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ABSTRACT: The sulfolane/water and sulfolane/DMSO-d6 binary NMR solvents are reported for the first time for the individual-

ization of mixture components by spin diffusion, when molecular tumbling is slow due to solvent viscosity, thus strongly favouring 

magnetization transfer by dipolar cross relaxation. All 1H nuclei resonances within the same molecule tend to correlate in a 2D 

NOESY spectrum, opening the way to mixture analysis. Till now, analysis of organic compounds by NMR spin diffusion in viscous 

solvents involved 1H, 13C, 15N and 19F.We offer a new way to analyse mixtures by considering 31P nuclei as chemical shift markers. 

We report the individualization of four polar dipeptides and of four non-polar phosphorus-containing compounds respectively dis-

solved in sulfolane/water and sulfolane/DMSO-d6 solvents blends by means of homonuclear selective 1D and 2D 1H experiments and 

a heteronuclear 2D 1H-31P HSQC-NOESY experiment by taking advantage from spin diffusion. The name ViscY is proposed to refer 

to the class of all NMR spectroscopy experiments that rely on viscous solvents for mixture analysis. 

Over the last few years, identification of organic compounds 

in mixture has become a key research subject. Cosmetics, fine 

chemical and pharmaceutical companies always seek for inno-

vative solutions for the structural characterization of organic 

compounds of low molecular weight in mixture, obtained either 

by synthesis (products of interest or by-products), or by extrac-

tion from natural or biotechnological resources, that are easy 

and cheap to implement and in conformity with current regula-

tions. Analytical techniques for the determination of the struc-

ture of unknown organic compounds within mixtures rely often 

on the coupling of chromatographic and spectroscopic methods, 

such as high performance liquid chromatography (HPLC) cou-

pled with NMR (LC-SPE-NMR) or/and mass spectrometry 

(LC-MS). 1 When physical separation is not possible, NMR 

must be performed on mixtures as they are. Being able to assign 

each NMR peak to a specific molecule reduces the need for 

chromatographic separation and thus would greatly increase the 

efficiency of natural and synthetic chemists.  

So far, analysis of individual mixture components by NMR 

without any physical separation has been explored in a limited 

number of ways: i) In the 2D DOSY experiment, NMR signals 

are labelled according to the value of the translational diffusion 

coefficient (D) of each molecule in mixture. 2-3 However, this 

experiment provides only limited resolution along the D axis. 

NMR signals from structurally close molecules may be there-

fore difficult to group according to their parent compound, even 

though experimental tips may enhance the resolution of the 2D 

DOSY experiment: addition of chromatographic phases to the 

sample, interaction of analytes with soluble polymers or lantha-

nide shift reagents, analyte inclusion in micelles. 4-9 ii) Multi-

quantum spectroscopy combined (or not) with broadband 

homonuclear decoupling, sparse sampling, pure shift, ultrafast 

data acquisition or tensor decomposition methods may be rele-

vant for individualizing molecules in mixture. 10-15 iii) The use 

of viscous solvents (or solvent blends) provides an interesting 

analytical approach in the study of complex mixtures. These 

solvents lower the tumbling rate of small and medium sized 

molecules in solution since the value of the molecular overall 

correlation time τc depends on the medium viscosity according 

to the microviscosity theory of Gierer and Wirtz. 16. The corre-

sponding longitudinal cross relaxation regime thus favours spin 

diffusion. As a result, molecules fall in the negative nuclear 

Overhauser effect (NOE) regime and their resonances can be 

grouped according to their ability to share magnetization by in-

tramolecular spin diffusion. All resonances of 1H nuclei within 

the same molecule tend to correlate together in a 2D NOESY 

spectrum, therefore giving access to the individual 1H NMR 

spectra of the mixture components. The initial idea was imple-

mented in 1981 17 by means of a perfluorinated polymer as sol-

vent, which was re-examined in 2008; the use of supercooled 

water to modulate the spin relaxation dynamics of small metab-

olites was reported in 2012 by the same team. 18 Our team pub-

lished original results in the field of mixture analysis by NMR 

through the use of glycerol and glycerol carbonate (in 2011), 

DMSO/glycerol (in 2016), DMSO/water (in 2017), and sucrose 

solution and agarose gel (in 2019) as viscous solvents for the 

creation of spin diffusion conditions in 1H and 19F NMR. 19-23 

Henceforth, we propose the name ViscY (the second syllable has 

to be pronounced as in “whisky”) for referring to all NMR 

methods in which Viscous solvents or solvent blends promote 

the individualization of mixture components by NMR spin dif-

fusion spectroscopY. 

To date, only few viscous solvents have been described in the 

literature for the study of high- and low-polarity compounds 

within mixtures. In this context, the present work focusses on 

the assessment of two viscous sulfolane-based solvent blends, 

namely sulfolane/water and sulfolane/DMSO-d6, in the individ-

ual NMR characterization of four highly-polar, structurally 

close dipeptides: Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr and 

of four lowly-polar phosphorous-containing compounds by 

means of spin diffusion in homonuclear selective 1D 1H 



 

NOESY, selective 2D 1H NOESY experiments and a heteronu-

clear 2D 1H-31P HSQC-NOESY. 

Sulfolane is a cheap, colourless, non-reactive dipolar aprotic 

solvent with high chemical and thermal stability and unusual 

solvent properties. It is made of globular molecules  and pre-

sents a moderately high dielectric constant (ε = 43.4 at 300 K) 
24 and a high dipole moment (μ = 4.80 D). 25 Sulfolane is com-

pletely miscible with water and other polar and aromatic or-

ganic solvents. First produced and patented in the 1940s, it has 

been used in a wide variety of industrial production processes 

for aromatic solvent extraction, petroleum production and refin-

ing. 26 It is also employed in polymer technology as solvent, 

plasticizer, and synthesis medium. It is a solvent of choice for 

acid-catalysed reactions at high temperatures such as Friedel-

Crafts acylations and Bischler-Napieralski condensations. It has 

also been used as a solvent for oxidations, nitrations, chemical 

rearrangements, phosphonylations, and condensation reactions. 
27 Although sulfolane presents a higher melting point (300.5 K) 

than water (273 K) and DMSO-d6 (292 K), its melting point can 

be drastically lowered by adding water or DMSO-d6. 
28 For in-

stance, melting points of the sulfolane/water and sul-

folane/DMSO-d6 solvent blends respectively reach 256 K and 

238 K after adding 50% of water and 30% of DMSO-d6 by vol-

ume. This observation opens a way to work at or below room 

temperature, which is especially appropriate for thermally un-

stable compounds within mixtures. Spin diffusion may there-

fore take place on a wide range of temperatures, from room to 

sub-zero temperatures due to the viscosity increase of both these 

solvent blends upon temperature lowering. 29 Nevertheless, the 

viscosity of the sulfolane-based solvents at room temperature 

remains sufficiently low, even if pure sulfolane reveals a higher 

viscosity (η = 10.29 cP at 303 K) 30 than the ones of water (η = 

0.898 cP at 298 K) and of DMSO-d6 (η = 2.007 cP at 298 K), 31 

so that samples are prepared and transferred into the NMR tube 

without any difficulty, in contrast with highly viscous solvents 

such as glycerol (η = 934 cP at 298 K) and glycerol carbonate 

(η = 85.4 cP at 298 K). 32 Nonetheless, the major experimental 

drawback of considering these sulfolane-based solvent blends 

lies in the strong 1H NMR signals of non-deuterated sulfolane 

and water that force their suppression. This is easily managed 

by means of selective excitation and detection pulses included 

in a double pulsed field gradient spin echo (DPFGSE) sequence. 
33 In addition, the high amount of added DMSO-d6 (compared 

to 10% of D2O in volume in sulfolane/H2O/D2O solvent blend) 

facilitates the use of spectrometer tools such as automatic field-

locking and shimming, like for any other usual NMR solvent.  

The sulfolane/water solvent blend is appropriate for the study 

of high-polarity compounds whereas the viscous sul-

folane/DMSO-d6 binary solvent is adapted to the investigation 

of compounds of low-polarity. Mid-sized polar and lowly-polar 

molecules necessitate a low amount of water or DMSO-d6 in 

sulfolane whereas smaller or more flexible molecules require 

more water or DMSO-d6 for driving spin diffusion under tem-

perature control from room temperature to sub-zero tempera-

tures.  

The choice of an optimal operating temperature results from 

a compromise between spectral resolution and intensity of 

NOESY cross peaks between nuclei that are not close enough 

to show a NOE signal in a low viscosity medium. A temperature 

reduction favours spin diffusion but also reduces peak height 

through line broadening due to a more efficient transverse re-

laxation. Sample cooling is therefore required if the NOESY 

spectrum shows positive NOE responses (diagonal and off-di-

agonal peaks of opposite signs). Depending on the complexity 

of the mixtures, the analysis of 1H NMR spectra may become 

impossible owing to the overlapping of 1H resonances. A con-

ventional remedy to this issue consists in the spreading of the 

spectroscopic information along a second axis that encodes 

chemical shifts of nuclei other than 1H. 20-22 This approach to 

mixture analysis is exemplified in sulfolane/DMSO-d6 solvent 

blend by means of the 2D 1H-31P HSQC-NOESY experiment 

providing 1H/31P chemical shift lists for the mixture of low po-

larity compounds. 

EXPERIMENTAL SECTION 

Chemical reagents. DMSO-d6 and D2O were purchased 

from Eurisotop (Gif-surYvette, France). Leu-Val, Leu-Tyr, 

Gly-Tyr and Ala-Tyr were purchased from TCI Europe 

(Zwijndrecht, Belgium). Sulfolane, dicyclohexyl(4-(N,N-dime-

thylamino)phenyl)phosphine and exo-phenyl Kwon [2.2.1] bi-

cyclic phosphine were purchased from Sigma-Aldrich (Saint-

Quentin-Fallavier, France). Allyltriphenylphosphonium bro-

mide and (methoxymethyl)triphenylphosphonium chloride 

were purchased from Acros Organics (Geel, Belgium). All pep-

tides and phosphorus-based compounds had 95% or higher pu-

rity and were dissolved at a concentration of 20 mM respec-

tively in sulfolane/H2O/D2O (5:4:1 v/v/v) and in sul-

folane/DMSO-d6 (7:3 v/v).  

NMR Spectroscopy: The NMR experiments on the dipep-

tide and phopshorus-based compounds test mixtures were per-

formed on a Bruker Avance AVIII-500 NMR spectrometer 

equipped with a 5 mm BBFO+ probe using the Bruker 

TOPSPIN Software (Rheinstetten, Germany). Static field gra-

dient pulses were generated by a 10 A amplifier, so that the 

sample is submitted to a nominal 0.535 Tm-1 gradient. Gradient 

pulses were followed by a 200 µs recovery delay. Temperature 

was controlled by a Bruker variable temperature (BVT) unit 

supplied with chilled air produced by a Bruker cooling unit 

(BCU-Xtreme).  

Dipeptide mixture spectra were calibrated so that the tyrosine 

Hα proton resonances appeared at δ 7.00. Additional NMR data 

acquisition and processing parameters for Figures 1-4 and 6-8 

are described in the Supporting Information (SI) file. 

RESULTS AND DISCUSSION 

Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr mixture in sul-

folane/H2O/D2O (5:4:1 v/v/v) 

These four dipeptides do not present any differentiation in the 

DOSY spectrum when dissolved in pure water owing to their 

similar molecular weight and shape (Figure S1 in the Support-

ing Information (SI)). The use of viscous solvents such as sul-

folane/water has opened the way to other strategies than DOSY, 

namely ViscY, relying on homo- and heteronuclear NOESY-

based spin diffusion experiments for mixture analysis. The 

main experimental pitfall of our analytical approach is the man-

datory elimination of the strong 1H signals of sulfolane and wa-

ter (see Figure 1a) for avoiding to drastically obscure solute sig-

nals, since deuterated sulfolane would be too expensive to pro-

duce and full deuterated water would result in the chemical ex-

change between the deuterium nuclei of the latter and the amide 

protons of the dipeptides. The elimination of solvent signals 

was obtained by means of selective pulses when included in a 

DPFGSE sequence (Figures 1b, 1e and 1c, 1f). 33 The selective 

pulses invert the equilibrium magnetization of the nuclei of 



 

interest and leave untouched the one of the solvent nuclei. For 

this aim, resonance inversion in the two frequency bands on ei-

ther side of sulfolane signals was successfully achieved by 

means of two consecutive band-selective pulses. The spectrum 

in Figure 1b demonstrates the quality of solvent suppression 

that was obtained by band-selective detection (see pulse se-

quence in Figure 1e). All solute signals in the solvent frequency 

band are eliminated as well. Nevertheless, this is not an issue 

for the band-selective 2D NOESY experiment, provided that at 

least one resonance per analyte is preserved. This resonance can 

correlate with all others along the F1 axis, including those lo-

cated in the solvent spectral region by taking advantage from 

spin diffusion. 

 

Figure 1. 1D proton spectra and corresponding NMR pulse se-

quence of the dipeptide test mixture: Leu-Val, Leu-Tyr, Gly-Tyr 

and Ala-Tyr (20 mM) dissolved in sulfolane/H2O/D2O (5:4:1 

v/v/v), at 258 K, at 500 MHz (1H). a, d) Non-selective excitation 

and detection. b, e) Selective detection of two resonance bands. The 

4 ms I-BURP-2 pulses cover 1250 Hz (dotted trapezium). The “1” 

and “2” labels respectively indicate their application to the high and 

low chemical shift regions. c, f) Selective excitation of the valine 

amide proton doublet of Leu–Val (dotted trapezium) using a 30 ms, 

1% truncated, 180° Gaussian pulse. 

Since the operating temperature is a crucial parameter in spin 

diffusion experiments due to its direct influence on solvent vis-

cosity and as a result on overall rotational correlation times τC, 
16, 19 we have searched for the optimal temperature at which 

NOESY cross peaks were positive (negative NOE enhance-

ments, slow motion regime), well-resolved, and as intense as 

possible between nuclei that were not supposed to be close 

enough to present a NOE in low viscous medium. The opti-

mized temperature of 258 K has been determined by means of 

band-selective detection NOESY experiments (see Figure 2a, 

Figures S2: amide proton region NOESY spectra at 298, 288, 

278, 268 and 258 K and S3: full NOESY spectrum at 258 K in 

SI). The use of viscous sulfolane/water solvent mixture clearly 

allows full intramolecular magnetization transfer through spin 

diffusion, detected over distances of > 14 Å within each very 

small and flexible dipeptide. On the contrary, the NOESY spec-

trum recorded in water at 298 K reveals fewer NOE cross peaks, 

all of opposite sign (positive NOE enhancements, fast motion 

regime, see Figure 2b, full NOESY spectrum in Figure S4 in 

SI). As a result, the grouping of proton resonances is possible 

under ViscY conditions, making the individualization of the 

mixture components possible since the chemical shift pattern of 

each dipeptide is predictable. The individualization of the four 

dipeptides in water would have required the concomitant use of 

NOESY and TOCSY (and COSY) experiments, according to 

the well-established resonance assignment strategy. 34 

Figure 2. a) Amide proton region of band-selective detection 2D 

NOESY spectrum of the dipeptide test mixture (20 mM) dissolved 

in sulfolane/H2O/D2O (5:4:1 v/v/v), mixing time (tm) = 1 s, at 258 

K, at 500 MHz (1H), using the pulse sequence in part c. b) Amide 

proton region of 2D NOESY spectrum of the same dipeptide test 

mixture (20 mM) dissolved in H2O/D2O (9:1 v/v), tm = 1 s, at 298 

K, at 500 MHz (1H), using the noesyesgpph pulse sequence. The 

red frames correspond to spectral regions in which water has a ma-

jor effect on the number and sign of NOESY cross peaks. 

In band-selective detection 2D NOESY spectra, Hα and Hβ 

proton resonances are only detected in F1 because they are sup-

pressed in F2 owing to their proximity with solvent signals. 

Therefore, it seemed pertinent to record additional structural in-

formation on mixture components by detecting these Hα and Hβ 

resonances in F2 during signal acquisition. For this purpose, an 

appropriate set of resolved proton resonances was selectively 

excited by means of 1D selective-NOESY experiments which 

are composed of a double pulse field gradient block for the mul-

tiplet selective excitation of the resonance of interest followed 

by a mixing period (Figure 3f). The latter includes two wide-

band adiabatic inversion pulses framed by gradient pulses in or-

der to avoid the resurgence of strong sulfolane and water signals 

during the mixing time that arise from longitudinal relaxation. 



 

33, 35 This analytical approach involving the detection of only 

resonances of interest may turn out to be relevant in case of in-

tense proton resonance overlapping especially for complex 

mixtures. 

Figure 3. Multiplet selective excitation 1D 1H NOESY spectra of 

the dipeptide test mixture (20 mM) dissolved in sulfolane/H2O/D2O 

(5:4:1 v/v/v) (a, b, c, d and e), tm = 1 s, at 258 K, at 500 MHz (1H). 

The initial selective inversion pulses excite: a) the NHv(LV), b) the 

HδL(LY)/HδL(LV)/Hγv(LV), HδY(LY)/HδY(GY)/HδY(AY) d) the 

HαG(GY) and e) the HαA(AY) proton resonances. f) Pulse se-

quence: φ1 = x, y, -x, -y, ψ = x, -x. 

Figure 3 clearly proves that all dipeptides are differentiated 

by spin diffusion in sulfolane/water solution by means of a suit-

able set of selectively excited proton resonances. Indeed, the se-

lective excitation of the NH amide proton at δ 8.23 leads to a 

magnetization transfer exclusively with the protons of the Leu-

Val dipeptide because the tyrosine Hδ/Hε proton resonances do 

not appear in the 1D NOESY spectrum (Figure 3a). The selec-

tive excitation of the side chain Hδ and Hγ protons (between 

0.72 and 0.90 ppm) reveals a magnetization exchange with all 

protons of the two Leu-Val and Leu-Tyr dipeptides (Figure 3b). 

By comparison with both 1D NOESY spectra in Figures 3a and 

3b, an entire proton assignment of Leu-Tyr is produced. The 

selective excitation of the aromatic Hδ/Hε protons of Leu-Tyr, 

Gly-Tyr and Ala-Tyr at 7.00 ppm shows all the proton reso-

nances of Leu-Tyr, Gly-Tyr and Ala-Tyr (Figure 3c). In order 

to differentiate all proton resonances from Gly-Tyr and Ala-

Tyr, one of the Hα protons at δ 3.53 has been selectively excited 

(Figure 3d). Figure 3d clearly shows the transfer of the glycine 

Hα magnetization over all protons of Gly-Tyr because of the 

absence of the side chain proton (HβA/βL/γL/δL) resonances of 

Leu-Tyr and Ala-Tyr. Another way to distinguish Gly-Tyr from 

Ala-Tyr has been to selectively excite the HαA resonance at 3.86 

ppm which unveils a magnetization exchange exclusively with 

all protons of Ala-Tyr (Figure 3e). 

A faster experimental strategy than the recording of five ap-

propriate selective 1D NOESY spectra was to focus on the close 

NH amide resonances and to resort to a F1 band selective F1 

decoupled 2D NOESY experiment 36-37 since they appear in the 

same frequency band and they do not arise from scalarly cou-

pled nuclei (see Figure 4). Only the amide protons provided the 

transverse magnetization after the initial band selective excita-

tion step. Afterward, the doublet amide proton signal of each 

dipeptide was collapsed into a singlet of higher intensity by 

means of a selective echo followed by a nonselective echo in 

the middle of t1, both framed by gradient pulses. The mixing 

time block, including wideband inversion pulses for thrawting 

the reintroduction of sulfolane and water signals, let spin diffu-

sion spread along the proton network of each molecule. As a 

result, carrying out this NOESY experiment in sulfolane/water 

solvent blend makes possible to assign almost all proton reso-

nances of Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr (except Tyr 

Hβ’ resonances hidden by sulfolane signals) by taking ad-

vantage from spin diffusion under viscous conditions. 

Figure 4. a) F1 band selective F1 decoupled 2D NOESY spectrum 

of the dipeptide test mixture (20 mM) dissolved in sul-

folane/H2O/D2O (5:4:1 v/v/v), tm = 1 s, at 258 K, at 500 MHz (1H), 

b) Pulse sequence: φ1 = x, y, -x, -y, ψ = x, -x. The initial selective 



 

180° pulses (δ1 = 4 ms) had a Gaussian shape and were applied to 

the four NH amide proton resonances. 

Dicyclohexyl(4-(N,N-di!methylamino)phenyl) phosphine, 

exophenyl Kwon [2.2.1] bicyclic phosphine, allyltri-

phenylphosphonium bromide and (methoxymethyl)tri-

phenylphosphonium chloride mixture in sulfolane/DMSO-

d6 (7:3 v/v)  

The simplification of mixture analysis by means of heteronu-

clear chemical shift resonance labelling has been extended to 
31P NMR spectroscopy. Phosphorus is a chemical element that 

is present in many chemical synthesis intermediates and biolog-

ical molecules of interest. It has a natural abundance of 100% 

and reveals moderate relaxation times that provides sharp lines. 
38 The broad range of 31P chemical shift covers about 2000 ppm 

and is thus one order of magnitude larger than that of carbon, 

and two orders of magnitude larger than that of proton, what 

should facilitate the individualization of phosphorus-containing 

molecules within mixtures. 39 In 2017, we reported that 19F nu-

clei, similarly to 1H nuclei, participated to spin diffusion along 

the molecular spin network of a difluorinated compound in the 

viscous DMSO-d6/H2O solvent, at 238 K and 500 MHz (1H). 21 

However, unlike 19F nucleus which has a magnetogyric ratio 

close to the one of 1H, the 31P nucleus reveals positive HOE 

(heteronuclea NOE) that tends towards zero in the spin diffu-

sion limit. 40 As a result, phosphorus-based compounds will 

never produce negative HOE when long molecular overall cor-

relation times are observed. A remedy to this experimental issue 

is to consider 31P nuclei as chemical shift markers and to induce 

magnetization transfer along the intramolecular proton network 

by means of the 2D 1H-31P HSQC-NOESY experiment. Hereby, 

we describe for the first time a promising approach in the indi-

vidualization of four mixed phosphorus-based compounds dis-

solved in sulfolane/DMSO-d6 (7:3 v/v) solvent blend under spin 

diffusion conditions by means of homonuclear selective 1D 

NOESY, selective 2D NOESY experiments and a heteronuclear 

2D HSQC-NOESY experiment. 

Figure 5. Chemical structures of the four phosphorus-containing 

compounds within mixture: 1a) dicyclohexyl (4-(N, N-dimethyla-

mino)phenyl) phosphine, 1b) exophenyl Kwon [2.2.1] bicyclic 

phosphine, 1c) allyltriphenylphosphonium bromide and 1d) (meth-

oxymethyl)triphenylphosphonium chloride. 

As for the dipeptide test mixture dissolved in water, the four 

mixed phosphorus-containing compounds do not reveal any dif-

ferentiation by translational diffusion in pure DMSO-d6, due to 

their similar molecular mass (Figure S5 in SI). This observation 

prompted us to investigate this mixture dissolved in a sulfolane-

based solvent blend compatible with low polarity molecules 

such as the sulfolane/DMSO-d6 binary solvent. The resolving 

power of NOESY-based spin diffusion experiments should al-

low us to individualize each mixture component. Once again, 

the main experimental drawback in considering non-perdeuter-

ated sulfolane solvent was the mandatory suppression of its 

strong 1H signals (see the conventional 1D 1H spectrum in Fig-

ure S6a in SI). The elimination of these signals was also 

achieved by selective pulses involved in an excitation sculpting 

block (Figures S6b and c in SI). 33 

The impact of temperature on intramolecular spin diffusion 

has been discussed in the previous section. Similarly, we have 

determined the temperature that provides the best compromise 

between efficient 1H spin diffusion and relevant 1H and 31P 

spectral resolution by means of band-selective detection 2D 1H 

NOESY, at 500 MHz (1H) and 1H-decoupled 31P experiments at 

298, 288, 278, 268, 258 and 248 K, at 202.46 MHz (31P). Posi-

tive NOE enhancements (negative NOESY cross peaks, fast 

motion regime) are still observed at 278 K (Figure S7 in SI). 

Spin diffusion starts to be active at 268 K for all molecules. A 

complete magnetization transfer along proton network of each 

compound is clearly visible at 248 K. However, compound 1a 

reveals too much active T2 transverse relaxation, responsible for 
31P resonance line broadening (Figure S10 in SI). Consequently, 

the optimized temperature of 258 K has been retained for fur-

ther studies because it offered efficient 1H spin diffusion (neg-

ative NOE enhancements, positive NOESY cross peaks, slow 

motion regime) and suitable 1H and 31P spectral resolution.  

The band-selective detection 2D NOESY spectrum at 258 K 

clearly revealed four positive NOE cross-peak patterns, each 

corresponding to a single mixture component (see Figure 6 and 

full NOESY spectrum in Figure S8 in SI). The pattern identifi-

cation of 1a is guided by the distinctive aromatic protons H16,18 

at 6.72 ppm (see Figure 6c for individual 1D 1H spectrum of 1a 

vertically extracted from 2D NOESY). The pattern of 1b is dis-

tinguished by means of the tropanic ring H3 at 4.45 ppm (indi-

vidual 1D 1H spectrum of 1b in Figure 6d). The proton H10 at 

5.40 ppm make it possible to distinguish the proton pattern of 

1c (individual 1D 1H spectrum of 1c in Figure 6e). The proton 

resonance H8 at 5.54 ppm is a relevant starting point for identi-

fying the complete resonance pattern of 1d (individual 1D 1H 

spectrum of 1d in Figure 6f). We have clearly observed that the 

sulfolane/DMSO-d6 solvent allows a complete intramolecular 

magnetization transfer by spin diffusion, detected over dis-

tances greater than 13 Å within each phosphorus-containing 

compound, in part owing to the stiffness of the cycloalkyl and 

aromatic moieties. In contrast, when the conventional 2D 

NOESY spectrum is recorded in neat DMSO-d6 at 298 K, the 

four mixed phophorus-based molecules rapidly reorient and 

present a positive NOE regime thus preventing spin diffusion to 

be observed (see Figure 6b and full NOESY spectrum in Figure 

S9 in SI). 

Due to resonance peaks overlapping in the 1D and 2D spectra 

of the four mixed phosphorus-containing compounds, it was 

quite challenging to unambiguously assign each proton reso-

nance to a specific molecule within their mixture. The multiplet 

selective excitation 1D NOESY experiment, previously de-

scribed in this work for the dipeptide test mixture, should ad-

dress this issue by grouping proton resonances belonging to the 

same compound. The main experimental pitfall regarding the 

reintroduction of strong 1H non-perdeuterated sulfolane signals 

during the mixing time of the NOESY block is still treated by 

means of wideband pulses framed by gradient pulses. 33 Choos-

ing an appropriate set of selectively excited proton resonances 



 

allows to obtain the individual 1D 1H spectrum of each mixed 

molecule in the viscous sulfolane/DMSO-d6 (7:3 v/v) binary 

solvent by taking profit from spin diffusion. Figure 7 shows the 

selective excitation 1D NOESY spectrum of each mixed phos-

phorus-based compound. In particular, the individualization of 

1a is carried out by the selective excitation of the aromatic pro-

tons H16,18 at 6.72 ppm (Figure 7a). All proton resonances of 1b 

are observed by means of the selective excitation of the tropic 

ring proton H2a at 1.96 ppm. Interestingly, spin diffusion is able 

to connect signals from the two aromatic moieties of 1b (Figure 

7b). Selective excitations of the ethylene protons H10 at 5.40 

ppm and the methyl group H10 at 3.53 ppm make it possible 

respectively to group together all proton resonances of 1c and 

1d (Figures 7c and d).  

Figure 6. a) Low-field proton region of the band-selective detection 

2D NOESY spectrum of the phosphorus-based compound test mix-

ture (20 mM) dissolved in sulfolane/DMSO-d6 (7:3 v/v), tm = 1 s, 

using the pulse sequence in Figure 2c, at 258 K, at 500 MHz (1H). 
1H vertical slices extracted from the 2D 1H NOESY at 6.72 ppm (c, 

1a, H16,18, purple dotted line), at 4.45 ppm (d, 1b, H3, blue dotted 

line), at 5.40 ppm (e, 1c, H10, green dotted line), and at 5.54 ppm 

(f, 1d, H8, red dotted line). b) Low-field proton region of the 2D 

NOESY spectrum of the same phosphorus-based compound test 

mixture dissolved in neat DMSO-d6, tm = 1 s, at 298 K, at 500 MHz 

(1H). The red frames correspond to spectral regions of interest in 

which DMSO-d6 has a major effect on the number and sign of ob-

servable NOESY cross peaks. 

Figure 7. Multiplet selective excitation 1D 1H NOESY spectra of 

the phosphorus-based compound test mixture (20 mM) dissolved 

in sulfolane/DMSO-d6 (7:3 v/v) (a, b, c and d), tm = 1 s, at 258 K, 

at 500 MHz (1H). Pulse sequence (Figure 3f). The initial selective 

inversion pulses excite: a) the H16,18 (1a), b) the H2a (1b), c) the H10 

(1c) and d) the H10 (1d) proton resonances. 

The multiplet selective excitation 1D 1H NOESY experiment 

has demonstrated that grouping proton resonances belonging to 

the same compound within mixture thus allowing its individu-

alization is possible by taking benefit from spin diffusion. How-

ever, in the study of other more complex mixtures, 1H spectral 

overlap may occur. As a result, compounds of interest may not 

present resolved proton resonances, thus preventing the use of 

1D and 2D 1H selective NOESY experiments. 

In such cases, the broad chemical shift range of 31P may prove 

to be relevant. By coupling 2D HSQC and NOESY experi-

ments, a complete proton spectrum should be obtained for each 

component within mixture starting only from one single phos-

phorus resonance in the indirect dimension. 



 

The 2D 1H-31P HSQC-NOESY spectrum of the phosphorus-

based compound test mixture dissolved in sulfolane/DMSO-d6 

(7:3 v/v) solvent blend recorded at 258 K is drawn in Figure 8. 

Under these ViscY operating conditions, all the protons of each 

molecule are able to correlate with all other protons by spin dif-

fusion after having marked the phosphorous chemical shift in 

F1. The selection of four slices through 31P resonances at - 2.00 

(Figure 8b, 1a, purple row), - 17.34 (Figure 8c, 1b, blue row), 

21.01 (Figure 8d, 1c, green row), and 17.32 ppm (Figure 8e, 1d, 

red row) allows to produce, respectively, four complete proton 

spectra corresponding to 1a, 1b, 1c and 1d. These four spectra 

are compared to the previous selective 1D NOESY spectra (Fig-

ures 8b, b’; c, c’; d, d’; e, e’) and the proton resonance patterns 

are similar, as expected. As a result, we have demonstrated for 

the first time the capability to individualize phosphorous-con-

taining compounds within mixture by means of the 2D 1H-31P 

HSQC-NOESY experiment under viscous conditions. 

Figure 8. a) 2D 1H-31P HSQC-NOESY spectrum of the phospho-

rus-based compound test mixture (20 mM) dissolved in sul-

folane/DMSO-d6 (7:3 v/v), tm = 1 s, at 258 K, at 500 MHz (1H). 

Comparison of four 31P horizontal slices extracted from the 2D 1H-
31P HSQC-NOESY at - 2.00 (b, b’, 1a, purple dotted line), - 17.34 

(c, c’, 1b, blue dotted line), 21.01 (d, d’, 1c, green dotted line), and 

17.32 ppm (e, e’, 1d, red dotted line) with the 1D selective NOESY 

spectra (selection of, b’) the H16,18, c’) the H2a, d’) the H10 and e’) 

the H10 protons resonances). ** ImpuretyImpurity. 

CONCLUSIONS 

We have established for the first time that the use of sul-

folane/water and sulfolane/DMSO-d6 as viscous binary solvents 

makes possible the individualization of respectively high- and 

low-polarity components within complex mixtures, by taking 

advantage from NMR spin diffusion.  

The component individualization within the Leu-Val, Leu-

Tyr, Gly-Tyr and Ala-Tyr mixture and within the dicyclo-

hexyl(4-(N,N-dimethylamino)phenyl) phosphine, exophenyl 

Kwon [2.2.1] bicyclic phosphine, allyltriphenylphosphonium 

bromide and (methoxymethyl)triphenylphosphonium chloride 

mixture respectively in sulfolane/H2O/D2O (5:4:1 v/v/v) and 

sulfolane/DMSO-d6 (7:3 v/v) solvents has been achieved at 258 

K by homonuclear selective 1D 1H NOESY, selective 2D 1H 

NOESY and heteronuclear 2D 1H-31P HSQC-NOESY experi-

ments. The latter offers a new analytical way, never described 

up to now under viscous conditions, in order to extract the indi-

vidual spectrum of phosphorus-containing compounds within 

mixture by taking advantage of the relevant spectrum readabil-

ity of brought by the broad 31P chemical shift range. 

We have pointed out that viscous sulfolane-based solvents 

present valuable advantages compared to previously described 

highly viscous solvents such as glycerol and glycerol carbonate. 
19 The spin diffusion is active in a wider temperature range, 

compatible with thermally fragile compounds, and the NMR 

sample preparation is easy. The viscous sulfolane/water solvent 

blend is recommended for the study of polar compounds within 

mixture whereas sulfolane/DMSO-d6 is more dedicated to the 

investigation of mixed low-polarity compounds. Mid-sized 

high- and low-polarity molecules require a low amount of water 

or DMSO-d6 in sulfolane whereas smaller or more flexible mol-

ecules necessitate more water or DMSO-d6 in sulfolane until 

50% (v/v) for driving spin diffusion from room to sub-zero tem-

peratures. 

Future investigations in the field of mixture analysis follow-

ing the ViscY approach will cover the study of other polar and 

apolar mixtures made of small-sized molecules for assessing 

spin diffusion power of viscous sulfolane-based binary sol-

vents. 

Relevant NMR data acquisition and processing parameters used for 

the study and additional 2D 1H NOESY and 1D 31P spectra (PDF 

file). The Supporting Information is available free of charge on the 

ACS Publications website. 

* E-mail: pedro.lameiras@univ-reims.fr. Phone: +33(0)3 26 91 82 

28.  

The authors declare no competing financial interests. 

Financial support by CNRS, Conseil Regional Champagne Ar-

denne, Conseil General de la Marne, Ministry of Higher Education 

and Research (MESR) and EU-programme FEDER to the PlAneT 

CPER project is gratefully acknowledged. The authors thank Ms. 

Manon Haudrechy for her technical help.  

1. Wolfender, J.-L.; Nuzillard, J.-M.; van der Hooft, J. J. J.; 

Renault, J.-H.; Bertrand, S., Accelerating Metabolite Identification in 

Natural Product Research: Toward an Ideal Combination of Liquid 



 

Chromatography–High-Resolution Tandem Mass Spectrometry and 

NMR Profiling, in Silico Databases, and Chemometrics. Anal. Chem. 

2019, 91 (1), 704-742. 

2. Morris, K. F.; Johnson, C. S., Diffusion-ordered two-

dimensional nuclear magnetic resonance spectroscopy. J. Am. Chem. 

Soc. 1992, 114 (8), 3139-3141. 

3. Morris, K. F.; Stilbs, P.; Johnson, C. S., Analysis of mixtures 

based on molecular size and hydrophobicity by means of diffusion-

ordered 2D NMR. Anal. Chem. 1994, 66 (2), 211-215. 

4. Viel, S.; Ziarelli, F.; Caldarelli, S., Enhanced diffusion-

edited NMR spectroscopy of mixtures using chromatographic 

stationary phases. Proc. Natl. Acad. Sci. USA 2003, 100, 9696-9698. 

5. Pages, G.; Delaurent, C.; Caldarelli, S., Investigation of the 

Chromatographic Process via Pulsed-Gradient Spin-Echo Nuclear 

Magnetic Resonance. Role of the Solvent Composition in Partitioning 

Chromatography. Anal. Chem. 2006, 78 (2), 561-566. 

6. Caldarelli, S., Chromatographic NMR: a tool for the analysis 

of mixtures of small molecules. Magn. Reson. Chem. 2007, 45, S48-

S55. 

7. Zielinski, M. E.; Morris, K. F., Using perdeuterated 

surfactant micelles to resolve mixture components in diffusion-ordered 

NMR spectroscopy. Magn. Reson. Chem. 2009, 47 (1), 53-56. 

8. Kavakka, J. S.; Parviainen, V.; Wähälä, K.; Kilpeläinen, I.; 

Heikkinen, S., Enhanced chromatographic NMR with 

polyethyleneglycol. A novel resolving agent for diffusion ordered 

spectroscopy. Magn. Reson. Chem. 2010, 48, 777-781. 

9. Rogerson, A. K.; Aguilar, J. A.; Nilsson, M.; Morris, G. A., 

Simultaneous enhancement of chemical shift dispersion and diffusion 

resolution in mixture analysis by diffusion-ordered NMR spectroscopy. 

Chem. Commun. 2011, 47 (25), 7063-7064. 

10. Tal, A.; Frydman, L., Single-scan multidimensional 

magnetic resonance. Prog. Nucl. Magn. Reson. Spectrosc. 2010, 57 (3), 

241-92. 

11. Meyer, N. H.; Zangger, K., Simplifying proton NMR spectra 

by instant homonuclear broadband decoupling. Angew. Chem. Int. Ed. 

2013, 52 (28), 7143-7146. 

12. Kazimierczuk, K.; Orekhov, V., Non-uniform sampling: 

Post-Fourier era of NMR data collection and processing. Magn. Reson. 

Chem. 2015, 53 (11), 921-926. 

13. Papaemmanouil, C.; Tsiafoulis, C. G.; Alivertis, D.; 

Tzamaloukas, O.; Miltiadou, D.; Tzakos, A. G.; Gerothanassis, I. P., 

Selective One-Dimensional Total Correlation Spectroscopy Nuclear 

Magnetic Resonance Experiments for a Rapid Identification of Minor 

Components in the Lipid Fraction of Milk and Dairy Products: Toward 

Spin Chromatography? J. Agric. Food. Chem. 2015, 63 (22), 5381-7. 

14. Zangger, K., Pure shift NMR. Prog. Nucl. Magn. Reson. 

Spectrosc. 2015, 86-87, 1-20. 

15. Dal Poggetto, G.; Castanar, L.; Adams, R. W.; Morris, G. 

A.; Nilsson, M., Dissect and Divide: Putting NMR Spectra of Mixtures 

under the Knife. J. Am. Chem. Soc. 2019, 141 (14), 5766-5771. 

16. Gierer, A.; Wirtz, K., Molekulare Theorie der Mikroreibung 

- Molecular theory of microfriction. Zeitschrift Für Naturforschung 

Section A 1953, 8, 532-538. 

17. Williamson, M. P.; Williams, D. H., Manipulation of the 

nuclear Overhauser effect by the use of a viscous solvent: The solution 

conformation of the antibiotic echinomycin. J. Chem. Soc., Chem. 

Commun. 1981,  (4), 165-166. 

18. Simpson, A. J.; Woods, G.; Mehrzad, O., Spectral Editing of 

Organic Mixtures into Pure Components Using NMR Spectroscopy 

and Ultraviscous Solvents. Anal. Chem. 2008, 80 (1), 186-194. 

19. Lameiras, P.; Boudesocque, L.; Mouloungui, Z.; Renault, J. 

H.; Wieruszeski, J. M.; Lippens, G.; Nuzillard, J. M., Glycerol and 

glycerol carbonate as ultraviscous solvents for mixture analysis by 

NMR. J. Magn. Reson. 2011, 212 (1), 161-168. 

20. Lameiras, P.; Nuzillard, J.-M., Highly Viscous Binary 

Solvents: DMSO-d6/Glycerol and DMSO-d6/Glycerol-d8 for Polar 

and Apolar Mixture Analysis by NMR. Anal. Chem. 2016, 88 (8), 

4508-4515. 

21. Lameiras, P.; Patis, S.; Jakhlal, J.; Castex, S.; Clivio, P.; 

Nuzillard, J. M., Small Molecule Mixture Analysis by Heteronuclear 

NMR under Spin Diffusion Conditions in Viscous DMSO–Water 

Solvent. Chem. Eur. J. 2017, 23 (20), 4923-4928. 

22. Lameiras, P.; Mougeolle, S.; Pedinielli, F.; Nuzillard, J.-M., 

Polar mixture analysis by NMR under spin diffusion conditions in 

viscous sucrose solution and agarose gel. Faraday Discuss. 2019, 218, 

233-246. 

23. Adair, E.; Afonso, C.; Bell, N. G. A.; Davies, A. N.; Delsuc, 

M. A.; Godfrey, R.; Goodacre, R.; Hawkes, J. A.; Hertkorn, N.; Jones, 

D.; Lameiras, P.; Le Guennec, A.; Lubben, A.; Nilsson, M.; Paša-Tolić, 

L.; Richards, J.; Rodgers, R. P.; Rüger, C. P.; Schmitt-Kopplin, P.; 

Schoenmakers, P. J.; Sidebottom, P.; Staerk, D.; Summerfield, S.; 

Uhrín, D.; Van Delft, P.; Van Der Hooft, J. J. J.; Van Zelst, F. H. M.; 

Zherebker, A., High resolution techniques: General discussion. 

Faraday Discuss. 2019, 218, 247-267. 

24. Jannelli, L.; Pansini, M.; Jalenti, R., Partial molar volumes 

of C2-C5 normal and branched nitriles in sulfolane solutions at 

30.degree.C. J. Chem. Eng. Data 1984, 29 (3), 263-266. 

25. Riddick, J. A.; Bunger, W. B.; Sakano, T. K., Organic 

Solvents: Physical Properties and Methods of Purification. 4th Edition, 

Wiley-Interscience, New York: 1986. 

26. Clark, E., Sulfolane and Sulfones. In Kirk-Othmer 

Encyclopedia of Chemical Technology, John Wiley & Sons, Inc.: 2000. 

27. Tilstam, U., Sulfolane: A Versatile Dipolar Aprotic Solvent. 

Org. Process Res. Dev. 2012, 16 (7), 1273-1278. 

28. Máca, J.; Sedlaříková, M.; Vondrák, J.; Bartušek, K., 

Physical properties of sulfolane - Dimethylcarbonate mixture for using 

in electrolytes for lithium - ion Batteries. ECS Transactions 2012, 40, 

53-57. 

29. Sacco, A.; Petrella, G.; Castagnolo, M.; Dell'atti, A., Excess 

volumes and viscosity of water—sulfolane mixtures at 30, 40 and 

50°C. Thermochim. Acta 1981, 44 (1), 59-59-66. 

30. Janelli, L.; Rakshit, A. K.; Sacco, A., Viscosity of Binary 

Liquid Mixtures Involving Sulfolane and Alcohols. Z. Naturforsch. 

Sect. A J. Phys. Sci. 1974, 29 (2), 355-358. 

31. Cowie, J. M. G.; Toporowski, P. M., ASSOCIATION IN 

THE BINARY LIQUID SYSTEM DIMETHYL SULPHOXIDE – 

WATER. CAN. J. CHEM. 1961, 39 (11), 2240-2243. 

32. Sonnati, M. O.; Amigoni, S.; Taffin de Givenchy, E. P.; 

Darmanin, T.; Choulet, O.; Guittard, F., Glycerol carbonate as a 

versatile building block for tomorrow: synthesis, reactivity, properties 

and applications. Green Chem. 2013, 15 (2), 283-306. 

33. Stott, K.; Stonehouse, J.; Keeler, J.; Hwang, T.-L.; Shaka, A. 

J., Excitation Sculpting in High-Resolution Nuclear Magnetic 

Resonance Spectroscopy: Application to Selective NOE Experiments. 

J. Am. Chem. Soc. 1995, 117 (14), 4199-4200. 

34. Wüthrich, K., NMR of proteins and nucleic acids. New 

York: Wiley: 1986. 

35. Stott, K.; Keeler, J.; Van, Q. N.; Shaka, A. J., One-

Dimensional NOE Experiments Using Pulsed Field Gradients. J. 

Magn. Reson. 1997, 125 (2), 302-324. 

36. Brüschweiler, R.; Griesinger, C.; Sørensen, O. W.; Ernst, R. 

R., Combined use of hard and soft pulses for [omega]1 decoupling in 

two-dimensional NMR spectroscopy. J. Magn. Reson. 1988, 78 (1), 

178-185. 

37. Plainchont, B.; Martinez, A.; Tisse, S.; Bouillon, J. P.; 

Wieruszeski, J. M.; Lippens, G.; Jeannerat, D.; Nuzillard, J. M., An 

alternative scheme for the multiplexed acquisition of 1D and 2D NMR 

spectra. J. Magn. Reson. 2010, 206 (1), 68-73. 

38. Gorenstein, D. G.; Luxon, B. A., 31 P NMR. In 

Encyclopedia of Spectroscopy and Spectrometry, Elsevier Ltd: 1999; 

pp 2204-2212. 

39. Kühl, O., Phosphorus-31 NMR Spectroscopy: A Concise 

Introduction for the Synthetic Organic and Organometallic Chemist. 

Springer: 2009. 

40. Tritton, T. R.; Armitage, I. M., Phosphorus-31 NMR studies 

of E. coli ribosomes. Nucleic Acids Res. 1978, 5 (10), 3855-3869. 

 

 

 



 

 

9 

 

 


