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Abstract

A method based on highly concentrated radical solutions is investigated for the suppression of
the NMR signals arising from solvents that are usually used for dynamic nuclear polarization
experiments. The presented method is suitable in the case of powders, which are impregnated with
a radical-containing solution. It is also demonstrated that the intensity and the resolution of the
signals due to the sample of interest is not affected by the high concentration of radicals. The
method proposed here is therefore valuable when sensitivity is of the utmost importance, namely
samples at natural isotopic abundance.
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Highlights
e Highly concentrated radical solutions can be used to suppress the signal of the solvent
e No impact on signal-to-noise ratio and resolution

e The procedure is efficient for both aqueous and organic solvents



1. Introduction

The recent development of high-field dynamic nuclear polarization (DNP) has enabled a wide

range of molecular systems to be thoroughly investigated.!"!¢ These results have been obtained

17-25 26-33

thanks to the development of hardware,!”2° polarizing agents,?5** and theory.>**! Among these
developments, the study of samples at natural isotopic abundance thrived,**#¢ especially as a result
of efficient methodologies for sample preparation. Indeed, Rossini et al. have demonstrated that
powders can be impregnated with a radical-containing solution,*” where the polarizing agent (PA)
remains at the surface of the powder particles and the DNP-enhanced 'H polarization is transferred
to the core of the particle through 'H-'H spin-diffusion.*® This approach yielded large DNP
sensitivity enhancements, which allowed samples at natural isotopic abundance to be fully
characterized. Morevover, this methodology preserves the resolution of the NMR spectra because
the PA remains distant from the nuclear spins that eventually contribute to the detected NMR

signal.

A drawback of this method is that the solvent used to dissolve the PA is strongly enhanced by
DNP, which usually results in a large solvent signal observed in the DNP-enhanced 'H-'3C CP
NMR spectra of impregnated samples. Several methods have been proposed to suppress this signal,

4931 relaxation filters® or dipolar dephasing.>® The main

such as solvent-free preparation methods,
advantage of these solvent-suppression methods is their versatility (although the method based on
dipolar dephasing requires a triple-channel probe). In fact, these methods can be applied to
different kinds of samples, such as frozen solutions,>* porous materials> or impregnated powders.
Unfortunately, methods based on relaxation filters or dipolar diphasing not only affect the intensity
of the solvent signal but also the intensity of the signals belonging to the sample under study. The
resulting loss in signal intensity may be significant and could prove detrimental to the overall
signal-to-noise ratio of the DNP-enhanced NMR spectra, especially for samples at natural isotopic

abundance. In addition, this intensity reduction may not be uniform for the different resonances of

the sample under study.

In this contribution, we investigate the influence of using highly concentrated radical solutions
when recording DNP-enhanced spectra on impregnated powders. More specifically, we

demonstrate that increasing the concentration of radicals allows the signal of the solvent to be



effectively suppressed, without affecting the intensity or the resolution of the signals due to the
sample of interest. The methodology proposed here is illustrated on samples that were impregnated

either with an organic or an aqueaous radical-containing solution.

2. Results and Discussion

Figure 1 shows the 'H-1*C CP MAS spectra of 3-aminobenzoic acid, which has been impregnated
with two distinct solutions of TEKPol in 1,1,2,2-tetrachlroethane (TCE), namely 17 mM and 80
mM. Typically, the usual concentration of a radical solution used for incipient wetness
impregnation is ~16 mM,*"- 3¢ which is significantly less than the concentration of 80 mM used in

this study.
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Figure 1: DNP-enhanced NMR 'H-"*C CP MAS spectra of 3-aminobenzoic acid as a powder and
impregnated with a TCE solution of TEKPol at (a) 80 mM, and (b) 17 mM. Both spectra were recorded
using a relaxation delay of 10 s, at a temperature of 108 K and with a MAS frequency of 10 kHz. The



experimental time to record each spectram was 60 s. The noise for each spectrum is shown in the inset.
(The symbol * indicates a spinning side band).

Interestingly, both spectra shown in Figure 1 have comparable resolution but the signal arising
from TCE is not observable in the spectrum recorded for the sample impregnated with the TCE
solution of TEKPol at 80 mM (Figure 1a). In fact, the high concentration of the PA leads to strong
paramagnetic relaxation that shortens the apparent relaxation times of the nuclear spins close to
the PA. In the case of incipient wetness impregnation of powders, the relaxation of the nuclei
belonging to the solvent is thus considerably affected by this paramagnetic relaxation, while the

relaxation of the remote nuclei belonging to the core of the powder particle is much less altered.

The 'H-13C CP MAS spectra of 3-aminobenzoic acid recorded at a temperature of ~108 K and
shown in Figure 2 underline the impact of the solvent and PA on the spectral linewidths of the
NMR signal after incipient wetness impregnation. Interestingly, Figure 2 shows that the
broadening of the NMR signal arises mainly from the presence of the solvent rather than from the
presence of the PA. In fact, the '"H-3C CP MAS spectra shown in Figure 2a and 2b, which were
both recorded after impregnation with TCE, have nearly identical spectral linewidths, despite the
fact that the spectrum shown in Figure 2b has been recorded in the absence of PA. It should also
be noted that the '"H-'3C CP MAS spectrum shown in Figure 2¢ and recorded for the pure powder
displays slightly narrower linewidths. This results confirms the minor impact of the PA on the 1*C
coherence lifetimes (72’), and hence on the resolution of NMR spectra of samples that have been
impregnated with a high concentration of PA.

Table 1: Relaxation properties, DNP signal enhancements and sensitivity (expressed as the S/N of the

BC CPMAS spectrum normalized to the square root of the experimental time) measured for 3-
aminobenzoic acid impregnated with a TCE solution of TEKPol.

Concentration of  77*('"H)and T:°('"H) ¢ A B ’(PC)? e SNxt'"?
TEKPol in TCE (s) (ms)
(mM)
17 2.4+0.1 and 105%7 0.40 0.60 3843 26 12
80 0.60+0.1 and 45+5 0.35 0.65 37+£3 76 53

“Data obtained with a biexponential fitting of the form S(t)= A exp[-t/Ti*]+ B exp[-1/T1"]
PMeasured for the fastest decaying signal, i.e. the C2 resonance.



Furthermore, a higher sensitivity (expressed as the S/N of the 3C CPMAS spectrum normalized
to the square root of the experimental time) is obtained for the sample impregnated with the 80
mM TEKPol/TCE solution with respect to the sample impregnated with the 17 mM TEKPol/TCE
solution. In fact, as shown in Table 1, both samples have comparable '*C coherence lifetimes (7>")
but the 'H longitudinal relaxation time (71) and the DNP signal enhancement (&ccp) are more
favorable for the sample impregnated with the 80 mM TEKPol/TCE solution. As a result, the
overall sensitivity enhancement is ~4 times higher for the sample impregnated with the 80 mM
TEKPol/TCE solution. This result is in full agreement with the previous results reported by
Mollica et al. for theophylline, where the maximal overall sensitivity was obtained for the powder

impregnated with a 66 mM solution of TEKPol in EtBr4.*
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Figure 2: "H-"*C CP MAS spectra of 3-aminobenzoic acid recorded with microwaves irradiation on (a)
the powder impregnated with a TCE solution of TEKPol at 80 mM, (b) the powder impregnated with
TCE, and (c) the pure powder. All spectra were recorded at a temperature of 108 K and a MAS frequency
of 10 kHz. The experimental time to record each spectrum was 80 s.



It should also be noted that identical measurements have been performed for two additional
radical concentrations, namely 30 mM and 55 mM. Interestingly, the signal of TCE was quenched
for the sample impregnated with the 55 mM radical solution while the signal of TCE was still
observed in the spectrum recorded for the sample impregnated with the 30 mM solution.
Furthermore, we observed that the highest sensitivity per unit time was obtained for the sample
impregnated with the 80 mM radical solution. The evolution of the DNP enhancement ecp and the

S/N per experimental time are given in the Supporting Information.

These favorable experimental conditions allowed two-dimensional NMR experiments to be
carried out for the sample of 3-aminobenzoic acid at natural isotopic abundance. For example,
Figure 3 shows the double quanta (DQ)-single quantum (SQ) 3C-13C correlation 2D spectrum
obtained for the sample impregnated with the 80 mM TEKPol in TCE. In this experiment, the
method of Dekhil et al. has been used to reintroduce the *C-13C dipolar coupling during a short
dipolar recoupling time (0.4 ms), allowing carbon-carbon connectivities to be established.>” This
spectrum was recorded in less than 8 hours and displays excellent signal-to-noise ratio and

resolution.
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Figure 3: *C-3C DQ/SQ dipolar correlation 2D spectrum recorded for a sample of natural abundance
3-aminobenzoic acid. The spectrum was recorded with microwave irradiation and for the powder



impregnated with a 80 mM solution of TEKPol in TCE. The dipolar recoupling time was adjusted to
establish carbon-carbon connectivities.
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Figure 4: 'H-">C CP MAS spectra of L-aspartic acid at natural abundance recorded for the powder
impregnated with a 45 mM solution of AMUPol in glycerol/D>O/H,O (60/30/10). The spectrum was
recorded with microwave irradiation and at a temperature of 108 K. The experimental time to record the
spectrum was 120 s. (The symbol * indicates a spinning side band)

Finally, it should be noted that the herein proposed solvent suppression method does not
exclusively work with TCE. In fact, as examplified in Figure 4, similar results can be obtained for
samples impregnated with a glycerol/water solution. In this case, a sample of L-aspartic acid at
natural isotopic abundance was impregnated with a solution of 45 mM of AMUPol in
glycerol/D,O/H>0 (60/30/10). At a temperature of 108 K, two intense and broad '3C resonances
are usually observed at 72 and 62 ppm for the frozen glycerol.>® In the spectrum shown in Figure
4, the intensity of the signals arising from glycerol were effectively reduced and are now more
than 50 times less intense than the signals arising from L-aspartic acid. It should also be noted that
the overall signal-to-noise ratio of the spectrum shown in Figure 4 is excellent, thanks to a DNP
enhancement cp=65 and a T1('H) of 16 s (estimated with a mono-exponential-fitting), and that the

high resolution of the '"H-3C CP spectrum has been preserved.

3. Material and methods

Sample preparation



The L-aspartic sample acid at natural isotopic abundance was obtained from Sigma Aldrich and
used without further purification. Several polymorphic forms exist for 3-aminobenzoic acid. Here
we prepared and studied the polymorphic form I11.°® Before impregnation, the samples were finely
ground by hand in a mortar and pestle for several minutes. The 'H-13C CPMAS spectra were
inspected before and after grinding and impregnation to monitor a potential evolution of the
polymorphic form III of 3-aminobenzoic acid; all 'H-'3C CPMAS spectra were identical to the 'H-
13C CPMAS spectrum reported by Hughes ef al. for form III of 3-aminobenzoic acid. 3 The
organic solvents utilized for impregnation were visually screened to evaluate whether the powder

samples were insoluble.

The sample of 3-aminobenzoic acid (~ 40 mg) was impregnated with 20 puL of a solution of
TEKPol in TCE/TCE-d> (20/80; v/v). Different concentrations of TEKPol were used and the
concentration of 80 mM yielded optimal overall sensitivity enhancement (see Figure S2 of the
Supporting Information). The PAs were dissolved in the desired solvent and no undissolved PA
was observed by visual inspection of the solution. The wet powder was then mixed with a spatula
and transferred to a sapphire rotor. The weight of the impregnated powder transferred into the rotor
was 34 mg. Freeze—thaw (i.e. insert—eject) cycling did not lead to significant modifications of the

ecp for the sample of 3-aminobenzoic acid.

For L-aspartic acid, 30 mg of powder was impregnated with 11 uL of a solution of 45 mM of
AMUPol in glycerol-ds/D>O/H.O (60/30/10; v/v/v); the weight of the impregnated powder

transferred into the rotor was 29 mg.

NMR experiments

All DNP NMR experiments were recorded on a Bruker 9.4 T wide-bore magnet (400 and 100
MHz for the 'H and !*C Larmor frequency, respectively) operated by an AVANCE-III NMR
spectrometer and equipped with a Bruker 3.2 mm low-temperature double-resonance DNP
'H/¥Si/"*C CPMAS probe. The spectrometer was equipped with a gyrotron that allowed
microwave (MW) irradiation of the sample. Specifically, the field sweep coil of the NMR magnet
was set so that MW irradiation occurred at the maximum DNP enhancement of TOTAPOL
(263.334 GHz). The estimated power of the MW beam at the output of the probe waveguide was
4W.



The sample temperature was ~108 K for the 'H-'3C CP MAS spectra recorded under microwave
irradiation. The spinning frequency was set to 10 kHz for the experiments performed on 3-
aminobenzoic acid and 8 kHz for the experiments performed on L-aspartic acid. The amplitude of
the 'H rf field was ramped during the contact time to improve efficiency. The recycle delay was
10 s and the CP contact time was 2.5 ms. The 1D spectra were were recorded with 4 repetitions
and 2 dummy scans. The 'H T} relaxation times were measured with the saturation/recovery pulse
sequence and the *C cohenrece lifetimes (7>’) were measured using the CPMAS spin echo

experiment.

The *C-13C DQ/SQ dipolar correlation 2D spectrum was recorded using the R20% symmetry.5%
! The DQ excitation and reconversion delays were set to 0.4 ms in order to select dipolar *C-1*C
couplings beteween covalently bonded '3C—!3C spin pairs;®’ 37 #; increments and 96 repetions for

each increment were used with a repetition delay of 4 s.

4. Conclusion

We have demonstrated that the signal of the solvent used for preparing DNP samples by incipient
wetness impregnation can be conveniently quenched by paramagnetic relaxation using highly
concentrated radical-containing solutions for impregnating the sample. This approach is
compatible for both aqueous and organic solvents, and preserves the resolution of the spectrum
and the overall sensitivity enhancement. Contrary to the other solvent suppression methodologies
proposed previously, the method presented here does not require long dephasing times to suppress
the signal of the solvent, and hence does not lead to signal loss for the sample under study. As a
result, this methodology is suitable for the study of samples at natural isotopic abundance where

maximal signal-to-noise ratios are sought.
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