gradients Ga while the receiver is open. The frequency range is therefore 

spanned as 𝛾𝐺!𝐿 making the filter bandwidth of standard NMR hardware no longer adapted. This 

feature, together with the single-scan nature of UF methods, involves significant sensitivity losses. 

The latter might be evaluated in comparing the SNR of a given UF QUOSY experiment with the 

one calculated on its conventional counterpart, with similar experimental duration and resolution. 

This comparison has been carried out on a monodeuterated sample of (±)-1-phenylethanol-d1 ((±)-

4) dissolved in the PBLG/pyridine phase (see Figure SI-2 and Table SI-1). ADUF and 

conventional Q-COSY 2D experiments have been performed in 208 s with the same resolution. 

SNR are then measured on one of the four lines of the deuterated chiral site, as indicated by the 
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dashed box in Figure SI-5b. 2D-SNR of 588 and 3983 are yielded for UF and conventional 

experiments, respectively, corresponding to a sensitivity loss of a factor 6.8 with the UF 

experiment. This decreases in sensitivity is slightly larger than that observed with UF 1H methods 

in isotropic media and may be explained by the stronger impact of spatial distributions of the 

alignment in such spatially encoded methods (see above in section “Spatial distribution of 

alignment”) compared to conventional QUOSY experiments. In terms of precision, a single-scan 

ADUF on the same oriented sample enables signal integration with a RSD of 2.9%. 

 
Enantiomeric quantification. The original motivation for the development of 2H NMR in chiral 

oriented solvents was to propose to chemists new tools (as universal as possible) to spectrally 

discriminate (deuterated) enantiomers, and then determine the enantiomeric purity of a mixture. 

Using quantitative recording conditions, the determination of the enantiomeric excess (ee%) is 

calculated by Eq. 21 [4,5], 

 

𝑒𝑒 % = 100×
𝐴! −  𝐴!

𝐴! +  𝐴!
, 

 

 
     (21) 

 

where AS and AR are the area of 2H signal of S and R isomers on one or both components of 

observed 2H-QDs. A key feature of conventional 2H QUOSY is the absence of coherence transfer 

between spins within the mixing step, making it suitable for quantitative purposes [9], provided that 

a long enough repetition delay (𝑇!!"# = 5 × 𝑇!!"#) and small variations of 𝑇! between enantiomers 

are considered. The only exception lies on Q-DQ 2D experiments owing to the homonuclear DQ-

state excitation from SQ, which depends on the magnitude of 2H-RQCs, and is in turn site-specific. 

In contrast, the constant-time nature of ADUF 2D modulates 2H signal intensities by a factor 

cos(𝜋∆𝜈!𝑇𝐸) depending on the 2H-RQCs related to each QDs, which is detrimental for quantitative 

applications. Yet, the situation is more nuanced whenever a slight spatial distribution of the 

alignment is observed, a situation commonly encountered. Under the resulting distribution of 

RQCs along the length of the NMR tube, the modulation factor is no longer a simple scalar, but 

rather a function of the z-position, cos(𝜋∆𝜈!(𝑧)𝑇𝐸). This feature potentially alleviates the variation 

of signal intensities arising from sites with similar number of deuterium atoms, but exhibiting 

different 2H-RQCs. Considering this occurrence, we have investigated the potential of ADUF 2D for 

quantification of ee%. The monodeuterated sample of (±)-1-phenylethanol-d1 ((±)-4), previously 

used for sensitivity evaluation, has been chosen for that purpose. This chiral molecule in racemic 

series, exhibits different |ΔνQ(2H)| for each isomer equal to 293 and 374 Hz, respectively. For such 
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a racemic mixture, the ee% is theoretically equal to zero. 2H-{1H} 1D spectrum and the Q-COSY 

ADUF 2D spectrum of (±)-4 are given in SI (Figures SI-5a/b). The accuracy of the measurement 

of ee% is evaluated in terms of precision and trueness. Precision is established as the relative 

standard deviation, RSD(ee%), calculated with the values of ee% measured by the ADUF method, 

while the trueness, Δ(ee%), is here the difference between the mean ee% and a reference value. 

The reference corresponds to a ee of 0.20%, measured on the same sample with a quantitative 1D 
2H-{1H} spectrum. All calculations have been carried out over a series of five successive 

experiments. Table 1 reports the mean ee% values obtained with ADUF 2D NMR for different 

experimental durations. A single-scan experiment provides an ee of 3.74% with a precision of 

25%. The precision is significantly improved by increasing the number of scans reaching 9.7% for 

an experiment of 48 s. At this experimental duration, the mean ee obtained is 2.69% 

corresponding to a Δ(ee%) of 2.49%. In summary, accumulating some tens of scans provides an 

acceptable RSD while keeping the method in an appreciable sub-minute time resolution. A 

deviation Δ(ee%) about 2-3% (NS ≥ 12) hampers enantiomeric quantification with high accuracy 

(e.g. sub-percent deviation), but makes ADUF methods suitable for applications as 

chemical/enzymatic reaction monitoring. As a way of improvement, Δ(ee%)  may be reduced by 

adding ADUF spectra recorded with various tmod delays thereby averaging the impact of the 

quadrupolar modulation on the signal amplitude. Such an approach reminds what is performed in 

UF NMR in isotropic media to counterbalance J-modulation effects [35].    

 

Table 1. Measurements with accuracy parameters of ee’s(%) from ADUF NMR for different 
experimental times on (±)-4 

NS (a) 𝐓𝐄𝐱𝐩𝐀𝐃𝐔𝐅.
 (b) 

/s 

eeADUF (c) 

/% 
ee(Ref.) (d) 

/% 
Δ(ee) (e) 

/% 
RSD(ee) (f) 

/% 

1 1.6 3.74 0.2 3.54 25 

12 18 3.02 0.2 2.82 12 

32 48 2.69 0.2 2.49 9.7 

a NS: number of scans; b T!"#!"#$.: experimental times of the ADUF 2D experiment. The inter-scan delay was set to 1.5 s, 
while the signal area was determined via 1D integration along the conventional dimension (i.e. vertical axis); c 

Calculated as the mean value over five experiments; d Reference value was obtained from a 1D 2H-{1H} quantitative 
experiment on the same sample; e Calculated difference between the mean value from five ADUF experiments and 
the reference ee%; f Relative standard deviation of the ee% was calculated as the ratio between standard deviation 
and the mean value yielded on five ADUF experiments. 
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Analytes with two abundant X-nucleus. The sensitivity-related drawbacks of UF 2D experiments 

is partially overcome by the detection of nuclei that are naturally abundant (as 1H) or nuclei of 

isotopically-enriched samples (as 2H, 13C or 15N). De facto, the use of doubly-isotopically enriched 

molecules appears as a possible option for combining various and complementary spectral 

information, analytically useful. For instance, aligned analytes enriched in 2H and 13C isotopes lead 

to the direct detection of 2H-RQCs and 2H-13C total spin-spin couplings, T(13C-2H) = J(13C-2H) + 

2D(13C-2H), thus providing two order-dependent molecular information. 

In the absence of any 13C-decoupling, ADUF 2D experiments applied on a 2H-13C spin-

system undergo δaniso(2H) and T(13C-2H) interactions during the constant-time spatial encoding 

while δaniso(2H), T(13C-2H) and RQC(2H) are monitored through the EPSI block, excepted for Q-

resolved type detection in which the δaniso(2H) is refocused. This leads, in principle, to four 2D-

peaks located as described in Table 2. 

 

Table 2. Location in frequency units of the 2D-peaks pertained to ADUF Q-COSY 2D 
experiment applied on a 2H-13C spin-system 

UF dimension (Hz) Conventional dimension (Hz) a 

νaniso(2H) + T(13C-2H)/2 νaniso(2H) + [T(13C-2H) + ΔνQ(2H)]/2 

νaniso(2H) + T(13C-2H)/2 νaniso(2H) + [T(13C-2H) - ΔνQ(2H)]/2 

νaniso(2H) - T(13C-2H)/2 νaniso(2H) -  [T(13C-2H) + ΔνQ(2H)]/2 

νaniso(2H) - T(13C-2H)/2 νaniso(2H) -  [T(13C-2H) - ΔνQ(2H)]/2 
a νaniso(2H) is null along the conventional dimension for the Q-resolved type ADUF 2D experiments. 

 
Figure 10 shows an example of ADUF Q-COSY 2D spectrum recorded on a sample of 

benzyl alcohol both enriched in 2H, 13C on the methylene group (3) (see Figure 10), and dissolved 

in a PBLG/CHCl3 phase. In this example, the two enantiotopic heteronuclear directions, (13C-2HA) 

and (13C-2HB), exhibit inequivalent patterns as described in Table 2, but with different coupling 

constants, e.g. ΔνQ(2HA) ≠ ΔνQ(2HB) and |T(13C-2HA) | ≠ |T(13C-2HB)|. Projections along the 

conventional dimension enable unambiguous measurements of the total couplings, |T(13C-2HA/B)| 

are equal to 34 and 29 Hz, while ΔνQ(2HA/B) are equal to 436 and 234 Hz, respectively. Moreover, 

this experiment carried out with a 256-loops EPSI block of 304 ms provides a sufficient resolution 

(nearby 3 Hz) to probe the 2H-homonculear total couplings: |T(2HA-2HB)| = 5 Hz (AA’X spin 

system), thus delivering another order-dependent parameter. It worths mentioning that the 

difference between νaniso(2HA) and νaniso(2HB) being smaller than the linewidth – a situation 
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commonly encountered for 2H with such lyotropic CLs – is not observed on the spectrum. In 

overall, such experiments make accessible three order-dependent parameters for each 

enantiotopic 13C-2H direction, thereby leading to further molecular information that might be useful 

for conformation analysis. 

The heteronuclear coupling patterns contained in such single-scan 2D spectra can be easily 

manipulated by adapting basic UF QUOSY 2D pulse sequences. In practice, the simplest 

approach for eliminating the T(2H-X) couplings is to insert a 180° X hard pulse in the middle of the 

spatial coding and between two successive acquisition gradients within the EPSI block. Double-

heteronuclear decoupling is also possible whenever a three-resonance NMR probe is used, an 

example of a Q-COSY ADUF 2D pulse sequence where a double decoupling (2H-{13C-2H}) has 

been implemented is shown in Figure SI-3. 

 

Exploring the ANADUF 2D NMR. To benefit from the sensitivity of a highly abundant nucleus of 

spin I = 1 during the methodogical development stage, only deuterated analytes have been used. 

In order to evaluate the potential of the method in extreme conditions of low sensitivity, we have 

explored the case of isotopically normal analytes. Interestingly, deuterium nuclei are naturally 

present in any hydrogenated compound (as a second isotope with a relative abundance of 1.5 10-

2% relative to 1H). Previous works have pointed out the possibility to experimentally detect 

deuterons by 1D/2D NMR at the level of natural abundance (NAD) of solutes under reasonable 

conditions (experimental time, analyte amount, MW, …), as first demonstrated in 1998 in the case 

of PBLG-based weakly oriented systems [7,8]. 

As the total couplings, T(2H-2H), are rarely observed in isotopically enriched molecules (due 

their small magnitudes) and never detected at NAD level (due the very low probability of detecting 

dideuterated isotopomers), the complexity of 2H-{1H} 1D/2D spectra of enriched (perdeuterated) 

and isotopically normal solutes are identical, except that the intensity of NAD signals is divided by 

a factor of 6451. The use of high-field magnetic spectrometers equipped with 2H selective 

cryogenic probe significantly overcomes this difficulty, and numerous anisotropic NAD 2D-NMR 

based applications have been reported with such instrumental configuration [2-4]. Under these 

conditions, the combination of anisotropic UF 2D and NAD NMR experiments no longer seems to 

be without interest, but on the contrary could open up new and exciting research axes, in particular 

combined with modern hyperpolarization techniques for which single-scan 2D acquisition is the 

best suited option [47-51]. 

As preliminary step, we evaluated the feasibility of NAD UF 2D experiments at 14 T (UF Q-

COSY) using an isotropic sample of pure ethanol. Since no solvents are used, the molar 
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Figure 10. (a) 92.1 MHz ADUF-{1H} Q-COSY 2D spectra of 2H, 13C-labelled benzyl alcohol (4) sample in PBLG/CHCl3 at 
300 K. The single-scan spectrum is recorded with a spatial encoding duration TE = 60 ms and EPSI block of NL = 256 
pairs of alternative gradients leading to a total Texp = 0.365 s. Reading pulse is set to β = 180°, and the acquisition 
gradient parameters are Ga = 45.0 G.cm-1 and Ta = 0.594 ms. The spectrum is displayed, together with the sum-
projections along both dimensions. The vertical projection enables an accurate measurement of ΔνQ(2HA) = 436 Hz and 
ΔνQ(2HB) = 234 Hz. (b) Zoomed regions are extracted from the whole vertical projection. These allow a clear 
measurement of |T(13C-2HA)| = 34 Hz, |T(13C-2HB)| = 29 Hz, as well as |T(2HA-2HB)| = 5 Hz. The stereodescriptors A and B 
are arbitrary defined.  
 
concentration for a given monodeuterated isotopomer, i, of the analyte of interest, H! ! , can be 

calculated according to Eq. 22: 
 

H! ! = !! 
!!

 × 𝑃!  ×
!!

!! !
. (22) 

 
 

In this equation, ρA and MA are the density and the molecular weight of the analyte A, Pi is the 

stoichiometry at site i contributing to 2H signal (3:2:1 for ethanol), and (2H/1H)i is the associated 

isotopic ratio. Assuming that the three isotopic ratios are identical to V-SMOW value ((2H/1H)i = 

1.55 × 10-2 %), the molar concentration for the three isotopomers (CDH2CH2OH, CH3CHDOH, 

CH3CH2OD) is equal to 7.95, 5.30 and 2.65 mmol.L-1. 

Due to the absence of quadrupolar interaction, the NAD-{1H} Q-COSY UF 2D spectrum 

shows only diagonal three single 2H peaks associated with the three isotopomers of ethanol (see 

Figure SI-6). In practice, the detection of all NAD-{1H} signals is obtained after adding 40 scans, 
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namely a total experiment times of 120 s (with TR = 3 s). In spite of NMR instrumentation very 

adapted for NAD experiments (a 92 MHz 2H cryoprobe), this first result highlights the experimental 

difficulties to detect isotopic NAD signals using UF 2D experiments even for a pure sample (2D-

SNR of 130, 125, and 28 for CH3, CH2, OH sites, respectively) mainly due to the significant 

reduction of sensitivity originating from the UF 2D experiment principles. Consequently, the 

possibility of recording ANADUF 2D experiments of oriented solutes appear highly challenging for 

three reasons: i) the anisotropic signal of 2H nuclei is divided into two components in a LC and 

potentially four components in a CLC, if one considers the case of spectrally discriminated 

enantiomers or enantiotopic directions, ii) an additional possible broadening of ANAD lines along 

the spatial encoding dimension since the aligned sample is not perfectly homogeneous and 

orientationally uniform; and iii) the T2
aniso(2H) are generally shorter than T2

iso(2H). 

Nevertheless, by choosing a suitable symmetrical model solute and optimal sample 

conditions, we were able to meet this new challenge for the first time. For our purposes, we 

focused our attention to an achiral compound of C2v-symmetry in average, the 2,3,6-

trimethylphenol (6), dissolved in the PBLG/CH2Cl2 phase (%w/w (6) = 14%, see Table SI-1). 

Figure 11b shows the first anisotropic NAD-{1H} UF (ANADUF) 2D spectrum (Q-COSY type) ever 

recorded in a oriented solvent (PBLG/CH2Cl2), recorded using 58 scans, i.e. an experimental time, 

Texp, of 120 s (with TR = 2 s). If this ANADUF 2D first spectrum validates the proof of concept, its 

analytical content is rather poor since neither the aromatic methines (P = 2) nor the p-methyl (Pi = 

3) of 6 emerge from the spectral noise, contrarily to the NAD-{1H} 1D spectrum and the 

anisotropic, conventional NAD-{1H} Q-COSY 2D spectrum (see Figures SI-7 and SI-8). In this 

example, only the 2H-QDs of dichloromethane and the two equivalent, methyl groups in meta-

position of (7) (Pi = 6) are observed, corresponding to a molar number of 2.6 × 10-6 and 7.3 × 10-7, 

respectively. In such a 120s-ANADUF 2D spectrum, 2D-SNRs of 48 and 23 are measured on co-

solvent and the equivalent methyl groups in meta-position, respectively. In comparison, the 

conventional Q-COSY 2D experiment (magnitude mode) performed with similar Texp and spectral 

resolution provides 2D-SNRs of 318 and 81 for the same 2D-peaks, involving a sensitivity 

reduction of nearby 6 for the ANADUF 2D method. 

Specifically, to this example, it could be possible to further maximize the intensity of NAD-{1H} 

signals by optimizing the NMR sample and/or experimental parameters, accordingly to the Eq. 23: 

  

H! ! =
𝑘 × 𝑉!"#$
𝑉!"#$%&

×
𝑚!

𝑀!
× 𝑃!  ×

H!

H! !
. 

 

 
(23) 
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In this equation, k is the response factor of the coil and Vcoil is the efficient volume of the probe 

(evaluated at 1.8 cm in our case). Thus, it can be envisaged to increase the concentration in 

monodeuterated isotopomers by increasing the solute mass, while reducing the organic co-solvent 

volume. We can also optimise the ratio polymer/co-solvent of the sample to ideally match the 

sample size to 2H coil length to reach optimal spin density (filling factor), without lost of the liquid-  

 
 
Figure 11. 92.1 MHz NAD-{1H} UF Q-COSY 2D spectrum of 2,4,6-trimethylphenol (7) recorded in 120 s in the 
PBLG/CH2Cl2 phase at 300 K. The 1H decoupling is ensured by a simple 180° pulse in the middle of the EPSI and UF 
dimension (see Fig. SI-5). Here 58 scans with a recycling delay of 2 s have been averaged to reach a SNR equal to 
48 and 23 for the NAD signal of co-solvent and the analyte, respectively. Here SNRs correspond to the 2D-signal-to-
noise ratio calculated as the amplitude of the 2D-peak divided by two-times the standard deviation of a noise region. 
 

crystalline properties. From a more NMR perspective, we can increase the number of scans and/or 

reduce the recycling time of the experiments. However, a too short TR delay combined with too 

many scans could possibly damage the gradient coil of the cryoprobe, while the concept of UF 

experiments may appeared as rather usurped for Texp exceeding more than 600 sec. 
To overcome the sensitivity drawbacks of the ANADUF 2D experiments, and then enhance 

its experimental analytical interest, for the reaction monitoring for instance, working at the higher 

magnetic fields appears to be the most direct instrumental solution (but rather expensive). From a 

more methodological point of view, the combination of ADUF 2D experiments with one of the two 

hyperpolarized techniques in vogue today (DNP or p-H2) for which short experimental times are 

necessary, appear also highly attractive. Such a work is currently in progress. 

 
Conclusion and perspectives 
 
Providing new NMR tools useful to the chemistry community is an ongoing, exciting challenge.  In 
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this work, with the purpose of recording single-scan anisotropic 2H 2D-NMR of deuterated solutes, 

we experimentally demonstrated that several 2H QUOSY 2D experiments can be converted as UF 

experiments, and enable the record of 2D maps with sub-second experimental times. Interestingly, 

we have also demonstrated for the first time that ANAD's UF NMR is possible under optimized 

conditions, despite the inherent low sensitivity of the UF experiments. 

All the ADUF 2D sequences proposed here are complementary tools. While the UF Q-

resolved is versatile since it alleviates constraints in terms of spectral widths, the Q-COSY type 

provides a higher maximal resolution along the conventional dimension as more loops can be 

applied in the EPSI block without any programming and hardware troubles. Furthermore, one may 

use DQ-based UF sequences whenever resolution enhancement with respect to the ultrafast 

dimension is required, yet at the expense of the spectral width. Furthermore, examining the 

optimal conditions to record ADUF 2D experiments, we have highlighted the effects arising from 

the non-uniform alignment of oriented samples along the NMR tube with subsequent 2H-RQC 

variations with the z-position. This results in effects ranging from a slight line broadening to 

spurious line-spilt up in the spatially encoded dimension as well as misalignments of 2D peaks 

along the conventional dimension. A good understanding of these features reduces such 

drawbacks, while one may use them to probe spatial inhomogeneities of anisotropic sample. From 

a more methodological point of view, the use of dephasing transversal (x, y) gradients to purge the 
2H signals of some artefacts deserves particular attention.  

ADUF 2D NMR paves the way of future promising applications and methodological 

improvements. Such sub-seconds 2D NMR experiments will be a relevant tool to monitor in real 

time enantiomeric conversion or cascade reactions of deuterated species, as desired for the study 

of enzymatic processes, for instance. Finally, this capability of recording 2D spectra in a single-

scan fashion can be in a near future the cornerstone for hyphenating 2D NAD experiments with 

hyperpolarization techniques, providing a long-desired sensitivity enhancement [47-52]. 
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