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ABSTRACT : 
As a second (stable) isotope of hydrogen with an abundance level of ca. 0.0155 % on average and spin I 
= 1, the deuterium nucleus (2H) has an important place from the NMR spectroscopy viewpoint with the 
advantage that it is present in all (bio)organic compounds.  Among all quadrupolar nuclei (I > ½), the 
deuteron plays a distinctive and relevant role because it possesses a very small nuclear electric 
quadrupole moment (QD) that can be nicely spectrally exploited.  Due to its intrinsic NMR properties 
and despite its low natural abundance, 2H nuclei can be used as a remarkable, natural probe or tracer for 
many analytical issues.  Additionally, instrumental and methodological developments (magnetic fields, 
electronic, cryogenic probes, pulse sequences, processing) have significantly boosted the sensitivity and 
the potentialities of 2H NMR spectroscopy, in particular natural abundance deuterium NMR 
spectroscopy (NAD NMR).  These new opportunities have opened up a diversified range of original 
applications, in liquid, liquid crystalline and solid states of matter.  In this chapter, the main 
fundamentals of 2H NMR spectroscopy and an overview of the most significant applications in the three 
states of condensed matter (liquids, liquid crystals and solids) are presented.  A special emphasis is 
placed on NAD NMR-based applications. 
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Introduction 
 

Modern Nuclear Magnetic Resonance (NMR) spectroscopy is an unique and flexible technique for 

extracting valuable molecular information at atomic resolution (structural identification, dynamic 

behavior, isotopic analysis, …) in the three states of condensed matter, namely in liquids (isotropic 

systems), in liquid crystals (anisotropic systems) and in solids (powders or single crystals).  In practice, 

NMR can detect all common magnetically active nuclei (and some of their stable isotopes) naturally 

present in organic molecules (1,2H, 13C, 14,15N, 17O, 19F, 31P, …) as well as more exotic nuclei such as 3H, 
10,11B, 51V, 93Nb, 181Ta, …  Combined with significant instrumental, technical or methodological 

achievements during the three past decades, NMR spectroscopy has nowadays become a general and 

powerful method with a wide range of applications in modern organic chemistry and related domains 

(biology, biochemistry, …).  Within the broadened family of chemists, NMR spectroscopy is currently an 

essential analytical tool for most molecular investigations. 

In the world of stable isotopes, the 2H nucleus, the second isotope of hydrogen has a special place 

from an NMR viewpoint for six interconnected reasons, at least: First, numerous and efficient synthetic 

approaches exist to incorporate deuterons in molecules: i) the use of acid-, base-, and metal-catalyzed 

hydrogen-isotope-exchange reaction yielding poly- and perdeuterated compounds; ii) specific chemical 

reactions leading to regio- or stereospecifically monodeuterated analytes (aromatic dehalogenation, 

borodeuteride, catalytic hydrogenation, methyl iodide methylation and reduction); iii) biosynthetic routes 

(enzymatic) for biomolecules (proteins).  Second, deuterium atoms are naturally present at a level of (1.55 

× 10-2% compared to proton atoms) in any organic, bioorganic/organometallic compounds, hybrid 

materials or even proton conductors.  As a consequence, information associated with (monodeuterated) 

isotopomers is essentially the same as that of corresponding deuterium-enriched analytes.  Third, although 

the frequency dispersion of 2H spectra (in Hz) is 6.515 times smaller compared to 1H spectra (due to its 

low 2H gyromagnetic, γ(2
H) = 0.153×γ(1

H)), its range of chemical shifts (δ) is identical to that of 1H 

(electron clouds of deuterons are similar to proton ones), and hence we have δiso(2H) ≈ δiso(1H)  in ppm.  

Fourth, for the same reasons, the magnitude of homonuclear (2H-2H) and heteronuclear (2H-nX) couplings 

(scalar or dipolar) are divided by a factor of 42.2 and 6.5, respectively, compared to coupled interatomic 

pairs involving 1H.  Fifth, to simplify the spectral analysis of 2H spectra, proton nuclei can be decoupled.  

Thus in liquids and weakly orienting systems, classical CPD sequences such as Waltz-16 can be used, 

while for NMR in thermotropic liquid crystals or in solids, more powerful 1H decoupling is required.  

Beside, owing to the extremely low abundance (2.4 × 10-6 %) of dideuterated isotopomers, the Natural 
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Abundance Deuterium (NAD NMR) spectrum of a molecule simply corresponds to the sum of 

independent 2H signals associated with each monodeuterated isotopomer of the mixture.  Therefore, they 

are devoid of fine structures produced by 2H-2H scalar couplings (nJ2H-2H) in liquids, and both scalar and 

residual dipolar couplings (RDC), noted nD2H-2H, in orientationally ordered systems.  Note finally that for 

weakly aligned, isotopically labeled analytes, the small magnitude of 2H-2H scalar couplings as well as 

(2H-2H)-RDCs generally produces only a broadening of linewidths (compared to the NAD signal of the 

same site) and 2H-2H fine structures are rarely observed in 2H spectra. 

Last but not least, the presence of a neutron inside the deuterium nucleus yields a spin I = 1, and so 

this nucleus is subject to a nuclear electric quadrupolar moment, QD.  Interestingly, the small QD value 

(0.286 fm2) leads to high-resolution 2H spectra (small linewidths) in liquids and LCs.  This also limits the 

width of solid-state 2H 1D spectra, thus facilitating its experimental detection.  The dominance of the 

quadrupolar relaxation mechanism means that 1H irradiation (by decoupling) produces no or very 

negligible nOe.  As a consequence, NAD-{1H} NMR spectra can be used for quantitative measurements 

(see below) when spectra are recorded under ‘quantitative’ conditions, namely TRD > 5 × T1 (the longuest 

T1). Beside, in aligned solvents, the quadrupolar interaction, HQ, affords valuable information on the 

orientational order (not allowed in liquids) of guest and host molecules, their structures, their dynamics or 

their isotopic profile.  Exploiting this potential, many NMR developments based on this interaction have 

been designed and exploited. 

Among stable NMR active isotopes, the deuterium at natural abundance level exhibits one of the 

lowest receptivities compared to that of protons (1.11 × 10-6), both due to its low natural isotopic 

abundance, one of the smallest of the Periodic Classification of Elements (155 ppm according to V-

SMOW standard value) and its low g that contributes to the decrease of sensitivity of the NMR detection 

of this isotope.  Despite this drawback, NAD 2H NMR remains highly attractive for the molecular-level 

characterization of the three states of the matter, in particular with the new generations of high-field NMR 

instruments, the use of optimized probes and the development of specific methodologies. 

In this Chapter, theoretica and practical aspects of 2H NMR spectroscopy will be examined and the 

most original analytical applications developped in liquids, oriented systems and solids will be 

overviewed.  Special attention will be paid to NAD 2D-NMR in chiral liquid crystals (CLCs) that has 

been proposed as an efficient and versatile approach in various domains. 

 
Instrumental and methodological advances in 2H NMR 

 

NMR spectroscopy, arguably the most powerful tool in chemistry, is a priori known to be a relatively 
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insensitive method compared to other tools such as mass spectrometry.  However continuous and exciting 

instrumental, hardware and/or methodological NMR developments have significantly boosted its 

sensitivity and in particular the experimental possibilities of NAD NMR.  Major achievements in this 

domain have been: i) the detection with very high magnetic fields (≥ 14 T) since the NMR sensitivity is 

proportional to ; ii) the use of microcoil probes or cryogenically cooled 2H probes using gaseous 

heliumat very low temperature (15 - 30 K), improving the RF efficiency and reducing the thermal noise 

generated by the coils of the probe as well as the electronic circuit of the preamplifier (70 - 80 K), leading 

to overall gains in sensitivity by a factor of 4-5 compared to a standard “hot” probe; iii) quality of 

hardware RF electronic circuitries; iv) cross polarization in solids; v) a new optimized NMR pulse 

sequence (CPMG); vi) new techniques in data acquisition as the NUS protocol combined with Cov or 

CST processing, for instance.  Other methodological approaches such as Para-hydrogen Induced 

Polarization (PHIP) or Dynamic Nuclear Polarization (DNP) have been proposed and are currently in 

progress to boost the NMR sensitivity.  However, the combination of high magnetic fields and selective 
2H cryogenic probes remains currently the most competitive solution for liquids and partially oriented 

systems (in 2017), considering the specific prerequisites for the PHIP and DNP tools are not always 

compatible when applied to 2H nuclei.  Note however the combination of 2H SS-NMR and DNP was 

explored successfully in 2016 [Rossini et al., 2015]. 

 
Isotropic 2H NMR and applications 
 
For a simple description of the total spin Hamiltonian, , between spin I = 1 nuclei and B0, only the 
case of 2H NMR applied to a monodeuterated molecule (or isotopomer for NAD NMR) recorded with 
1H proton decoupling (2H-{1H} NMR) will be considered, thus excluding the presence of 2H-2H and 2H-
1H couplings.  In isotropic solutions, an isolated 2H nucleus is only subject to HZeeman, , (leading to 
three energy levels, a, b, g) and the Hamiltonian corresponding to the isotropic chemical shift, , 
namely: 

HZ +Hδ
iso = −

γ 2 HBo
2π

1−σ i
iso⎡⎣ ⎤⎦Izi

i
∑ with  

       
[1] 

where  is the isotropic part of the electronic shielding second-rank (3 X 3) tensor.  These 

Hamiltonians result in two non-degenerated transitions (α ↔ β and β ↔ γ) between the three energy 

levels (see Figure 1b) and a 2H singlet (one resonance) at diso(2H) is expected.  By extension, NAD-

{1H} 1D-NMR spectra consist of a sum of independent singlets associated with all chemically non-

equivalent 2H sites (or monodeuterated isotopomers) of the analyte.  Isotropic NAD-{1H} 1D-NMR 

spectra show formally a resemblance to 13C-{1H} 1D-NMR spectra where only the chemical shift data 

Bo
3/2

Htot

HZ

Hδ
iso

σi
iso =

1
3
σ iaa +σ ibb +σ icc( )

σ i
iso
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of nuclei can be extracted.  Compared to 1H NMR spectra, the reduction of frequency dispersion of 2H 

peaks (see above), combined with the stochastic fluctuations of the 2H quadrupolar interaction that 

accelerates the nucleus relaxation and increases the FWHM of peaks, tends to decrease the resolution of 
2H 1D spectra compared to that of 1H spectra.  However the absence of fine structures due to 2H-2H 

couplings in NAD spectra limits this effect while facilitating the determination of δiso(2H)’s.  

From an application point of view, 2H-{1H} 1D NMR spectroscopy of deuterium labeled 

molecules is revealed to be a helpful tool to mainly establish the presence/absence of expected 

product(s) as well as secondary or side-product(s).  It can be also useful for following the 

increase/decrease in the concentration of any deuterated species (reactant/product) as a function of time 

(by integration of 2H resonances) as well as the detection of final secondary or side-products or also 

reaction intermediates that could be undetectable using other spectroscopic techniques (see below).   

 
Figure 1. (a) Examples of generic deuterated chiral and prochiral structures.  (b) Representation of energy level 
diagrams of a single deuteron under the effect of .  (c) Schematic 2H-{1H} spectral patterns expected for 
a pair of monodeuterated enantiomers in achiral isotropic solutions, in achiral LCs and in CLCs.  The same 
patterns are obtained for a prochiral molecule dideuterated on the prosteorogenic center and dissolved in a (C)LC, 
assuming that the (2H-2H)-RDC between geminal positions is null or smaller than the linewidths in LCs and CLCs 
(Figure adapted from Prog. NMR Spectroc. J., 2009, 55, 128). 

 

Htot
iso/aniso ( 2H)
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From these data, it becomes possible to confirm or understand mechanisms, evaluate regio- or 

enantiospecificity, and finally determine the kind of chemical reactions involved. 

Being able to measure 2H-{1H} NMR spectra of compounds at natural abundance is the basis of 

important various analytical applications that have strengthened the interest of 2H as a relevant spy 

nucleus without the drawback of isotopic enrichment.  In the frame of structural analysis, the first modern 

millestone was reported in 1973 where it was demonstrated how the 1H isotropic chemical shifts, δiso(1H), 

of small organic molecules can be easily determined from the corresponding 2H ones, δiso(2H), measured 

in NAD-{1H} 1D NMR spectra by Fourier transform (FT) and operating at 13.8 MHz (2.2 T) ([Briggs et 

al, 1973].  Around this idea, the same strategy was employed for a reliable assignment of δiso(1H) of a 

series of representative polysubstituted distorted six-membered saturated rings (cyclohexanes) showing 

complex 1H spectral structures and very weak chemical shift dispersion; the analysis of results 

evidencing the influence of the steric distortion effects induced by large substituents or ring junctions on 

the 2H and 1H chemical shifts [Curtis et al, 1989].  In each example, the absence of 2H-2H nJ-couplings 

was the key for facilitating the exact determination of diso(2H) values.  Nowadays, the advent of complex 

homo- and heteronuclear 2D NMR experiments or the recent “pure shift” 1H NMR experiments 

eliminating 1H fine structures can provide efficient alternative for analyzing complex 1H spectra, but the 
2H approach remains conceptually very elegant [Zangger et al, 2015].  

In another analytical context, it was shown from the 1970’s that many (bio)organic molecules 

contain an overall 2H percentage that can be different (variation up to 60 %) from the V-SMOW standard 

value (155 ppm).  There may also be variations in the internal distribution of deuterons (site-specific) 

within given compound, which result from their different and complex chemical "histories".  Hence, the 

determination of this isotopic profile is therefore an unrivalled method to determine and understand the 

(bio)chemical origin of molecules, in particular through the determination kinetic isotopic effects (KIE) 

[Leopold et al, 1998].  In the 1980’s, the Site-specific Natural 2H Isotope Fractionation NMR (SNIF-

NMR®) protocol was introduced to measure the (2H/1H) isotope ratio for each spectrally resolved 2H 

signal of a molecule [Martin et al, 1981].  This method consists in the acquisition of NAD 1D-NMR 

spectra of isotropic solutions under quantitative conditions (TRD > 5 ×T1).  For the quantification 

purpose, the NAD spectrum must contain the signal of an internal chemical reference, such as TMU for 

which the (2H/1H)i ratio is known or also a calibrated electronical signal (ERETIC method) [Billault et al, 

2002].  For a given molecular hydrogen site (i), the site-specific ratio, (2H/1H)i, expressed in parts per 

million (ppm) is defined as: 
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where N2Hi  is the number of mono-deuterated isotopomers with a deuterium nucleus at the site i, N1Hi is 

the number of fully protonated isotopomers, and Pi is the stoichiometric number of equivalent hydrogens 

at position i.  Using the standard SNIF-NMR® protocol and TMU as calibrated isotopic reference, Eq. 2 

can be rewritten as: 
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In this equation,  and PTMU are the stoichiometric numbers of equivalent hydrogens in the site i of 

the analyte and in TMU, Manal, manal and MTMU, mTMU are the molecular weights and the masses used, 

respectively, and  and STMU are the areas of the NAD signals of analyte at site i and of TMU.   

 
The analysis of intramolecular 2H isotope profile of natural compounds was intensively used to 

investigate primary and secondary 2H KIEs.  These effects provide key data on the 2H enrichment or 

depletion effects by sites, and thereby on the understanding of enzymatic mechanisms producing them 

[Baillif et al, 2009] and/or the determination their geographical and/or botanical origin [Fronza et 1998; 

Baillif et al, 2009].  Numerous derived applications of this method have been described for food control 

or identification of counterfeit products (adulteration).  Among two illustrative and economically 

important examples using the SNIF-NMR® protocol are: i) the analysis of the NAD NMR spectrum of 

distilled ethanol (from wine) in order to detemine the origin of sugar (natural or added beet sugar) and to 

control the chaptalisation process (amount of added of exogen sugar) by winegrowers (see Figure 2a) 

[Guillou et al, 1991]; (ii) and the analysis of the NAD spectrum of vanillin (one of the most used aroma 

in foods) to determine its origin, either natural or synthesized (see Figure 2b) [Remaud et al, 1997].  

Although the method has been successfully applied against counterfeirting in both cases, the method does 

not permit the determination of the (2H/1H) isotopic ratios associated with the enantiotopic hydrogen 

position (CH2 group) of ethanol (prochiral molecule) or three diastereotopic hydrogen positions of the 

aromatic group (achiral molecule) in vanillin.  To circumvent this inherent drawback of NAD NMR in 

liquids, the SNIF-NMR® protocol has been extended by replacing the achiral isotropic solvent by 

anisotropic media made of polypeptide CLCs as enantiodiscriminating solvents (see below). 

 

€ 

Pi
anal

€ 
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anal
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Figure 2. Two examples of NAD SNIF-NMR® 1D spectra obtained for (a) ethanol (61.4 MHz) and of (b) vanillin 
(77.8 MHz), both recorded using TMU as an isotopically calibrated internal reference.  Note that the presence of a 
single resonance for the two enantio-isotopomers associated with the prostereogenic methylene group (Ha/Hb) of 
ethanol, and the peak overlap for the two diastereo-isotopomers associated with aromatic sites (Ha/Hb) of vanillin 
(Figure a: Courtesy of Guillou et al, Analusis, 1991, 19, 29, reproduced with permission from EDP Sciences; 
Figure b: Courtesy of Remaud et al, J. Agric. Food Chem., 1997, 45, 859, reproduced with permission from 
ACS). 
 
Analytical wealth of anisotropic 2H NMR 

 
Liquid crystals (LCs) are typical anisotropic systems where the molecular organization is between 

crystalline solids and isotropic liquids.  In this intermediate state of the matter, all molecules (LCs and 

solutes) are partially orientationally ordered on average and their orientational behavior can be defined by 

the “Saupe” matrix, {S}, a traceless and symmetric, second-rank (3 × 3) tensor.  In this case, the 

Hamiltonian , describing their anisotropic 2H spectra is the sum of four terms: ,  but also the 

Hamiltonian associated with the anisotropic chemical shift, , and the quadrupolar Hamiltonian, .  

The sum of three terms (in Hz) is [Emsley and Lindon, 1975]: 

 

HZ +Hδ
iso +Hδ

aniso = −
γ 2 HBo
2π

1−σ i
iso −Δσ i

aniso⎡⎣ ⎤⎦Izi
i
∑ with Δσ i

aniso =
2
3

σ iαβSαβ
α,β=a,b,c
∑        [4] 

In Eq. 4, (denoted also RCSA) is the anisotropic part of the electronic shielding tensor, whose 

various elements are denoted Siαβ and Sαβ, are elements of {S}.  Note that the 2H-RCSA modifies the 

values of , however this contribution remains small for 2H nuclei, and hence δι
iso(2H) ≈ δaniso(2H).  

Htot
aniso ( 2H) HZ Hδ

iso

Hδ
aniso HQ

Δσ i
aniso

δi
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As is much smaller than HZ, the Hamiltonian is restricted to its first-order term and can be then 

written (in Hz) as: 

HQ =
1
h

eQDVizz
4i

∑ 3Izi
2 − Ii

2⎡⎣ ⎤⎦            [5] 

 
where e is the electron charge and Vizz is the component of the EFG tensor along the B0 axis (z-axis) 

measured at the deuteron i.  In an uniaxial LC, Vizz, is related to the elements of the EFG tensor in the 

molecular frame (eqiαβ) and Sαβ ’s. 

 The presence of the quadrupolar interaction modifies the Zeeman energy levels, thus leading to 

two possible transitions with distinct frequencies (see Figure 1b).  Thus in LCs, the signal of a single 2H 

nucleus becomes a symmetric doublet centered on δaniso(2H), while ΔνQi denoted also as the residual 

quadrupolar coupling (RQC) is the separation (in Hz) between its two components (see Eq. 6).  In the 

case of C-2H directions aligned in a homogenous uniaxial LC, the EFG is usually assumed to be axially 

symmetric along the C-2H vector (asymmetry parameter η = 0), and hence ΔνQi can be simply expressed 

(in Hz) as a product of two terms: [Emsley and Lindon, 1975; Sarfati et al., 2000] 

ΔνQi =
3
2
CQi

×S
C−2 Hi

=
3
2

eQDi
V
C−2 Hi

h

⎛

⎝
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⎞

⎠
⎟⎟×

3cos2 θ
C−2 Hi( )−1
2

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
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.

     

[6] 

In Eq. 6, brackets  denote an ensemble average,  is the order parameter of the C-2Hi bond and 

 is the angle between the C-2Hi and B0 axis.  Note that the value of CQ varies approximately from 

170 to 310 kHz, depending on the hybridization state of the bonded carbon atom as well as the 

electronic properties of the closest substituents.  Note that the 2Hi-RQC value or splitting between 

components (ΔνQ) of quadrupolar doublets, QDs, can be positive, negative or even null when  is 

equal to the magic angle (54.7°). 

Due to the absence of 2H-2H scalar and residual dipolar couplings (see above), NAD NMR spectra 

correspond to a sum of independent QDs, (instead of single lines as in liquids), each of them 

corresponding to a given inequivalent 2H position in the molecule.  Compared to isotropic NMR, the 

presence of three new NMR interactions, 2H-RCSA, (2H-X)-RDC and 2H-RQC, extracted from oriented 

spectra is an important source of data for molecular analysis, thus illustrating the wealth of this 

anisotropic NMR. 
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The synthesis of new liquid crystals is generally followed by the investigation of microscopic 

properties of those mesogenic molecules, in particular by NMR spectroscopy.  However in case of 

strongly orientationally ordered systems, the extraction of useful anisotropic data is often tricky for 

middle-size molecules owing to the large number and the magnitude of (1H-1H)-RDCs, which result in a 

forest/or and the presence of unresolved broad signals. This issue can be circumvented by the selective 

or global deuteration of compounds and analysis by 2H NMR.  Such an approach was extensively used 

for analyzing perdeuterated uniaxial liquid crystals such as 4-pentyl-4'cyanobiphenyl (5CB) or 4-

hexyloxy-4'-cyanobiphenyl (6-OCB) in their nematic phase [Dong et al, 2004].  However the isotopic 

labelling of large molecules is often arduous (multistep reaction pathway), time-consuming and hence 

expensive.  When possible, the acquisition of NAD 1D-spectra in their nematic phase can be proposed 

as in the case of 5CB reported in 1996 using a 7.1 T solid-state NMR spectrometer equipped with a 10-

mm solenoid probe in order to increase the size of the sample and so the spin density [Prosser et al, 

1996].  Typically the magnitude of 2H-RQCs (up to tens of kHz) is much larger than that of the classical 

range of 2H chemical shifts (1-2 kHz at most, depending on B0 strength) and the NAD 1D spectra of 

mesogens appear to be highly symmetrical, with linewidths for larger splittings reaching several 

hundred Hz.  To limit decreasing of the SNR by excessive line broadening, the sensitivity of such 

spectra can be enhanced by the application of Carr-Purcell-Meiboom-Gill (CPMG) pulse trains inserted 

in 2H experiments such as quadrupolar echo or inversion-recovery [Prosser et al, 1996] or even by 
1H→2H CP transfer, but for this latter approach, the T1(1H) relaxation times of mesogens are longer than 

those of 2H, and this limits the gain. 

For thermotropics, the use of 2H cryogenic probes has been explored but this approach remains 

technically limited by the need of high-power 1H decoupling to suppress the strongest (2H-1H)-RDCs, 

not compatible with the necessity to protect the cooled probehead with RF-field strengths smaller than 

10-15 kHz [Emsley et al, 2008].  Another option consists of the use of MAS probes that easily support 

application of very high-power 1H decoupling during the 2H NMR experiments but without sample 

spinning.  Applied to 5CB (see Figure 3a) this approach was able to decrease the 2H linewidths below 

100 Hz, thus significantly improving the SNR of the spectrum and the accuracy for the measurement of 

RQCs [Emsley et al, 2008].  By recording good quality NAD NMR spectra of mesogenic molecules in 

their nematic phase, it becomes possible to investigate the effect of selective deuteration of such systems 

on the molecular ordering by comparison between specifically the deuterated and undeuterated materials 

[Tabayashi et al, 1999]. 
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Figure 3. (a) NAD-{1H} 1D-NMR spectra of 5CB in its nematic phase recorded at 107.5 MHz and 293 K with a 
4-mm double resonance MAS probe under static conditions (Courtesy of Emsley et al, Figure from Liq. Cryst. 
2008, 35, 443, reproduced with permission from Taylor and Francis.  (b) NAD-{1H} 1D-NMR spectra of 
benzene recorded in the nematic thermotropic ZLI 1114 at 303K. using a 10-mm diameter sample tube and single 
RF-pulse sequence (64,000 scans).  The 2H-QD marked by an asterisk is the NAD signal of benzene (C6 
symmetry molecule with six equivalent hydrogen positions).  The QDs with broad components originate from the 
mesogenic molecule (ZLI) (Courtesy of Khetrapal et al, Figure from J. Magn. Reson. 135 (1998) 265, 
reproduced with permission from Elsevier). 
  

The complexity of the 1H guest molecules in thermotropics has seriously discouraged chemists 

from using this approach for extracting molecular data of their compounds.  In 1998 an elegant solution 

for simplifying the analysis of strongly oriented molecules by combining spectral data extracted from 

both the 1H and NAD spectra recorded with the same degree of alignment, namely at the same 

temperature, was described.  Under this condition and knowing the geometry of compounds, the 

magnitude of 1H-1H residual dipolar couplings can be recalculated approximately from the 2H-RQCs 

values, assuming the CQ values.  This approach was first successfully tested in case of benzene, an 

highly symmetrical molecule (C6 symmetry), dissolved in the uniaxial thermotropic nematic ZLI-1114 

(see Figure 3b) [Khetrapal et al, 1998].  Actually, this strategy is formally identical to that using 

isotropic NAD-NMR data as a starting point for analyzing the δ(1H) in overcrowded 1H spectra recorded 

in isotropic solvents (see above). 

 
2H NMR and chiral anisotropic matrices 
 
The spectral discrimination of enantiomers of chiral molecules by effective and robust NMR methods is 

an important challenge for asymmetric synthesis, and hence various analytical approaches have been 

proposed during the three last decades [Lesot et al 2003; Wenzel et al, 2007].  From the 1990’s, new 

kinds of organosoluble or water-compatible lyotropic liquid crystals (LLCs) were reported and 

intensively exploited in various domains, with three advantages: i) providing weak aligning properties 

for solutes leading to simpler spectra compared to spectra recorded in thermotropics; ii) the propensity 
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to dissolve rather large amounts of material for some of them; iii) the possibility to discriminate the 

NMR signals of enantiomers or enantiotopic elements in prochiral analytes when the anisotropic 

environment is chiral.  These three specificities afforded vigorous stimuli to the development and 

application of anisotropic 2H and NAD 1D/2D NMR in the field of stereochemical analysis, (D/H) 

isotopic measurement and structural analysis. 

Exploiting the properties of the quadrupolar interaction, 2H NMR spectroscopy in helical 

weakienting chiral LCs was revealed to be highly relevant to discriminate between deuterated 

enantiomers of chiral molecules (e.g.  R-C*D-R’,-R’’), including the case of chiral molecules by virtue 

of the isotopic substitution (e.g. R-C*DH,-R’’) but also enantiotopic elements (nuclei, internuclear 

directions ….) in prochiral molecules (e.g. R-CD2-R’).  The key idea is to orient two mirror-image C-D 

vectors between enantiomers (SS ≠ SR) or between enantiotopic C-D bonds (Spro-S ≠ Spro-R) differently on 

average relative to B0 by replacing (achiral) isotropic solvents with CLCs (see Figure 1).  Thus 2H NMR 

spectra show two spectral signatures, one for each enantiomer, or one for each enantiotopic element.  In 

both cases, a doubling of 2H signals compared to an achiral environment is generally observed, together 

with the presence of two QDs with different splittings for each deuterated site, namely [Meddour et al, 

1994; Merlet et al, 1998; Sarfati et al, 2000; Lesot et al, 2015a]: 

   

 

or                             [7] 

Three illustrative examples of 2H-{1H} 1D-NMR spectra of mono- or perdeuterated analytes 

dissolved in organic solutions of polypeptide (PBLG) are reported in Figure 4: i) the case of a chiral 

solute with or without (H/D) isotopic substitution (where two QDs are observed, one for each 

enantiomer); ii) the case of a prochiral compound where the enantiotopic C-D directions of the CD2 

group are spectrally discriminated yielding also two QDs [Meddour et al, 1994; Smadja et al, 1997].  In 

practice, the observation of enantiomers through 2H NMR spectroscopy in polypeptide CLCs can be 

obtained by incorporation of deuterium labels on the asymmetric carbon or more distant positions within 

the molecule, including the particular case of exchangeable sites such as hydroxyl group [Palomino et 

al, 2012].  The analysis of mixtures of deuterated threo-erythro isomers bearing remote chiral centers 

has been also elegantly solved by 2H-{1H} NMR in PBLG-based CLC [Canlet et al, 2000].  

Recording the 2H-{1H} spectrum under quantitative conditions (TR > 5T1) as in liquids is an 

interesting way to accurately determine the enantiomeric excess (ee = ⏐AR – AS⏐/(AR + AS)) of a 

ΔνRQi ≠Δν
S
Qi Δνpro−RQi ≠ Δνpro−SQi
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mixture (enantiopure, scalemic or racemic) by integrating the peak surfaces or deconvolving the peak 

shapes associated with pairs of enantiomers. 

 

 
 
Figure 4. Examples of 2H-{1H} 1D spectra of mono- and perdeuterated solutes dissolved in organic solutions of 
PBLG and showing spectral enantiodiscriminations on the basis of 2H-RQC differences: (a) a chiral molecule of 
axial chirality, (b) a chiral molecule by virtue of the (2H/1H) isotopic substitution with ee = 72 %; (c) a prochiral 
molecule (Cs symmetry) with enantiotopic directions.  Only one component of the QD of CDCl3 is shown here. 
(Figure (a): Courtesy of Smadja et al, Chem. Commun. 1997, 2031, reproduced with permission from RSC; 
Figures (b): Courtesy of Meddour et al, J. Am. Chem. Soc., 1994, 116, 9652, reproduced with permission 
from ACS; Figures (c): Figure adapted from J. Am. Chem. Soc., 1998, 120, 963). 
 

Other orienting chiral systems possessing enantiodiscimination properties exploitable by 2H 

NMR spectroscopy are possible, such as mixtures of polypeptides [Lesot et al, 2008], polyacetylene-

based LLCs [Meyer et al, 2012], tunable alignment chiral systems (stretched or compressed gels), 

[Kobzar et al, 2005, Naumann et al, 2007; Naumann et al, 2009] or even the use of non-polymeric 

alignment media based on benzenetricarboxamides which self-assemble into rod-like supramolecules 

[Leyendecker et al, 2017].  For hydrosoluble analytes, 2H spectral enantiodiscriminations can be 

detected using water-compatible orienting chiral systems such as polysaccharide systems [Solgadie et 

al, 1994] or  DNA-fragment media [Lesot et al, 2011b]. 

Interestingly, as the magnitude of a 2H-RQC is temperature dependent through molecular 

ordering, the 2H NMR spectra of deuterated analytes dissolved in a CLC can be used as a powerful tool 

for investigating the intramolecular conformational dynamic processes of small prochiral / chiral 

molecules.  Thus, deuterated model compounds such as cis-decalin or derivatives of methyl-5-(1’-

naphthyl)benzene  (atropoisomers) were successfully investigated [Sarfati et al, 2000; Lesot et al, 2006; 

Lafon et al, 2007] but also complex macromolecules such as 18-membered hexathia-metacylophanes 

[Lesot et al, 2011a].  From the analysis of anisotropic 2H spectra, it becomes possible to extract 

thermodynamic parameters (e.g. energy barriers). Exploiting the enantiodiscrimination properties of 

orienting chiral systems, it has been demonstrated that it is possible to follow in situ and in real-time 
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kinetics of reactions by 2H NMR in DNA-based CLCs (water compatible).  The proof of concept has 

been demonstrated with Alanine racemase, an enzyme leading to the racemization of enantiopure 

alanine.  Thus the analysis of variation of peak areas of (L and D)-alanine-d3 on a series of 2H-{1H} 1D-

NMR spectra versus time allows the derivation of some kinetic parameters of the reaction as the 

turnover numbers kcatL and kcatD of the enzyme in a reversible Michaelis-Menten model [Chan-Huot et 

al, 2013].  The excellent agreement between data obtained by anisotropic 2H NMR spectroscopy and 

classical methods showed the robustness of this new approach, thus providing a change of paradigm in 

the analysis of enzymatic systems.  A further, advanced methodological development of this strategy is 

the possible use of ultra-fast 2H 2D experiments in anisotropic solvents (ADUF) for recording 2H 2D 

QUOSY experiments (see below) within a sub-second duration, such a protocol being crucial for 

following very rapid kinetics with the additional advantage of obtaining 2D maps simplifying the 

analysis of complex 2H spectra [Lesot et al, 2016]. 

To overcome the isotopic enrichment step of analytes, incompatible for a routine analytical tool, 

the method was extended to 2H NMR spectroscopy at the natural abundance level.  This tool has the 

advantage of detecting all monodeuterated diastereo- and/or enantio-isotopomers of mixture in a single 

NMR experiment, but with the drawback of making the spectral analysis for large molecules more 

difficult because of the complex distribution of components of 2H DQs that can generate peak overlap or 

ambiguity in peak order) [Lesot et al, 1998].  In this case, recording 2D/3D NMR experiments 

belonging to the class of QUOSY (QUadrupole Ordered SpectroscopY) in order to group the two 

components of each QD and their assignment on the basis of the δaniso(2H) facilitates the analysis of 

complex NAD 1D spectra [Merlet et al, 1999; Lesot et al, 2003; Lafon et al, 2007].  Interestingly, this 

kind of experiment allows the decomposition of NAD 2D maps into a sum of NAD 1D sub-spectra 

associated to each pair of diastero- or enantio-isotopomers (see Figure 5c).  One recent methodological 

development of such 2D experiments for reducing experimental time of NAD 2D-NMR spectroscopy 

was the acquisition of 2H data using non-uniform sampling (NUS) combined with an adapted signal 

reconstruction algorithm (Cov or CST), instead of classical 2H data combined with FT [Lesot et al., 

2015b]. 

Among significant applications in chemistry and related area, the usefulness of NAD 2D-NMR 

spectroscopy in polypeptide CLC has been demonstrated for: i) the stereochemical control of chiral 

precursors in the synthesis of enantiopure natural products [Parenty et al, 2002]; ii) the analysis of rigid 

and flexible chiral hydocarbons [Lesot et al, 2003]; iii) the study of enantiotopic discriminations in 

prochiral molecules [Lesot et al, 2015a]; iii) the determination of the natural deuterium distribution by 
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quantitative 2H-{1H} NMR spectroscopy for characterizing the biosynthesis pathways of natural 

products such as fatty acid methyl esters [Baillif et al, 2009] or terpenic molecules as miliacin used as a 

geo-biomarker (see below) [Berdagué et al, 2015]. 

Although the SNIF-NMR® approach is a powerful analytical tool, this approach is limited by the 

small 2H chemical shift dispersion that can lead to fortuitous but cumbersome peak overlaps (e.g the 

case of vanillin) and, more importantly, by the impossibility of measuring the natural (2H/1H) ratios for 

enantiotopic hydrogen sites (in methylene groups) of prochiral molecules as in the case of ethanol, a 

very simple Cs symmetry structure, as the solvent is achiral (see Figure 2).  In both cases, a single 

resonance is observed for two hydrogen or more sites, thus reducing the isotopic information accessible.  

Applied to more flexible complex prochiral compounds, NAD 2D-NMR spectroscopy in CLC was 

successfully extended to analyze unsaturated FAMEs, such as methyl linoleate (ML) [Serhan et al, 

2010], conjugated FAMEs [Lesot et al, 2011a], and saturated FAMEs [Serhan et al, 2012], such as 

methyl stearate, prior finally to be applied to homogeneous triglycerides (glyceryl tributyrate) [Lesot et 

al, 2012b].  Figure 5c displays the series of NAD 1D sub-spectra (extracted from a Q-COSY Fz map) of 

ML dissolved in the PBLG/pyridine mesophase [Serhan et al, 2010] and recorded on a 14.1 T 

spectrometer equipped with a selective 2H cryogenic probe [Kovacs et al, 2005].  In this example, only 

30% of the deuterium signals (8/26 of inequivalent 2H sites) are observable by isotropic NAD NMR 

(Figure 5b), whereas in the anisotopic NAD 2D spectrum recorded in the PBLG/pyridine CLC, all 

monodeuterated isotopomers and enantio-isotopomers of the mixture (corresponding to all inequivalent 

hydrogen sites) are now spectrally discriminated (Figure 5c) and in turn, their isotopic ratios (2H/1H) 

can be evaluated by peak deconvolutions.  Applied to prochiral compounds such as ML or ethanol, it 

becomes possible to determine the site-specific enantio-isotopomeric excesses, eie (%), for each CH2 

group using Eq. 8 [Serhan et al, 2012]: 

 

               [8] 

 

The determination of all isotopic information in achiral, prochiral and chiral natural molecules as well as 

their eie (or their diastereo-isotopomeric excesses (die) for diastereotopic sites of chiral molecules) is 

essential for the understanding of the different incorporation mechanisms of hydrogens and their origins 

(water, glucose, metabolite, …) during the complex enzymatic processes leading to their synthesis. 

eie(%) =

2H / 1H( )i
R
− 2H / 1H( )i

S

2H / 1H( )i
R
+ 2H / 1H( )i

S ×100.
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Figure 5. (a) Structure of methyl linoleate (ML). (b) Isotropic SNIF-NMR® spectrum (92.1 MHz) of ML 
(pyridine used as internal reference for quantification).  (c) Series of NAD 1D-NMR sub-spectra extracted from 
the tilted Q-COSY Fz map recorded in PBLG/Py. For each CH2 site, the absolute configuration of the natural, 
major enantio-isotopomer (CIP rules applied to ML) is given (Figure adapted from Chem. Commun. 2010, 46, 
6599). 

 

From a structural viewpoint, NAD NMR spectra in oriented phases can also provide key 

information about the molecular geometry since the relevant 2H-RQCi values are mathematically related 

to the Saupe molecular order matrix of a solute, Sab, but also on the orientation of the C-D bonds within 

an axis system fixed to the molecule.  The structure determination from NAD NMR spectra is based on 

Eq. 9 [Sarfati et al, 2000; Aroulanda et al, 2001]: 

 
           [9] 

 
Thus by comparing the experimental 2H-RQC data, ΔνQi

Exp
, to theoretical data (magnitude and 

sign), ΔνQi
Calc

, back-calculated from the Saupe matrix (applying iterative computational calculation), for a 

given (minimized energy geometrical structure obtained from molecular modeling), it is possible to 

2
3
ΔνQi
CQQ

= cosθC−Di
α cosθC−Di

β

α,β=a,b,c
∑ Sαβ
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assess the degree of compatibility between the anisotropic data and the molecular structure.  In practice, 

a very good agreement (evaluated by gravimetric plots), between , and, , derived from  

parameter calculations means that the anisotropic data and the molecular structure are fully compatible 

(see Figure 6).  Otherwise the proposed dataset of 2H-RQCs is inconsistent with the structure, and hence 

a new assignment or a new geometry must be tested.  This strategy was successfully applied first to 

revisit the 1H assignment of apolar bridged ring systems, as quadricyclane, a C2v symmetry structure, 

exhibiting enantiotopic elements [Aroulanda et al, 2009].  In 2017, an hyphenated computational 

protocol (Programme MSpin-RQC) was proposed for analysing natural abundance 2H-RQC data of 

norbornen (a Cs symmetry prochiral bridged molecule) and a chiral molecule (fenchone) dissolved in 

polypeptide CLCs.  The interest of this computational tools is the integration of all steps of the analysis 

process (from the ab-initio determination (DFT calculations) of the quadrupolar coupling, CQ, (see Eq. 

6), the miminized energy structure, and iterative calculation to match calculated and experimental 2H-

RQC data [Navarro-Vazquez et al., 2017].  The general principle of this integrated computational 

program is schematically depicted in Figure 6. 

 
 
Figure 6. Simplified flow chart showing the principle of molecular structural analysis through 2H-RQCs extracted 
from anisotropic 2H (or NAD) 2D NMR experiments, and using an integrated computational program (MSpin-
RQC program). The gravimetric plot  (2H-RQCcalc versus 2H-RQCexp) simply visualizes the quality of fit of 
experimental data. 
 
 

ΔνQ
exp ΔνQ

calc
Sαβ
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Detection of 2H-13C isotopomers: the ultimate frontier? 
 

Recording 2H 1D/2D NMR spectra with spectrometers operating at higher fields increases the 2H 

spectral width (in Hz) and can facilitate the assignment of 2H signals of deuterated analytes.  Another 

more challenging alternative consists in the correlation of the (isotropic or anisotropic) spectral 

information between 2H and 13C nuclei by heteronuclear 2D experiments.  Various approaches have 

been explored such as a modified/adapted HETCOR scheme [Auger et al, 1998] or HMQC scheme 

[Sandström et al, 2000] or more recently the DAPT approach for which it is not need to satisfy 

matching conditions unlike the Hartmann–Hahn cross-polarization [Jayanthi et al, 2010].  In this case, 

the extremely large range of 13C chemical shifts (up to 250 ppm, instead of 15 ppm for 2H) is a benefit 

that can facilitate the assignment of 2H signals from that of 13C signals, while no 13C isotopic enrichment 

is required.  These approaches were experimentally demonstrated in perdeuterated mesogenic molecules 

(as 5CB) in their nematic phase using direct or inverse correlation schemes (see Figure 7a) prior to be 

extended to the case of isotopically enriched solutes dissolved in weakly orienting systems such as 

organic solutions of polypeptides [Lafon et al, 2004]. 

effect of 2H nuclei on d(13C), 1D(13C) = d(2H) - d(1H), without any need for 2H isotopic enrichment. 

 
Figure 7. (a) Example of a 2H-13C HMQC 2D spectrum of 5-CB-d19 (neat) in its nematic phase and under static 
conditions.  The total acquisition was 24 hours (Courtesy of Sandström et al, J. Phys. Chem., 2003, 104, 1490, 
reproduced with permission from ACS).  (b) Two expansions (aromatic and aliphatic region) of the 
Refocussed-NASDAC 2D spectrum of benzyl alcohol recorded in PBLG polypeptide recorded at 21.1 T and 18 
hours of experimental time  (Figure adapted from Anal. Chem., 2012, 84, 4569). 
 

Various NMR strategies to correlate between distant deuterons through a 13C relay scheme have 

also been proposed when aligned solvents are considered [Lesot et al, 2014].  Obviously, the ideal 

approach consists in recording the two nuclides at their respective abundance level.  Considering the 
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natural abundances of 2H and 13C nuclei (1.5×10-2 and 1.1 % relative to 1H, respectively), the relative 

abundance of isotopomers simultaneously containing both atoms coupled together is reduced to 1.7×10-

4%, namely one molecule in 580,000.  Despite a very low isotopic abundance, it was demonstrated in 

2012 that the detection of 2H-13C isotopomers in isotropic liquids and chiral oriented solvents is 

experimentally possible by taking advantage of a very high-field NMR spectrometer (21.1 T) with a 5-

mm inverse (TCI) cryogenic probe and the 2D NASDAC or Refocussed-NASDAC heteronuclear 2D 

sequence optimized to eliminate the signals of 2H-12C/1H-13C isotopomers [Lesot et al, 2012] (see 

Figure 7b).  Interestingly, in the chiral LCs, the sensitivity of the experiment was enough to detect for 

the first time the pair of 13C-2H enantio-isotopomers associated to enantiotopic directions of the CH2 

group of benzylalcohol.  From an isotopic effect viewpoint, the difference in δ(13C) measured between 

the F2 projection of the NASDAC 2D map and the 13C-{1H} 1D spectrum and in isotropic or anisotropic 

solvent allows a simple evaluation of the isotope effect of 2H nuclei on δ(13C) without any need for 2H 

isotopic enrichment. 

 
Exploiting the potential of 2H solid-state NMR spectra 

 
As seen above, the 2H-RQC values depend on the orientation of the C-D bond with respect to the 

B0 static magnetic field.  In a powder, the molecules take a variety of orientations and the 2H SS-NMR 

spectrum under static condition (no rotation of the sample) is a superposition of QDs with different 2H-

RQC values.  As the asymmetry parameter of the EFG tensor is usually zero, the 2H powder pattern is 

symmetrical where the full width of this pattern is equal to 3CQ/2 as shown in Figure 8a.  The "horns" 

and the "feet" of the spectral envelope (a Pake doublet) correspond to the situation when the principal 

component of the EFG tensor of deuterons is perpendicular to B0 (θC-D = 90°) and parallel to B0 (θC-D = 

0°); the difference of intensity between the horns and feet results from the difference of probability of 

finding the principal axis parallel or perpendicular to B0, this latter being statistically more relevant.  A 

typical example of an experimental NAD powder pattern is shown in Figure 8b in the case of 

isotopically normal hexamethylbenzene (C6 symmetry molecule with 18 equivalent monodeuterated 

isotopomers). 

Providing analytically exploitable high-resolution, proton decoupled 2H SS-NMR spectra is 

possible by the combination of three necessary tools in solid NMR: i) the Magic Angle Spinning (MAS) 

technique where the sample rotates at high speed (10-80 kHz) at an angle of 54.7° relative to the B0 axis 

of the magnet, thus averaging the first-order quadrupolar interaction; ii) high power proton decoupling 
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(HPPD) techniques which provide an efficient decoupling of proton signals; iii) cross polarization (CP) 

from 1H to the X nuclei. 

In practice, the MAS frequency of the rotor is generally much smaller than the width (in Hz) of the 
2H spectrum, and then the center band of the 2H (or NAD) MAS NMR spectrum is accompanied by 

many sidebands, the envelope of which corresponds to the powder pattern obtained under static 

conditions. As an example of applications, the combination of MAS and HPPD techniques has allowed 

the acquisition of high-resolution NAD SS-NMR spectra of plastic crystals.  In these very specific 

crystals, the 2H quadrupolar interaction is averaged out by the molecular motions.  As an example, 

Figure 9a reports the NAD SS-NMR spectra of 2,2-dimethyl-1,3-propanediol (DMPD) and 2-

hydroxymethyl-2-methyl-1,3-propanediol (HMPD) recorded under MAS and HPPD conditions, at a 

temperature where they are in the plastic-crystalline state.  Interestingly, in both samples, the 

combination of these two techniques allows the resolution of all 2H chemical shifts of molecules [Aliev 

et al, 1994]. 

 

 

Figure 8. (a) Theoretical quadrupolar Pake’s doublet observed in 2H static SS-NMR spectra of a monodeuterated 
amorphous or polycrystalline sample assuming all possible orientations of the C–D bond relative to B0 and an 
axially symmetric quadrupole coupling.  The superposition of two dash lines provides the Pake pattern 
(continuous line) with two ‘‘horns” at qC-D = 90°.  The fit of such spectra allows the evaluation of CQ and η. (b) 
Example of experimental NAD powder pattern recorded for hexamethylbenzene (Courtesy of Jansen-Glaw et 
al, J. Chem. Phys. 2012, 90, 6858, reproduced with permission from the American Institute of Physics). 

 
To overcome the low sensitivity of NAD SS-NMR, 1H to 2H cross-polarization (CP) can be also applied 

in the case of rigid solids.  Combined with the addition of Spinning Side Bands (SSB) to the center band 

of the NAD spectrum, the 1H→2H CP-MAS scheme can significantly improve the SNR of NAD SS-

NMR spectra as demonstrated in the case of dimedone (DMD) where the experimental resolution 

reached in the NAD 1D spectrum allowed assignment of all resonances on the basis of their 2H chemical 
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shifts (see Figure 9b), [Mizuno et al, 2006].  For partially deuterated DMD, the 1H→2H CP 

enhancement factor, SCP, obtained was closed to the theoretical maximum given by Eq. 10 [Muller et al, 

1980; Muller et al, 1981]: 

          [10] 

where S0 is the unenhanced thermal equilibrium polarisation, g(1H) and g(2H) are the 1H and 2H 

gyromagnetic ratio and N(1H) and N(2H) are the number of 1H and 2H spin in the molecule.  Actually 

the almost ideal CP enhancement for 2H is possible when MAS (that modulates the quadrupolar 

coupling) realizes the matching of the Hartmann–Hahn condition for a 1H-2H pair during a rotor cycle 

[Muller et al, 1980; Muller et al, 1981].  For very fast MAS, the efficiency of 1H→2H CP can be 

improved by generating an amplitude/frequency modulation for 2H irradiation during the CP period 

[Murakami et al, 2009]. 

 

 
 
Figure 9. (a) 76.8 MHz NAD SS-NMR spectra of DMPD (bottom) and HMPD (top) recorded under MAS 
conditions at high Temperature (> 370 K) and using a single pulse sequence with HPPD during the acquisition 
(Courtesy of Aliev et al, Chem. Phys. Lett., 1994, 226, 193, reproduced with permission from Elsevier).  (b) 
NAD 1H→2H CP-MAS 1D spectrum of solid DMD at a MAS frequency of 5 kHz with 1H HPPD during the 
acquisition.  The -14th to the +14th spinning sidebands as well as the centre band are added together here.  The 
strength of the 1H TPPM decoupling was 61 kHz (Courtesy of Mizuno et al, J. Am. Chem. Soc., 2006, 128, 
9683, reproduced with permission from Elsevier). 
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In order to increase the dispersion of resonances in the 2H SS-NMR spectra, but also to overcome the 

low sensitivity of NAD MAS-NMR measurements, the use of very high magnetic fields is an 

undeniable advantage.  For instance, it was shown that NAD SS-NMR of plastic crystals under MAS 

conditions can be acquired within a few hours at 20 T (130.5 MHz for 2H observation) (see Figure 10a).  

Additionally, the comparison of 1H and NAD MAS SS-NMR spectra shows that the latter exhibits 

significantly sharper resonances.  This difference originates from the fact that the 2H first-order 

quadrupolar interaction is inhomogeneous, whereas the 1H-1H dipolar couplings are homogeneous.  As 

seen in Figure 10b, the NAD 1D-NMR spectrum of camphor allows the resolution of the resonances for 

almost all 2H environments, including the two geminal methyl groups. 

In another application, NAD SS-NMR spectroscopy was also used to investigate the dynamics of 

crosslinked elastomer networks.  These polymeric materials generally possess molecular motions that 

are not fully isotropic, especially near cross-link and entanglement points.  As a consequence, NAD SS-

NMR spectroscopic measurements of the residual quadrupolar interactions allowed the monitoring of 

the variation in the molecular dynamics between the various regions of the polymer (i.e. near or far from 

the cross-link). 

 

 
 
Figure 10. Comparison of the 130.5 MHz NAD MAS 1D-NMR spectrum (a) of (S)-camphor in the plastic-
crystalline state recorded with only 2344 scans and a recycle delay of 3 s with the corresponding 850 MHz 1H 
MAS 1D NMR spectrum (b) of the same sample.  Note the advantage of 2H NMR over the 1H NMR in terms of 
peak resolution (Courtesy of Aliev et al, J. Phys. Chem. A., 2011, 115, 5568, reproduced with permission 
from ACS).  

 
A recent important methodological achievement in SS-NAD NMR spectroscopy was 

experimentally demonstrated in 2015 by combining the high-field (9.4T) DNP approach and the MAS 

technique at about 100 K [Rossini et al, 2015].  This combination enables the acquisition in two hours 

of high quality natural abundance 1H→2H CP-MAS SS-NMR spectra of organic solids impregnated 
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with tetrachloroethane solutions of TEKPOL biradical.  In this highly promising DNP-NMR 

experiment, the polarization of unpaired electrons is first transferred to 1H by microwave irradiation, 

then the DNP-enhanced 1H polarization is distributed throughout the organic solids via 1H-1H spin 

diffusion and is finally transferred to 2H nuclei by CP.  Interestingly, the spectral resolution for these 

NAD SS-NMR spectra recorded with this strategy is comparable to that of 1H NMR spectra obtained 

with « state of the art » of the homonuclear decoupling techniques. 

 As in liquids and liquid-crystalline phases, correlation between quadrupolar interactions of 

deuterons (labelled compounds) and 13C chemical-shielding interactions in spatial proximity is possible 

by 2D MAS SS-NMR spectroscopy.  The heteronuclear correlations between 13C and 2H nuclei are 

established by CP under slow MAS conditions over the whole frequency ranges of both nuclei virtually 

uniformly.  As seen in Figure 11a, the sample rotation and the start of the t1 and t2 evolution periods are 

synchronized in order for them to occur at exactly the same position of the rotor [Robyr et al, 2000]. 

Applied to the simple amino acid glycine, 13C labelled at the carboxylic group, and 2H labelled at 

the methylene group, the analysis of correlation 2D NMR spectra provided key molecular structural 

information, such as torsional angles around the CO–Cα bond evaluated by measuring the relative 

orientations between the 13C-RCSA tensor and the two 2H-quadrupolar tensors associated to the 

enantiotopic deuterium sites.  The technique was also used to characterize the conformation of synthetic 

and bio-polymers. 

 

 
 
Figure 11. (a) Schematic diagram of MAS 2H-13C correlation 2D experiment under slow magic-angle sample 
spinning proposed by Robyr et Meier (Courtesy of Robyr et al, Chem. Phys. Lett., 2000, 327, 319, reproduced 
with permission from ACS).  (b) 14.1 T 13C-detected 1H,13C (red) and the 2H-DQ,13C (black) correlation map of 
the methyl region of 2H-,13C-,15N-labeled sample of the SH3 domain of chicken R-spectrin.  The MAS frequency 
of 20 kHz is used.  Note the correspondence between 2H-DQ and the 1H-SQ chemical shift modulo a factor 1/2 
(Courtesy of Agarwal et al, J. Am. Chem. Soc. 2009, 131, 2, reproduced with permission from ACS).  
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In “biological” NMR applications, the combined use of the MAS technique and solid-state 2H-13C 

correlation 2D spectra for analyzing isotopically enriched peptides and perdeuterated proteins (as for the 

chicken R-spectrin) has been evaluated [Agarwal et al., 2009].  Excitation of the 2H double quantum 

coherence (DQC) was allowed to evolve during t1 followed by reconversion to 2H single-quantum 

coherence (SQC) before CP with Hartman-Hahn matching yielded very high-resolution spectra in the 2H 

dimension as can be seen in Figure 11b.  In this specific experiment, the gain in resolution compared to 
2H SQC originates from: i) the doubling of 2H DQCs chemical shifts while linewiths are not affected; ii) 

the insensitivity of 2H DQCs to magic angle offset effects, and the absence of line broadening due to 

molecular dynamics as in case of 2H SQCs. 

 
Brief outlook and perspectives 
 

Considering the NMR spectral properties of deuterons, these nuclei are remarkable nuclear spies 

to probe molecular properties and are the heart of numerous analytical applications without the need for 

isotopic enrichment of solutes.  In this chapter, we have overviewed several original aspects of 2H NMR 

including NAD NMR spectroscopy in the three states of condensed matter.  The interest of NAD NMR 

spectroscopy compared to NMR spectroscopy of other quadrupolar nuclei is that deuterons are naturally 

present in almost all molecules and do not present serious drawbacks associated with quadrupolar nuclei 

with large QD values. 

During the past two decades, special attention has been paid to the development of NAD 

multidimensional NMR spectroscopy in combination with the use of CLC solvents, thus opening up a 

wide analytical field in three important distinct domains: i) the measurement of enantiomeric purity in 

chiral analysis; ii) stereochemical study (configurational study) as a tool for structure elucidation; iii) the 

investigation of isotope fractionation in natural compounds dedicated to the elucidation of biochemical 

mechanistic pathways. Lastly, developments of NAD SS-NMR spectroscopy combined with DNP and 

CP are also promising and should quickly open new analytical opportunities. 

Eventually, a challenging complementary research line could be the development of 2H NMR 

spectroscopy on isotopically labelled or even normal analytes (pure molecules) detected on the recently 

developed 60-80 MHz benchtop NMR spectrometers, whose quality and technical and methodological 

possibilities have been significantly improved since the 2010’s [Auguste et al, 2017 Blumich et al, 

2016]. 
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Glossary :  

ADUF Anisotropic Deuterium Ultra Fast 
Bo static magnetic field of spectrometer 
CLC Chiral Liquid Crystal 
Cov Covariance transform 
CP Cross Polarization 
CPD Composite Pulse Decoupling 
CPMG  Carr-Purcell-Meiboom-Gill sequence 
CQ Quadrupolar coupling constant 
CSA Chemical Shift Anisotropy 
CST Compressed Sensing Theory 
DAPT Dipolar Assisted Polarization Transfer 
DFT Density Function Theory 
DQC Double Quantum Coherence 
DIE  Diastereo-Isotopomeric Excess 
DNA DesoxyriboNucleic Acid 
DNP Dynamic Nuclear polarization 
QD  Quadrupolar Doublet 
ΔνQ Quadrupolar splitting (in Hz) 
FAME Fatty Acid Methyl Ester 
FWHM Full Width at Half Maximum 
FT Fourier Transform 
EE Enantiomeric Excess 
EFG Electric Field Gradient  
EIE Enantio-Isotopomeric Excess 
ERETIC  Electronic REference To access In vivo Concentrations 
HETCOR HETeronuclear COrrelation 
HMQC Heteronuclear MultiQuantum Coherence 
HPPD High-Power Proton Decoupling 
KIE Kinetic Isotope Effect 
LC Liquid Crystal 
MAS Magic Angle Spinning 
NAD  Natural Abundance Deuterium 
NMR   Nuclear Magnetic Resonance 
(N)US  (Non) Uniform Sampling  
PBLG  Poly-g-Benzyl-L-Glutamate  
QD  Quadrupolar Doublet  
QD  2H quadrupolar moment 

QUOSY QUadrupole Ordered SpectroscopY 
Q-COSY Quadrupole COrelation SpectroscopY 
NASDAC Natural Abundance Spectroscopy for Deuterium And Carbon  
nOe  Nuclear Overhauser effect  
RCSA  Residual Chemical Shift Anisotropy 
RQC   Residual Quadrupolar Coupling 
RDC  Residual Dipolar Coupling 
RF Radio Frequency 
SSB  Spinning Side Band 
SQC Single Quantum Coherence 
SS-NMR Solid-State NMR 
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Sab Saupe’s order matrix elements 
SNR Signal-to-Noise Ratio 
SNIF Site-specific Natural Isotopic Fractionation 
TRD  Recycle Delay 
TMU  TetraMethyl Urea 
V-SMOW   Vienna Standard Means Ocean Water  
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