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Chemically assisted swapping of labile protons by deuterons is presented for amino acids, polysaccharides, pharmaceutical compounds, and their solid formulations. Solid-state packing interactions in these compounds are elucidated by 1 H-2 H isotope correlation NMR spectroscopy (iCOSY). Specifically, a minuscule concentration of dopamine (5 wt%, ~100 g) in a solid formulation can be detected by 2 H NMR at 1200 MHz in under a minute.

Site-selective deuteration of small molecules has emerged as an indispensable tool in a variety of research areas such as drug development, structural biology, kinetic isotopic effects, and probing biochemical/enzymatic reactions. [1][2][3][4][5][6] In particular, deuterated active pharmaceutical ingredients (d-APIs) -referred to as deuterium isotopologues -have received significant attention owing to their unique physicochemical properties. The d-APIs tend to significantly alter pharmacokinetic properties by retarding the metabolism in vivo, which can extend the lifetime of therapeutics, enabling lower dosing than the conventional APIs to achieve the same physiological activity, selectivity and biochemical potency. [3][4][5][6] In addition, deuterated amino acids and nucleotides have garnered interest in chemical biology in order to probe enzyme mechanisms and metabolic pathways. 7,8 There is an upsurge in the interest of developing scalable methods for the site-selective deuteration of small organic molecules. Deuterium ( 2 H) isotopic labelling can be achieved by de-novo synthesis of small molecules using deuterated precursors obtained by, for example, heterogeneous catalysis or enzymatic reactions. [9][10][11][12] Nanostructured iron catalysts have been employed to selectively deuterate CH groups in (hetero)arenes and heterocycles such as anilines, phenols, and indoles with yields of deuteration in the 10-98% range. 9,13 Dual-protein catalysis has been shown to be an efficient method to deuterate Cα and Cβ sites in amino acids, yielding a moderate-to-high (67-99%) degree of deuteration. 14 Electrochemical methods are gaining momentum to achieve siteselective isotopic labelling with yields varying from <5% to nearly 100% via, for example, deutero-halogenation and reductive amination reactions. 15 In addition, photocatalysis has also been used as a green chemistry alternative for the deuteration of organic compounds. 16 Starting from the final product, isotopic 2 H enrichment of labile sites such as NHn (n=1-3) and OHn (n= 1, 2) groups can be achieved by treating them with deuterated solvents or gases at moderate/elevated temperatures and pressures. This approach facilitates the study of structures and dynamics of biomacromolecules using NMR spectroscopy, 17 though it leads to low yields of deuteration in comparison to the aforementioned methods. Here, we propose a facile chemical exchange protocol to deuterate labile protons in pharmaceutical compounds by dissolution and crystallization from a 2 H-enriched solvent at different temperatures, yielding up to 90% deuterium substitution. The high degree of H/D exchange enabled the structural elucidation of drug molecules in powders and solid formulations by magic-angle spinning (MAS) NMR spectroscopy at moderate to high magnetic fields (9.4 T, 18.8 T and 28.2 T).

The multistep approach we propose for site-specific deuteration in small molecules is presented in Figure 1. The process begins with the dissolution of small molecules in deuterated solvents, followed by sonication/agitation to dissociate large lumps of powder, if any. The dissolution/suspension enables the labile protons in amine, imide, and hydroxyl groups to be exchanged by deuterium, but the CH, CH2, and CH3 protons do not. The rate of H/D exchange depends on proton lability and solubility of the compounds, as well as the crystallization temperature. A fast H/D exchange and a high degree of deuteration can be achieved at elevated temperatures (up to 400 K) yet preserving the solid-state organization of organic molecules. The extent of H/D exchange can be assessed by analysing 1 H solidstate NMR spectra of powder before and after deuteration (SI, Section 2). For L-histidine.HCl.H2O, and dopamine.HCl, deuteration (%) is presented in Figure 1c (SI, Figure S1), whereby different degrees of deuteration are observed for different sites as a function of temperature. Crystallization from D2O at room temperature (295 ±3 K) enables H/D exchange yields of 35% and 17% for NH3 sites in Lhistidine.HCl.H2O, and dopamine.HCl, respectively. Crystallization from the same solvent at 373 (±3) K enables a more facile exchange, resulting in 90% and 76% of deuteration for the same sites. A high degree of deuteration can be achieved in a single cycle where the temperature is not a concern. However, multiple cycles of deuteration may be required for the biological systems that require recrystallization at relatively low temperatures (<290 K). In contrast, cellulose is poorly soluble in water and exhibits low affinity towards H/D exchange (SI, Figure S2) even at high temperatures. It is also expected to be the case for saturated fatty acids, polymer micelles, and glidants (colloidal anhydrous silica) used in pharmaceutical formulations. Therefore, the presented approach can be used to isotopically enrich labile hydrogen atoms in the APIs without significantly deuterating excipients. Below, we illustrate how this method can be used to selectively detect histidine and dopamine in solid formulations with microcrystalline cellulose (MCC).

Although deuterated organic molecules have been widely investigated in the context of synthetic organic chemistry and chemical biology, structural aspects of their solid formulations have been seldom studied. 4 Molecular-level understanding of amorphous dispersions has been exceedingly challenging due to the compositional and structural heterogeneities associated with APIs and excipients that lack the long-range order. Solid-state NMR spectroscopy has been used to elucidate local structures, packing interactions, and (pseudo)polymorphism in pharmaceutical compounds. 18,19 In particular, two-dimensional (2D) experiments such as 1 H-X (X= 1 H, 13 C, 14/15 N, 19 F, and 35 Cl) enabled the local structures and interactions in neat APIs and solid formulations to be elucidated. [19][20][21][22][23][24] One notable example is the use of 2D 14 N-1 H and 14 Nfiltered 1D 1 H and 2D 1 H-1 H correlation experiments coupled with spin-diffusion process for detecting APIs in solid formulations. 21,23 Using this approach, APIs can be selectively detected in tablet formulations. The proposed 2D 1 H-2 H iCOSY experiment operates in a manner akin to what is observed in 1 H- 14 N correlation experiments, nonetheless the H/D exchange of -NH and -OH sites manifest more 2 H sites to be excited and resolved in APIs. The details pertaining to the detection of small molecule drugs by the 2D iCOSY method is discussed below. Figure 2a compares 1 H MAS spectra of neat and partially deuterated histidine, showing differences in the peak intensities for NH (5) and NH (7), NH3(1), and water (w) protons. It is also reflected in the 2 H MAS NMR spectrum of this latter compound (Figure 2b), whereby strong intensity peaks corresponding to ND3 and water-d peaks are observed. In contrast, weak intensity broad peaks appear for D5 and D7 sites due to the different quadrupolar interactions associated with these sites. 2 H (spin I=1) exhibits moderate quadrupole interactions (less than 1 MHz), leading to the spectra patterns which are several 100's ppm wide for non-spinning samples, i.e., much broader than the isotropic chemical shifts (a few 10's ppm). For small molecules, sensitivity and resolution aspects of 2 H MAS NMR have previously been discussed. [25][26][27][28] Molecular motions such as rotational and reorientational dynamics in CD3 and ND3 groups reduce the quadrupolar interactions, enabling narrow 2 H peaks to be detected. 25,26,29,30 Spectral resolution can be substantially improved by fast MAS in conjunction with high magnetic fields (SI, Figures S3 andS4), enabling the isotropic 2 H chemical shifts as well as quadrupolar couplings to be measured and compared for different sites (SI, Figure S5, Table S1).

A simple route to acquire 2D 1 H-2 H iCOSY spectra is to use a Heteronuclear Multiple-Quantum Coherence (HMQC) experiment 31,32 (SI, Figure S1), in which the recoupling delay (rcpl) can be adjusted to detect 2D peaks corresponding to 1 H-2 H sites separated by short (<3 Å) and mid-range (3-5 Å) distances. The 1D 1 H{ 2 H}-filtered HMQC spectra acquired with different recoupling times are presented in Figure 2a (blue). The blue spectra illustrate that, a priori, by adjusting the 1 H-2 H recoupling time, all 1 H peaks can be detected though with different peak intensities. By comparison, 2D iCOSY spectra acquired with 133.3 s and 200 s (Figures 2c,d) mixing times display peaks corresponding to short (<3 Å) and midrange (>3 Å) 1 H-2 H proximities. Interatomic 1 H-2 H distances that contribute to the 2D peaks are measured as depicted in the DFT geometry optimized crystal structure shown in the inset (Figure 2a). 33 In Figure 2c, 2D peaks associated with D5-H6, D7-H6/H8, ND3-CH2, CH2-D2O, and ND3-D2O corresponding to interatomic distances in the 2.4-2.6 Å range are detected. ‡ In Figure 2d, detection of the 2D peaks corresponding to through-space D5-H8 (iv) and ND3-H8 (vi) interactions with 2 H-1 H distances greater than 4 Å is noteworthy. Meanwhile, one has to take into account that the 2 H isotope substitution may lead to shorter bond distances. 6 § Next, we studied a solid formulation consisting of Lhistidine.HCl.H2O and cellulose (20/80 wt%) using the 2D 1 H-2 H iCOSY approach. For this blend, 1D 1 H (before and after deuteration), 2 H{ 1 H} and 2 H MAS spectra are shown in the SI (Figure S6). In the 1D 1 H NMR spectrum, peaks corresponding to the heterocycle and NH3 are resolved, but CH2 and Hw sites are overlapped with the proton peaks from cellulose. Intriguingly, the 2 H-filter suppresses the cellulose signals enabling the histidine peaks to be resolved. Figure 3 presents 2D iCOSY spectra of the solid formulation acquired with different recoupling times. While the 2D spectrum acquired with a short mixing time (99.9 s, Figure 3a) showed peaks associated with ND3/NH3 and H2O/D2O, a long mixing time (199.8 s, Figure 3b) allowed 2D peaks corresponding to the ND3-water, water-H5/H7/H8, water-CH2 and ND3-H5 proximities to be detected, for which the interatomic distances are presented in the crystal structure (Figure 3a inset). In addition, weak intensity peaks associated with cellulose (cyan box) are observed. Key learning from this analysis is that the local structures of partially deuterated molecules in complex solid formulations can be resolved and identified.

The sensitivity and resolution capabilities of high-field 2 H NMR for the analysis of complex drug formulations are further examined by analysing dopamine(DOPA)-cellulose blends. In doing so, we prepared solid formulations with different DOPA concentrations in the 5wt%-30wt% range. DOPA and its analogue levodopa (L-DOPA) have been widely investigated in the context of Parkinson's disease and related disorders. 34 Figure 4 compares ssNMR spectra of DOPA and DOPA/cellulose blends. First, we demonstrate the analysis of neat DOPA (Figure 4a), whereby the broad peak centered at ~7.6 ppm is due to an overlapped contribution from NH3 and aromatic protons. The partially resolved peaks at 2-4 ppm and 4-6 ppm are due to the CH2 (2and 2', next to the aromatic ring) and CH2 (3 and 3', next to the NH3) moieties, respectively. While all 1 H peaks are observed in the 1 H MAS spectra of pristine (black) and partially deuterated DOPA (green), and the 2 H-filtered 1 H MAS spectrum of this latter (blue) yields selective detection of the peak at ~7.6 ppm (NH3/ND3 and OH/OD). Consequently, 2 H MAS spectrum of partially deuterated DOPA (green, bottom) displays a peak at ~7.6 ppm, whereby fast MAS improves the resolution and aids the analysis of chemical shifts and quadrupolar parameters of ND3 and OD sites (SI, Figure S7, S8 and Table S2). For the same compound, analysis of 2D 1 H-2 H iCOSY spectra acquired with different recoupling times is presented in SI (Figure S9). A 2D 2 H-1 H iCOSY spectrum (Figure 4b) shows a strong peak originating from NH3/ND3 and a weak intensity peak corresponding to CH2 group adjacent to ND3/CH2, for which the interatomic distances are displayed in the DFT geometry-optimized crystal structure shown in the inset. 33 In comparison, DOPA-cellulose blends exhibit severely overlapped 1 H MAS NMR spectra (Figure 4c) with peaks originating from cellulose. The high sensitivity and resolution obtained at 28.2 T (1200 MHz and 60 kHz MAS) allows us to examine the detection limit of partially deuterated DOPA in the blend by acquiring 1 H and 2 H NMR spectra. Notably, detection of the 1 H NMR peak at 7.8 ppm corresponding to 5 wt% DOPA (~100 g, for which ~75% NH3 sites are deuterated) illustrates the resolving power of high field ssNMR for the analysis of a complex solid form. However, structurally disordered arrangements of the excipients give rise to chemical shift distributions (2-7 ppm) that cannot be averaged out even under fast MAS at high fields. Since excipients do not exhibit a greater tendency towards H/D exchange, their broad spectral features can be easily eliminated by acquiring 2 H NMR spectra (Figure 4c, bottom). High-resolution 2 H NMR spectra of DOPA in the blend can be detected in under a minute (~40 seconds with signal/noise ratio ~45). Likewise, we acquired 1D 1H MAS and 2 Hfiletered MAS spectra (Figure 4d, blue) to resolve 1 H peaks of DOPA and 2D 1 H-2 H iCOSY spectra to analyse the local structure of DOPA in the blend. In the 2D iCOSY spectrum (Figure 4d, bottom), peaks correlating 2 H (~7.6 ppm) and 1 H (5.9 and 3.4 ppm) chemical shifts are due to intramolecular proximity between the NH2 and CH2 groups (distances are shown in SI, Figure S10). By comparison, low intensity 2D peaks between the 2 H (~ 5.5 ppm) and signals 1 H (5.5-3.0 ppm) are expected to arise from the hydroxyl groups of cellulose. The 2D peak between cellulose ( 2 H, ~5.5 ppm) and dopamine ( 1 H, ~7.8 ppm) is likely to indicate the through-space intermolecular ND3-CH2 within the DOPA as well as the DOPA-cellulose proximities.

To summarize, in this communication we present a facile route to deuterate the labile protons in small organic molecules. The extent of H/D exchange and yields can be controlled in the range of 20-90% by adjusting the crystallization solvent and temperature. A high degree of deuteration is achieved for pharmaceutical compounds, while cellulose does not exhibit this trend due to the poor solubility in water. Stimulated by the sensitivity and resolution boost achieved by partial 2 H enrichment as well as high field ssNMR (18.8 T, 28.2 T) in conjunction with fast MAS, this study presents a 2D 1 H-2 H iCOSY technique for detecting site-selectively deuterated molecules in solid formulations. Compared to conventional 2D 1 H-14 N HMQC studies of small molecules, the 1 H-2 H iCOSY approach benefits from: (i) relatively large 1 H-2 H dipolar couplings as compared to the 1 H- 14 N dipolar couplings despite the low natural abundance of 2 H (0.0155%), (ii) smaller quadrupolar interactions in 2 H than 14 N sites, and (ii) there are more 2 H{ 1 H} sites that can be labelled in APIs than the naturally occurring 14 N{ 1 H} sites, which is an added advantage for the structure elucidation. It is to be noted that the 1 H→ 2 H crosspolarization (CP)-based techniques provide an alternative route to acquire 2D 1 H-2 H iCOSY spectra, calling for further development of 2D ssNMR techniques for the characterization of small organic molecules. 35 Therefore, the iCOSY approach is likely to see a promising future for solid-state characterization.
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Synthesis and experimental details

Partial deuteration of labile protons in molecular solids. Powders of L-histidine•HCl•H2O [C6H9N3O2•HCl•H2O],

dopamine.HCl [(HO)2C6H3(CH2)2NH2•HCl)] and microcrystalline cellulose (particle size, 20 m) were purchased from Sigma Aldrich and used as received. The solubility of histidine is 50 mg/mL, and dopamine is 600 mg/mL in water, whereas microcrystalline cellulose is relatively insoluble in water and sparingly soluble in dilute acids and weak bases (e.g., NaOH solution). Approximately 10 mg of L-histidine•HCl•H2O [C6H9N3O2•HCl•H2O] and dopamine.HCl [(HO)2C6H3(CH2)2NH2•HCl)] powders were dissolved in 500 microliters of D2O, which ensures complete dissolution. The samples were suspended in a petri dish overnight at room temperature. Fine powders of partially deuterated samples were scratched from the petri dish to collect enough material for ssNMR experiments. For the high-temperature deuteration exchange experiment, powders of L-histidine.HCl.H2O, and dopamine.HCl were suspended in 500 microliters of D2O in a petri dish. For the blends with cellulose Lhistidine.HCl.H2O (20 wt.%) and 30 wt.% of dopamine.HCl in microcrystalline cellulose was suspended in 300 microliters of D2O. These suspensions were heated at 100 °C in order to facilitate the 1 H-2 H exchange until evaporation of water and cooled down to room temperature. Fine dry powders are formed within a few minutes. These powders were scratched from the petri dish. The extent of deuteration is estimated by analysing 1D 1 H NMR spectra by comparing the relative integrals of the labile proton sites in pristine and deuterated samples.

Solid-state NMR spectroscopy. For the analysis of pristine compounds, all samples were used as received. Approximately 2.2 mg of each powder was packed into a 1.3 mm (outer diameter) rotor. All 1D 1 H MAS NMR experiments were carried out either on a 9.4 T, 18.8 T, or on a 28.2 T Bruker Avance NEO4 solid-state NMR spectrometer operating at a 1 H Larmor frequency of 400.1 MHz, 800.1 MHz or 1200.5 MHz. Each of them was equipped with a 1.3 mm double-resonance MAS probe head. All 2D 1 H-2 H isotope correlation experiments were performed on a 18.8 T with 60 kHz MAS. The 1 H and 2 H pulse lengths and dipolar recoupling periods (τrcpl) were empirically optimized using 1D versions of the D-HMQC pulse sequence. 1D 1 H MAS NMR spectra of neat compounds and blends were acquired with 32 coadded transients with a recycle delay of 10 s, leading to an experimental time of 6 mins each. All 2 H MAS NMR spectra were acquired by coaddition of 1024 transients, leading to an experimental time of 16 mins each. 2 H MAS NMR spectra can be acquired with 96 coadded transients in under a minute. All 1 H chemical shifts are calibrated with respect to neat TMS using adamantane as an external reference ( 1 H resonance, 1.85 ppm). All the 2 H shifts are calibrated with respect to TMS using liquid D2O as an external reference ( 2 H resonance, 4.80 ppm).

Isotope correlation spectroscopy (iCOSY).

All 2D NMR experiments were performed on a Bruker Avance Neo (18.8 T Larmor frequency of 1 H = 800.1 MHz, 2 H = 122.8 MHz) spectrometer, using a 1.3 mm Bruker probe operating in double-resonance mode at a 60 kHz MAS frequency. The pulse sequence used to acquire the 2 H-1 H HMQC spectra is reported in Figure S1. A pulse program suitable for Bruker spectrometers is provided in a previous study 9 (see: supporting information of ref. 9, pages 10-16). SR41 2 recoupling elements were used to reintroduce the heteronuclear 2 H-1 H dipolar couplings, using a duration rcpl= 166 microseconds. The 1 H 90degree pulse duration and the 2 H pulse durations were 2.2 µs and 16.6 µs, respectively. For a L-histidine.HCl.H2O, 80 t1 FIDs were acquired using the States method to achieve sign discrimination in F1 with a rotor synchronized increment of 16.6 µs, 32 transients were coadded with a recycle delay of 6 s, corresponding to a total experimental time of 4.2 h. For L-histidine.HCl.H2O/microcrystalline cellulose blend (20/80 wt.%), 120 t1 FIDs were acquired using the States method to achieve sign discrimination in F1 with a rotor synchronized increment of 16.6 µs, 32 transients were coadded with a recycle delay of 6 s, corresponding to a total experimental time of ~7 h. For dopamine.HCl, 64 t1 FIDs were acquired using the States method to achieve sign discrimination in F1 with a rotor synchronized increment of 16.6 µs, 8 transients were coadded with a recycle delay of 5 s, corresponding to a total experimental time of ~1.5 h. For the 30 wt.% dopamine.HCl blend with microcrystalline cellulose, 96 t1 FIDs were acquired using the States method to achieve sign discrimination in F1 with a rotor synchronized increment of 16.6 µs. 24 transients were coadded with a recycle delay of 5 s, corresponding to a total experimental time of ~4 h. First-principles calculations using a periodic-DFT approach. For calculations, input files were generated by taking molecular coordinates from previously published crystal structures deposited in the Cambridge database: Lhistidine.HCl.H2O (CCDC code: HISTCMO1) 1 and dopamine•HCl (CCDC code: DOPAMN). 2 All calculations were performed using the CASTEP 19.11 code. 3 Geometry optimization was carried out using periodic density functional theory (DFT), and the NMR chemical shifts were computed using the gauge including projected augmented wave (GIPAW) method as described by Pickard and Mauri. 4,5 The generalized density approximation DFT functional PBE (Perdew-Burke Ernzerhof) with the Tkatchenko-Scheffler (TS) dispersion correction scheme (DFT-D method) was with ultrasoft pseudopotentials. 6,7 The Broyden-Fletcher-Goldfarb-Shanno (BESG) optimization algorithm was used to geometry optimize unconstrained molecular systems. The Monkhorst-Pack grid of minimum sample spacing 0.07 × 2π Å -1 was applied to sample the Brillouin zone (i.e., primitive cell in reciprocal space). The molecular geometry was converged with a maximum plane wave cut-off energy of 23.15 Hartrees. The atom positions in the unit cell were allowed to relax within the unit cell until the average forces, energies, and displacements remaining were below 3.6749 × 10 -7 Hartree/Å, 0.0011025 Hartrees, and 0.001 Å, respectively. For L-histidine.HCl.H2O, and dopamine.HCl, all interatomic distances stated in this study correspond to the DFT optimized structures. 8 

Figure 1 .

 1 Figure 1. (a) A schematic of site-selective H-D exchange for small molecules, (b) molecular structures of L-histidine.HCl.H2O, dopamine.HCl and cellulose, and (c) degree of deuteration measured by 1 H MAS NMR spectroscopy at 18.8 T ( 1 H = 800 MHz) with 60 kHz MAS. Grey and green bars correspond to the deuteration(%) obtained at 295±5 K and 373±3 K. * contribution from OH.
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Figure 2 .

 2 Figure 2. (a) 1D 1 H MAS spectra of L-histidine.HCl.H2O: pristine (black) and deuterated (green) with a 2 H-filter using different recoupling times (blue), along with (b) 2 H MAS spectrum of the same compound. 2D 1 H-2 H iCOSY spectra acquired with a HMQC sequence using (c) short (133.3 µs) and (d) long (200 µs) recoupling times. Interatomic 1 H-2 H distances contributing to the 2D peaks are depicted in inset (a). ‡ § All spectra were acquired at 18.8 T ( 1 H = 800.1 MHz) with 60 kHz MAS.

Figure 3 .

 3 Figure 3. 2D 1 H-2 H iCOSY spectra of partially deuterated histidine-cellulose (20/80 wt%) blend acquired with (a) 99.9 µs and (b) 199.8 µs of mixing time, plotted with the projections. 1D 1 H MAS spectra (black) of the same compound are presented in the top horizontal axis. All spectra were acquired at 18.8 T ( 1 H = 800.1 MHz) with 60 kHz MAS.

Figure 4 .

 4 Figure 4. Structure elucidation of DOPA and DOPA-cellulose blends. (a) top: 1D 1 H MAS spectra of pristine (black) and partially deuterated (green) DOPA and with a 2 H-filter (blue) and 2 H NMR spectrum (bottom) of the same sample acquired at 18.8 T ( 1 H = 800.1 MHz). (b) A 2D 1 H-2 H iCOSY spectrum of DOPA acquired at 18.8 T with τRCPL = 199.8 µs together with the DFT geometry optimized crystal structure depicting the interatomic distances. (c) 1D 1 H MAS spectra (top) of DOPA-cellulose blends with different concentrations of DOPA as indicated, and 2 H NMR spectra (bottom) of the same compounds acquired at 28.2 T ( 1 H = 1200.5 MHz). (d) A 1D 1 H MAS spectrum of pristine (black) and a 2 H-filtered (blue) spectrum of the DOPA-cellulose blend along with a 2D iCOSY spectrum acquired with the same conditions as in (b). Distances corresponding to (I-VII) are shown in SI, Figure S10. All spectra were acquired with 60 kHz MAS.

Figure S1 .

 S1 Figure S1. Schematic of HMQC pulse sequence (top) used in the present study to acquire one (1D) and twodimensional (2D) iCOSY spectra. SR41 2 pulses are applied for the recoupling of the 1 H-2 H dipolar interactions. The evolution during t1, the recoupling pulses, and 2 H pulses are rotor synchronized with respect to the sample spinning. The coherence pathways are provided at the bottom. See Ref. 9 (SI) for the pulse program.
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Estimation of the extent of deuteration (%) in molecular solids

The extent of deuteration, D(%), was estimated by comparing the 1 H integral values of each labile proton site in pristine and deuterated samples using Equation 1, where IH (pristine) and IH (deuterated) are the peak integrals of labile protons in pristine and deuterated samples. 3. 1D 1 H and 2 H MAS NMR spectra of partially deuterated samples acquired at 9.4 T and 18.8 T

For partially deuterated L-histidine.HCl.H2O, and dopamine.HCl, 1 H and 2 H MAS spectra acquired at different magnetic field strengths such as 9.4 T (400.1 MHz) and 18.8 T (800.1 MHz) are presented in Figure 3. All spectra were acquired at 60 kHz MAS to maintain a consistent spinning speed. Resolution and sensitivity enhancements in the 1 H MAS spectra obtained at 18.8 T are evident from relatively better-resolved peaks, for example, in the 6-10 ppm range for L-histidine.HCl.H2O as well in the 4-10 ppm range for dopamine.HCl. The resolution of the 2 H MAS spectrum of L-histidine.HCl.H2O is dramatically improved by going from 9.4 T to 18.8 T, due to the well-known effect that the quadrupolar interaction scales inversely with the magnetic field strength. Therefore, a high magnetic field improves the resolution in 1 H as well as in 2 H MAS NMR spectra, enabling better resolution to be achieved in the 2D 1 H-2 H iCOSY spectra. -------a Errors on the iso, CQ, and Q are estimated to be ±0.1 ppm, ±0.04 MHz, and ±0.03, respectively.