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Abstract 

Nuclear spin singlet lifetimes can often exceed the T1 length scales by a large factor. This 

property makes them suitable for polarization storage. The measurement of such long lifetimes 

itself can become challenging due to the influence of even very weak relaxation mechanisms.  

Here we show that a judicious choice of the singlet-to-triplet conversion method is highly 

important in order to achieve reliable singlet relaxation measurements. In particular, we identify 

thermal convection, in connection with B1 field gradients, as a significant apparent decay 

mechanism, which limits the ability to measure the true singlet state lifetimes. Highly B1-

compensated broadband singlet excitation/detection sequences are shown to minimize the 

influence of macroscopic molecular motion and B1 inhomogeneity. 

 

Research highlights 

• The effect of convection and B1 inhomogeneity on singlet lifetime measurements 

is shown; 

• A thermal convection model is shown to explain the experimental results; 

• Sample spinning can alleviate convection artifacts, but also sample confinement, 

and highly inhomogeneity-compensated pulses. ; 
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1. Introduction 

Two spin-1/2 nuclei of the same kind close to magnetic equivalence can form sustainable 

spin-zero singlet states that are immune to the main source of NMR relaxation, the intra-pair 

dipole-dipole coupling [1-8]. With suitable symmetry, further relaxation mechanisms may be 

suppressed [9]. For these reasons, singlet order may have a very long lifetime that can sometimes 

be significantly larger than conventional longitudinal relaxation T1 constants. For example, 

lifetimes as long as 26 min and 1 hr were obtained for 15N and 13C singlets, respectively [10, 11]. 

A number of experimental techniques have been developed for singlet-to-triplet conversion. 

Continuous irradiation based Spin-Lock Induced Crossing (SLIC) [12-16], and J-coupling 

synchronized 180-degrees pulse trains (M2S) [17, 18], have been demonstrated to be efficient for 

generating and detecting singlet order in highly symmetric two- and homonuclear four-spin 

systems. Other methods, such as phase cycling in combination with rf irradiation were used for 

studying relaxation of singlets far from magnetic equivalence [1, 19, 20]. Due to the potentially 

long lifetimes, singlet states have been suggested for imaging [21], studying slow diffusion and 

transport processes [22-24], detecting slow flow and diffusion [25], measuring molecular 

parameters [26, 27], studying protein folding [28], and for extending polarization lifetimes in 

hyperpolarization experiments [15, 29]. In recent years, significant progress has been achieved in 

studying singlet relaxation mechanisms [16, 30], but the lifetime limiting mechanisms are not 

fully understood yet. Further insights into the pathways of singlet relaxation are desired, which 

requires the ability to measure very slow relaxation processes (on the order of hundreds of 

seconds to hours) with high accuracy.  

In singlet lifetime measurements with SLIC and M2S, we have noticed strong deviations 

from the expected lifetimes, and we have identified collective motion in combination with B1 

inhomogeneities as the culprit for the problem. The effect is based on a spatial non-uniformity in 

singlet-to-triplet conversions, which, coupled with fluid motion during the long relaxation 

delays, leads to time-dependent signal losses, which could be mistaken as singlet relaxation 

processes.  

It is well known that collective motional patterns such as circular convection flows may 

occur in an NMR tube in the presence of temperature gradients [31-35]. Convection has been 

demonstrated to affect, for example, the measured T1 constants for 129Xe and 19F in xenon gas 

and xenon difluoride dissolved in deuterated cyclohexane and acetonitrile. In that experiment, 

convection manifested itself in the apparent reduction of T1 constants and nonexponential, 

sometimes oscillatory, behavior of longitudinal magnetization decays. In the case of T1, the 

effect was explained by the displacement of the molecules affected by the rf pulse sequence by 



those that initially were located outside of the effective coil region. It was shown that sample 

spinning could help to suppress motion [36]. Similarly, it was shown that DNP-hyperpolarized 

spin injection, as a result of motion could lead to the appearance of multiple signal bursts, 

although thermal convection was not specifically described as the underlying mechanism [37]. 

Here we show that singlet relaxation experiments are complicated by macroscopic 

molecular motion during the singlet storage period. Moreover, since the lifetimes of singlet order 

can sometimes exceed hundreds of seconds, this type of experiment is particularly susceptible to 

even very slow fluid flow, which would be undetectable otherwise. We wish to point out that the 

type of thermal convection motion that is considered here appears to be caused due to the small 

temperature gradients present even without sample heating in room temperature probes [38]. 

Such effects can be assumed to be particularly strong for cryoprobes where temperature 

gradients arise from the proximity of the low-temperature tuned circuit.   

In the present work, our aim was to study the effect of convection on the apparent singlet 

relaxation constants and investigate experimental measures that allow eliminating undesirable 

effects. We demonstrate that convection significantly influences the singlet relaxation 

measurement under standard experimental conditions and compare the performance of two most 

widely used singlet generation approaches, SLIC and M2S. Furthermore, we describe the ability 

of low-frequency sample spinning and mismatch compensated experimental rf sequences to 

eliminate or significantly suppress convection artifacts. Diffusion is typically too slow to have an 

effect such as the one due to convection, since the mean displacement is much smaller than the 

length scale of B1 field changes. Nevertheless, the solution that we suggest for eliminating 

convection will be valid for any type of molecular displacement which includes diffusion. These 

results indicate that accurate singlet lifetime measurements require the specific consideration of 

the effects of convection, in particular due to the typically long delays needed in these 

experiments.   

 

2. Theory and convection model 

Convection occurs as a result of local vertical and horizontal temperature gradients, and 

consequently density gradients in liquid samples. Ostroumov has provided a criterion for the 

onset of convection in a long cylinder of radius R [39], as given by the critical Rayleigh number: 

 𝑅𝑎 = !"!!!!
!"

𝑅!!"!", (1) 

where 𝑔 is the acceleration due to gravity, 𝛽 is the thermal expansion coefficient, 𝜌 is the fluid 

density of sample, 𝑐! is the specific heat capacity, 𝑑𝑇 is the temperature difference over a 𝑑𝑧 



height, ! is the dynamic viscosity and ! is the thermal conductivity. When the Rayleigh number 

for the system exceeds 67.4 and 215.8 for insulating and perfectly conducting media, 

respectively, the liquid loses its stability and sustainable circular flows occur in the sample. The 

theoretical equation for the velocity distribution in a long cylinder is given as the solution of the 

Navier-Stokes equation and takes the form [39, 40]: 

 ! !! ! ! !!! !"# !" !! !"
!! !"

! !! !"
!! !"

!!!!!!!!!! ! !", (2) 

where !! and !! are the Bessel and modified Bessel functions of the first kind, respectively, !! 

are system-dependent constants that decrease strongly with increasing n and are zero for even n. 

As can be seen from Eq. 1 the critical Rayleigh number depends on the viscosity of the 

liquid, shape of the vessel, and temperature gradients over the sample dimensions. In the 

described model, only the vertical gradient is taken into account and the sample is assumed to be 

long compared to its radius. In practice, horizontal components of the temperature gradients are 

always present, which facilitates the onset of convection and leads to deviations from theory 

[41]. Furthermore, several circular flow patterns and some mixing may occur. Figure 1 shows the 

vertical velocity profile according to Eq. 2 corresponding to the principal antisymmetric mode 

! ! !, across an NMR tube for chloroform at 300K in the presence of a vertical temperature 

gradient of 1.65 K/cm. The corresponding velocity spectrum is shown in Figure 1b. This 

distribution was used for the fitting of the experimental decays for the SLIC experiments in long 

samples and has proved to provide an excellent fit without further adjustable parameters. 

 



Fig. 1. (A) Spatial dependence of vertical convective flow velocity corresponding to the main mode 𝑛 = 1 of Eq. (2) 

and 𝑅𝑎 = 1400, calculated for a chloroform sample in a 5 mm NMR tube and (B) corresponding vertical velocity 

distribution. 

 

Organic solvents, such as chloroform, acetone, methanol and others are particularly prone 

to heat convection, mainly because of their low viscosities and high thermal expansion 

coefficients. Several intuitive ways to overcome convection include using narrower NMR tubes, 

inserting capillaries in the tube, reducing temperature gradients, or using solvents with higher 

viscosity and lower thermal expansion coefficients. The first three are associated with 

considerable experimental complications, especially when sample degassing is needed, while the 

latter can be undesirable due to the specifics of the problem under study. Another possible 

approach is sample spinning which causes shifting of the direction of the gravitational 

acceleration due to the centripetal acceleration. It was demonstrated that even low speed sample 

spinning was highly effective for suppressing convection artifacts in T1 relaxation measurements 

[36]. 

Convection itself cannot affect the spin dynamics and relaxation of the system provided 

that the molecular transport occurs between regions with the same experimental conditions, for 

example with the same rf field efficiency. In the case of the singlet relaxation measurement, 

convection interferes with the spatial nonuniformity of singlet/triplet conversion efficiency. In 

the extreme case, the generated singlets can leave the active coil region due to convection, thus 

causing additional apparent attenuation of the detected singlet signal. One can easily confine the 

sample within the active coil region, but, as demonstrated below, the nonuniformity of the 

conversion efficiency driven by B1 inhomogeneity can also lead to significant motional artifacts. 

 

3. Experimental 

All reagents were purchased from commercial sources and used without further 

purification. Maleic anhydride and ethanol-d6 anhydrous, were purchased from Sigma Aldrich. 

n-propyl-d7 alcohol was purchased from C/D/D isotope. Dimethyl maleate (DMM) and 

triethylamine were purchased from Fisher Scientific. All NMR solvents were purchased from 

Cambridge Isotopes. All compounds were analyzed by Bruker AV-400 (400 MHz), AV-500 

(500 MHz) and AVIII-600 (600 MHz). Deuterated asymmetric maleate acid esters were 

synthesized from maleic anhydride by following the procedure in the literature [42]. All 

reactions sensitive to moisture were done under inert atmosphere (Ar protection) with use of 

anhydrous solvents taken from standard solvent-drying system. Constricted sealable NMR tubes 

were purchased from Norell. All sample solutions were made under vacuum with freeze-pump-



thaw degassing and flame-sealing techniques.  The height of the solution in an NMR tube was 9 

mm. The height of a concentrated DMM solution in deuterated methanol for the SLIC imaging 

experiment was 33 mm. 

Singlet and T1 relaxation experiments were performed at magnetic fields of 11.74 T and 

14.1 T on Bruker AV-500 (500 MHz) and AVIII-600 (600 MHz), equipped with a standard 

solution state triple resonance BBO probe, and a triple resonance cryoprobe, respectively. The 

sample temperature was controlled at 298 K. Longitudinal relaxation times (T1) were measured 

using the standard saturation recovery technique. The radio frequency field strength in the T1 and 

M2S experiments [17, 18] was 𝛾𝐵! 2𝜋 = 13.9 kHz at 500 MHz and 𝛾𝐵! 2𝜋 = 31.3 kHz at 

600 MHz. The spin lock power in the SLIC experiment was 12 Hz. The echo number parameters 

in M2S were 𝑛! = 18 (500 MHz) and 𝑛! = 14 (600 MHz), 𝑛! = 𝑛!/2 and the echo delay was  

𝜏 = 20.6 ms, which corresponded to an in-singlet J-coupling constatnt 𝐽 = 12 Hz and the intra-

singlet chemical shift difference was ∆𝛿 = 2.2 ∗ 10!! ppm. The refocusing elements were 

cycled according to the MLEV4 (0, 0, 2, 2) scheme [43]. The z-gradient field applied in the 

imaging experiment was 𝑔 = 0.024 T/m. A spinning rate of 20 Hz was used in the experiments 

with sample spinning. 

 

4. Results and discussion 

4.1 SLIC 

Fig. 2 compares the singlet relaxation decays obtained from a sample of 1-(ethyl-d5) 4-

(propyl- d7) (Z)-but-2-enedioate using a SLIC singlet excitation technique [12] on both a 500 

MHz and a 600 MHz spectrometers with and without sample spinning. In the pulse sequence 

shown in Figure 2A, the initial 90˚ pulse converts equilibrium longitudinal spin order into 

transverse magnetization (triplet coherence). Then, a spin-lock induced crossing (SLIC) pulse is 

applied along the x-magnetization for coherent transfer of the magnetization into singlet order. 

The singlet state is then stored undisturbed during the singlet relaxation period followed by the 

ZQ filtration sequence. During the ZQ filtration, three sine-bell shaped gradients of various 

amplitudes along with the rf pulses effectively suppress the single- and double-quantum 

coherences to prevent their undesirable interference with the detected signal [44]. After that, the 

second SLIC pulse is used to convert singlet spin order into single-quantum coherence 

(transverse magnetization) that is immediately detected. It can be seen that the curves obtained 

without spinning show significantly faster decay rates than the spinning samples. Furthermore, 

the experiment at 600 MHz shows an oscillatory behavior, presumably arising from convective 

circulation of the fluid similar to the one observed previously in T1 inversion-recovery 

experiments [36]. Sample spinning, however, increases the apparent singlet lifetime and 



eliminates the decay distortions which indicates that convection is suppressed significantly. As 

was discussed above, convection losses occur when molecules bearing singlet order leave the 

region where the singlet is effectively generated and detected. As a result, part of the singlet 

order can never be detected and is thus lost. The experiments recorded on a cryoprobe show 

more drastic effects (Fig. 2B, 600 MHz), most likely due to the larger temperature gradients that 

are generated from the presence of the low-temperature tuned circuit. The experimental curve for 

a nonspinning sample in a cryoprobe was fit using the convection model described by Eq. 2 in 

order to determine whether the experimental features could be reproduced with reasonable 

parameters. The Rayleigh number for this simulation was 1400 which for chloroform 

corresponded to a temperature gradient of 1.65 K/cm. As seen in Fig. 2, a good agreement 

between simulated (dashed) and experimental curves is found, which indicates the adequacy of 

the model in spite of the significant limiting assumptions. 

 
Fig. 2. (A) The 1-(ethyl-d5) 4-(propyl- d7) (Z)-but-2-enedioate molecule. (B) SLIC pulse sequence in (C) a 500 MHz 

spectrometer with a room temperature probe, and (D), a 600 MHz spectrometer equipped with a cryoprobe. 



Figure 3 shows the comparison of 1H 1D-images obtained using the same pulse sequence, 

together with a readout gradient, which allows one to map the excitation profiles over the sample 

volume. As can be seen in Figure 3, singlet excitation is greatly inhomogeneous even in the coil 

region. It can be seen that singlet order is efficiently created and reconverted to detectably 

magnetization mainly at the edges of the coil. In fact, molecular displacement even within the 

coil region thus leads to signal loss. We have examined whether simply rescaling the rf power of 

the SLIC would significantly change the excitation/detection patterns, and make it more uniform, 

but this was not the case. This finding points to the fact that the observed effects are not solely 

caused by B1 inhomogeneity.  

 
Fig. 3. Comparison of 1D z-images obtained using the SLIC singlet excitation (bottom) and back-conversion 

method and a conventional 1H image (top) obtained from the DMM solution.  

To avoid molecules leaving the coil region, one can use shorter or confined samples but 

this procedure has certain practical disadvantages. For example, susceptibility-matched plugs are 

available only for a few solvents, and the use of these plugs is very difficult to combine with the 

requirement of efficient sample degassing, which is often needed for the measurement of true 

singlet lifetimes. If susceptibility-matched plugs are not used, significant line broadening may be 

observed. Broad-band SLIC modifications exist [14, 45] and demonstrate high effectiveness, but 

these techniques often cannot overcome the concomitant broadening. For 1H singlet applications, 

the applied spin-lock field power must match the intra-singlet J-coupling, and the bandwidth of 

applied spin-lock pulses, even for the best demonstrated adiabatic SLIC versions is of the order 

of B1 amplitude, 10-20 Hz. On the other hand, the spectral width of a short sample is typically 

significantly broader than that, which makes it impossible to uniformly excite the entire spectral 



line using a spin-lock based triplet-singlet conversion technique. Nonetheless, adiabatic SLIC 

[14] is potentially applicable for heteronuclei. For example, in 13C singlet spectroscopy, the in-

pair J-coupling and hence the spin-lock power are often much larger than the line width. 

 

4.2 M2S with composite inversion pulses 

To avoid complications associated with line broadening when short samples are used, broadband 

singlet excitation methods, such as M2S (Fig. 2A), need to be employed. The M2S sequence has 

the advantage of being broad-band with respect to resonance offsets, and thus may offer the first 

step in improving the situation. Furthermore, inhomogeneities due to susceptibility differences in 

a short sample would not affect the results much. M2S has no long narrow-band elements and is 

not sensitive to offset effects. Therefore, the spectral width has no effect on the singlet 

conversion efficiency. Moreover, one can use composite universal rotation pulses in J-coupling 

synchronized pulse trains in M2S. This approach increases the robustness of the pulse sequence 

to B1 mismatches. It is advantageous to use composite pulses for the repeating !-rotation 

elements, thus eliminating or minimizing an accumulation of errors. Non-repeating elements of 

these sequences are not so critical, since they do not cause significant errors.

 
Fig. 4.  (A) M2S pulse sequence; composite pulses are shown as black rectangles. Two composite inversion 

elements used in this work: (B)  90018090900 and (C) the 25 pulse composite, that consists of twenty-five 180˚ pulses 



[46, 47] (phases indicated in the text). Comparison of singlet relaxation decays obtained in a short sample of a 

solution of the compound of Fig. 2A using M2S with 3- and 25-pulse composite inversion pulses without (D) and 

with sample spinning (E). 

Figure 4 (D, E) compares the singlet relaxation curves obtained using M2S with different 

composite inversion elements with and without sample spinning, respectively. The first one is 

the widely-used 90-180-90 composite pulse applied with the MLEV4 phase incremental scheme 

[43]. It is compared to an M2S sequence with every 180º pulse is replaced by a highly B1 

mismatch-compensated pulse train consisting of twenty-five 180-pulses with phases 0, 0, 120, 

60, 120, 0, 0, 120, 60, 120, 120, 120, 240, 180, 240, 60, 60, 180, 120, 180, 120, 120, 240, 180, 

240 [46, 47]. It can be seen that the apparent singlet lifetime increased by a factor of almost two 

when the highly compensated composites were used. The experiments with sample spinning 

demonstrate  similar results for both types of composite pulses in the M2S sequence, while they 

agree best with the result from the 25-pulse sequence without spinning. These results illustrate 

that a B1 inhomogeneity must be a significant factor in the observed signal losses.  

 
Fig. 5. Dependence of simulated normalized singlet transfer efficiency in a M2S experiment for the parameters of a 

the compound of Fig. 2A (J = 12 Hz, ∆𝜈 = 1 Hz) vs. B1-field mismatch. Composite universal rotation pulses are 

compared. 

Figure 5 illustrates the dependence of the normalized transfer efficiency in a full M2S 

experiment on B1 field mismatch. The simulation shows that the singlet excitation/detection 

efficiency significantly depends on the B1 field homogeneity for the sequence with 3-pulse 

composites with and without phase cycling. An implementation with phase cycling provides 

higher transfer efficiency and flatter B1 mismatch dependence than when no phase cycle was 

used. The comparison of two phase incremental schemes, MLEV4 [43] and MLEV16 [48], 

shows no significant difference in transfer efficiency. On the other hand, the 25-pulse composite 

inversion element provides a highly uniform excitation in the entire B1 inhomogeneity range of a 



typical NMR probe. Phase cycling for this composite pulse has no significant effect on the 

transfer efficiency.  

The 25-pulse composite provides the highest-possible performance over the whole sample 

volume when the sample is located entirely within the active coil region, which eliminates 

possible loss of signal as a result of convection. In this implementation, we were thus able to 

measure the longest singlet lifetimes for this sample – 582 s. We note that B1 inhomogeneity 

alone could not explain these results, but sample motion in combination with these 

inhomogeneities appears to be the underlying mechanism, and efficient compensation of these 

inhomogeneities provides a method for measuring lifetimes in a robust way. 

 

5. Conclusions 

We have shown that a reduction of the measured singlet relaxation rates is due to the 

interplay between two processes: macroscopic motion in the sample and non-uniformity of 

singlet excitation and detection due to rf field inhomogeneity. The macroscopic motion, due to 

thermal convection currents, leads to a relocation of molecules between singlet creation and 

detection, and thus an additional time-dependent decay is seen in the experiments. In drastic 

situations, molecules can also leave the coil region, but even when the samples are confined, 

significant additional decays are observed. To overcome these problems, we demonstrate that 

control of convection enhances the ability to measure long singlet lifetimes, and broad-band 

singlet conversion pulse elements, such as M2S/S2M, in combination with high-order composite 

pulse elements in M2S provide significant improvements in inhomogeneity compensation, and 

convection robustness. With these modifications, reliable singlet lifetime measurements may be 

obtained.  
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