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Abstract 

In recent years it was shown that mechanochemical strategies can be beneficial in directed 

conversions of organic compounds. Finding new reactions proved difficult, and due to the lack 

of mechanistic understanding of mechanochemical reaction events, respective efforts have 

mostly remained empirical. Spectroscopic techniques are crucial in shedding light on these 

questions. In this overview, we discuss the opportunities and challenges of solid-state nuclear 

magnetic resonance (NMR) spectroscopy in the field of organic mechanochemistry. After a 

brief discussion of the basics of high-resolution solid-state NMR under magic-angle spinning 

(MAS) conditions, we present seven opportunities for solid-state NMR in the field of organic 

mechanochemistry, ranging from ex-situ approaches to structurally elucidate reaction products 

obtained by milling to the potential and limitations of in-situ solid-state NMR approaches. 

Particular strengths of solid-state NMR, for instance in differentiating polymorphs, in NMR-

crystallographic structure-determination protocols, or in detecting weak noncovalent 

interactions in molecular-recognition events employing proton-detected solid-state NMR 

experiments at fast MAS frequencies, are discussed. 
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1. Introduction 

Mechanochemistry has a long track record, and historical overviews trace to back to 315 

B.C.[1] The common motif is that chemical reactions are affected by mechanical forces, 

facilitating molecular transformations and sometimes even promoting pathways which 

remained unfollowed under standard reaction conditions.[2] If the mechanical energy is induced 

by grinding or milling, for instance by applying a ball-milling device, the term "trituration 

mechanochemistry" is used.[3] It has been applied on inorganic and organic compounds with 

scales ranging from single molecules to bulk products.[4] In recent years, more and more organic 

chemists started to appreciate mechanochemical techniques as they realized many attractive 

features including, for example, the possibility of achieving remarkable reactivities under 

solvent-free conditions, the option to convert insoluble substrates, the need of lower than 

common catalyst loading, and the observation of unprecedented products that previously had 

remained inaccessible.[5] In light of these advances, the recognition of the green metrics of 

mechanosynthesis,[6] and the scale-up opportunities by extrusion and resonant acoustic mixing 

(RAM),[7] industrial applications have become feasible.[8] While many of these studies focussed 

on the search of mechanochemical protocols for covalent bond formations, other investigations 

targeted supramolecular assemblies on the molecular[9] and crystalline level (polymorphs).[10] 

For products with new covalent bonds, common techniques for product analysis involve an 

aqueous work-up, followed by the use of standard organic methods (i.e. solution-state NMR 

and infrared (IR) spectroscopy) for the determination of the product composition and molecular 

structure. This contrasts the structural analyses of mechanochemically prepared supramolecular 

arrangements, where synchrotron powder X-ray diffraction (PXRD), Raman, and electron 

paramagnetic resonance (EPR) spectroscopy have been developed as in-situ tools (for details 

see below).[11] Surprisingly, the latter techniques have only seldomly been applied in the context 

of mechanochemical formations of purely organic products with new covalent bonds.[12] 

Despite the many preparative advances and the increasing number of synthetic 

opportunities offered by following mechanochemical protocols, the mechanistic understanding 

of such processes at the molecular level has remained limited.[13] The emerging field of quantum 

mechanochemistry might shed light on these questions in the next future[14] although reports on 

ball-milling events are very rare up to date. Following the reactions, which often proceed by 

converting solids into solids via solids, is challenging and the use of appropriate analytical 

techniques are essential. The most relevant ones are briefly discussed here. 
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Powder X-ray diffraction[15]. PXRD is widely used for the characterization of solid materials. 

For mechanochemistry it is important because it gives structural information by identifying 

phases, purities, crystallite sizes, and morphologies.[16] As a bulk technique, it has been widely 

used to investigate polymorphs of co-crystals and their interconversions.[17] When studying 

mechanochemical reactions, the solids cannot only be analyzed ex-situ at the starting and the 

end point of the process, but also while the transformation is occurring.[18] Although such in-

situ analyses require high-energy radiation from a synchrotron X-ray source, the effort is 

worthwhile because highly valuable information is obtained referencing many details of a given 

transformation. This is even more true for time-resolved in-situ (TRIS) monitoring of 

mechanochemical reactions, which have recently found much attention.[19] Although PXRD is 

very useful in studying crystallites with sizes ranging from bulk to nanoscale, it cannot provide 

atomic-level information. In addition, a quantification of complex multiphase materials (by 

Rietveld refinement) is only possible if all phase parameters of the individual components are 

known. Furthermore, fully amorphous material cannot be characterized, hampering the 

extraction of a full reaction profile.  

 

Raman spectroscopy[20]. To analyze the progress of a mechanochemical reaction, Raman 

spectroscopy proved to be particularly valuable.[21] In transparent jars, this contactless method 

provides continuous information on the chemical composition of the reaction mixture by 

functional group tracking. As a consequence, a quantitative in-situ real-time monitoring of 

mechanochemical reactions is possible and kinetic models can be deduced.[22] Raman 

spectroscopy has also been used in combination with time-resolved in-situ X-ray diffraction, 

which allowed comprehensive analyses of molecular processes and crystalline structures.[23] 

The limitations of the technique are reached when the material is not Raman active or highly 

fluorescent. In addition, sample heating through radiation can occur, affecting the sample 

composition, even leading to compound degradation. Furthermore, structural details such as 

conformer analyses remain inaccessible. 

 

Infrared spectroscopy. In general, IR spectroscopy is a powerful technique, which can be 

complementary to Raman spectroscopy. It is non-invasive and relies on interactions of infrared 

radiation with matter. Functional groups can be recognized providing structural information of 

chemical entities. With respect to mechanochemistry, manifold applications of IR spectroscopy 

have been reported and most of them can be classified as ex situ. For example, IR spectroscopy 
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has been used to characterize the bonding situation in non-classical N-metalated palladium(II) 

pincer complexes, which were synthesized under mechanochemical conditions. For the IR 

spectroscopic monitoring, aliquots of the reaction mixture were collected during the milling 

thereby avoiding any solubilization or other processing before the analysis.[24] Metal-free 

systems have also been studied by IR spectroscopy. Here, the examination of the catechol-

theophylline co-crystal formation is an excellent example.[25] Directly after grinding of the two 

components, the samples were analyzed by attenuated total reflection (ATR) IR spectroscopy, 

which revealed the formation of new O–H•••O=H hydrogen bond interactions. In addition, co-

crystal hydrates were determined. IR spectroscopy has also been used to evaluate the 

mechanochemical degradation of a pharmaceutical.[26] Thus, after milling ibuprofen in the 

presence of Al(OH)3 for an extended period of time, degradation occurred and the resulting 

cleavage products were identified by various spectroscopic techniques, including FT-IR 

spectroscopy. Only after this initial screening (without work-up), the degradation products were 

extracted and isolated.[26] A related study focused on the oxidative degradation of clopidogrel 

hydrogensulfate, and there, ATR IR spectroscopy was used to directly analyze the crude 

reaction mixtures.[27] In all of the aforementioned examples, the mechanochemical processes 

intended to reach high conversions. However, IR spectroscopy can also be applied for analyzing 

mechanochemical surface modifications of solids. Along these lines, kaolinite was studied.[28] 

Using mid-IR and near-IR spectroscopy it was found that the mechanochemical treatment led 

to a destruction of the mineral surface and the loss of kaolinite hydroxyls. Concomitantly, water 

adsorbed on the surface.  

In all presented examples, IR spectroscopy was used ex situ, in general, by 

characterizing the products after the reaction was terminated. Another approach can be 

followed, if gases are involved in mechanochemical reactions.[29] Those conditions allow an in-

operando IR spectroscopy, in which the gases are passed through an outlet at the milling jar 

into an IR detector, where the gas composition is determined. An example of such approach 

was reported in the context of in-situ monitoring of mechanochemical reactions of hard 

materials.[30] There, parts of the polymeric milling device degraded, and the decomposition of 

the polymer was monitored by analyzing the gas phase inside the vessel. During the milling, a 

continuous argon flow supported the transport of the gases into the IR spectrometer, and in this 

manner, the formation of CO, CO2, water, and hydrocarbons was evidenced. 
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EPR spectroscopy[31]. This technique detects unpaired electrons and allows investigation of the 

structure and bonding situation of paramagnetic species. It is highly sensitive, requiring only 

µM concentrations, and has an extraordinary time resolution in the range of ns. Multiple 

applications have been reported in the context of mechanochemistry. Many of them involve the 

detection of paramagnetic metals in an environment resulting from a mechanochemical 

synthesis of a particular material.[32] Others focus on the generation of radicals by grinding of 

solids such as quartz sand, for example.[33] In related work, EPR spectroscopy was used to 

demonstrate the occurrence of mechanochemically-induced solid-state single electron transfer 

by grinding of dipyridinium cations in stainless-steel milling devices.[34] Mechanochemical 

conversions of soft materials including polymers have also been studied by EPR spectroscopy. 

For example, oxygen- and carbon-centered radicals were detected in the mechanochemical 

depolymerization of polystyrene.[35] Furthermore, mechanophores forming radicals reversibly 

have been incorporated into polymeric systems, and their freezing-induced mechanochemistry 

has been studied by EPR spectroscopy.[36] Finally, spin labels have been applied. For example, 

after grafting stable nitroxyl radicals by solid-phase mechanochemistry on cellulose, EPR 

spectroscopy revealed the presence of two types of "isolated" radicals and it was possible to 

investigate exchange interactions between neighbouring spins in the crystal.[37] While the 

sensitivity of EPR spectroscopy is very appealing, it remains an ex-situ technique. Thus, the 

radicals will be detected before or after the mechanochemical treatment, which might also 

involve the introduction of spin traps. To the best of our knowledge, in-situ EPR studies 

proceeding under mechanochemical conditions have remained unreported. 

 

Miscellaneous. Due to the analytical challenges associated with the hard materials of the milling 

device (for example, tungsten carbide, stainless-steel, zirconia, or agate) and the mostly 

demanding mechanochemical reaction conditions, in-situ and in-operando monitoring is 

difficult. In recent years, however, technical advances have improved the situation, and now, 

milling devices with sensors of temperature and pressure changes are available. Those 

parameters can then also be used for following and analyzing mechanochemical processes. Two 

examples shall illustrate these approaches here. In the first one, a mechanochemically induced 

benzil-benzilic acid rearrangement was studied.[12] Besides synchrotron powder X-ray 

diffraction and Raman spectroscopy, real-time temperature sensing was used to visualize the 

ongoing molecular migration. Although the temperature changes were only small (1-2 °C), they 

could be well detected, and they confirmed the timing of the rearrangement in accord to the 

results previously obtained by analyzing the PXRD pattern. In the second example, a 



7 

mechanochemical carbonylation reaction was monitored by using a pressure sensor.[38] With 

metal hexacarbonyl complexes as CO source, most combinations with K3PO4 as base led to a 

pressure increase indicating the formation of gaseous CO. This result contrasted the one 

observed with the optimized palladium catalyst system, where such pressure increase did not 

occur, suggesting a fast CO transfer from the metal hexacarbonyl complex to the active 

palladium species, which then carbonylated the substrate leading to product formation. Thus, 

in this case, a clear mechanistic hint could be deduced by using this advanced monitoring 

device.  

 Without doubt, each of the aforementioned analytical methods has significantly 

advanced the understanding of the underlying principles of mechanochemical processes. 

Following the reactions by spectroscopical means while they proceed (in-operando) and even 

inside their natural reaction environment (in-situ) allows to gain major experimental insight, 

which expands our fundamental knowledge and even more so is important for further directed 

discoveries in mechanochemistry. Surprisingly, however, one important tool that organic 

chemists very commonly used for analyzing product mixtures and determining molecular 

structure is underrepresented in mechanochemistry: NMR spectroscopy. Surely, it is a common 

tool for characterizing the final outcome of the reaction by measuring the crude or purified 

products. That, however, is mostly done by solution studies, which involves a dissolution of the 

products, with the danger of altering their composition. But why is that so and how about a 

direct analysis of the solid product mixture? Solid-state NMR spectroscopy is offering that 

option. Without dissolving the sample, the analysis can be performed providing valuable 

information on product composition and structure. The current state-of-the-art, the potential 

future opportunities, and the challenges in applying solid-state NMR in organic 

mechanochemistry are discussed here.[39]  
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2. Main part 

2.1. High-resolution solid-state NMR spectra achieved by magic-angle spinning 

Solid-state NMR has developed into a versatile tool for studying structures and 

dynamics in several disciplines, comprising materials sciences, pharmaceutics and biology. In 

contrast to NMR in solution, a solid sample contains a huge number of crystallites, each of 

which can be oriented in a powdered sample with a certain angle θ with respect to the external 

magnetic field, typically denoted with B0. The NMR interactions, such as the chemical shift or 

dipolar coupling between nuclei, depend on this angle θ, in most cases via the second-order 

Legendre polynomial (3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 1), which renders such interactions anisotropic. Therefore, in 

a powdered sample, in which all crystallite orientations appear according to their statistical 

probability, different resonance frequencies for the individual spins with different orientations 

are expected. Figure 1 illustrates this for the example of the chemical-shift anisotropy: Each 

crystallite orientation leads to a different resonance frequency, thus leading to broad NMR 

resonances, the so-called static “powder line shape”. In solution, however, such anisotropic 

interactions are typically averaged out by the highly efficient Brownian molecular-motion 

process, such that only the isotropic part of an NMR observable can be observed (e.g., the 

isotropic chemical-shift, δiso, or the isotropic J-coupling constant, Jiso). In cases where several 

chemically-equivalent species are present in the powdered sample, the static solid-state NMR 

spectrum becomes often featureless and uninterpretable. 

 

Figure 1: Anisotropic interactions yield to broad static solid-state NMR spectra. Example of a 
static 13C powder line shape dominated by chemical-shift anisotropy. The powder consists of 
various crystallites with different orientations with respect to the external magnetic field 
schematically represented by spherical tensors.  
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A closer look at the angle-dependence of the second-order Legendre polynomial reveals 

that this expression becomes zero at an angle of 𝜃𝜃~54.74°, which means that crystallites 

possessing this specific orientation with respect to B0 should not be affected by the anisotropic 

interaction and should resonate at δiso, the same chemical-shift value they would possess in 

solution. The question to be answered is, thus, if it is possible to align all crystallites of a solid 

sample- on time average- along that angle of 54.74° with respect to B0? 

 

Figure 2: a Five routinely used MAS NMR rotors with 0.7 mm, 1.3 mm, 3.2 mm, 4.0 mm, and 
7.0 mm outer diameters (left to right) compared with a 1-cent Euro coin. Several rotor 
characteristics, such as maximum MAS frequency and rotor volume are reported. The Figure 
has been prepared by Dr. Boran Uluca-Yazgi and Dr. Rıza Dervişoğlu (both MPI CEC). b 
Schematic drawing of a solid-state NMR stator used for spinning a cylindrical NMR rotor.  

 

The technique exactly fulfilling this requirement is called magic-angle spinning 

(MAS)[40] – a “magic” technique, since it averages anisotropic interactions and produces high-

resolution NMR spectra. For an MAS experiment, the solid sample is packed in cylindrical 

sample containers (the NMR rotors), typically made from ZrO2, a material possessing one of 

the highest harnesses and flexural strengths. The rotor is sealed by a cap having the form of a 

turbine (see Figure 2), typically made from the polymer VESPEL. The central idea of the MAS 

experiment is to rotate the MAS rotor with several kHz around an axis, which is inclined by the 

magic angle (54.74°) with respect to the magnetic field. For that purpose, two airflows are 

employed, one directed on the rotor cap (the drive gas) and the other lifting the rotor in the 

NMR stator (the bearing gas), see Figure 2b for a schematic representation. The maximal 

available MAS frequency is determined by the outer diameter of the NMR rotors: The smaller 

such rotors become, the faster they can spin. Figure 2 shows five routinely applied MAS rotors 
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with outer diameters of 7.0 mm, 4 mm, 3.2 mm, 1.3 mm and 0.7 mm, in which maximal MAS 

frequencies of 7 kHz, 17 kHz, 24 kHz, 66 kHz and 111 kHz, respectively, can be achieved. As 

a matter of fact, the smaller such rotors become, the less material can be packed therein, in case 

of the 0.7 mm rotor only sub-milligram of sample amounts can be used. The record in achieved 

MAS frequencies is 170 kHz in these days, employing rotors with an outer diameter of 

0.5 mm.[41] Note, that also spherical rotors have been described recently.[42] Fast MAS 

frequencies are mandatory for obtaining high-resolution proton spectra, since the proton-proton 

dipolar couplings are not sufficiently averaged at low MAS frequencies (<60 kHz), leading, in 

general, to unresolved spectra.[43] Also in case of paramagnetic materials, where short relaxation 

times and large anisotropic interactions hamper their analysis, fast MAS is a convenient tool to 

overcome such limitations.[44] 

MAS affects the spun sample in three ways. (i) Frictional heating between the rotor and 

the gas used for MAS (typically pressurized air) increases the sample temperature. For instance, 

rotating a 3.2 mm rotor at 20 kHz increases the sample temperature by around 25 K,[45] which, 

however, can be compensated by actively cooling the sample. (ii) The centrifugal gravitational 

forces acting on the sample induce accelerations in the order of several 106 g, in case of MAS 

experiments performed at 111 kHz in 0.7 mm rotors around 12∙106 g (typical accelerations in 

the ultracentrifuge are around 105 g).[45] (iii) The centrifugal forces induce centrifugal pressure, 

which reaches its maximum on the inner rotor wall (for more details see Section 2.3). 

Although MAS averages out anisotropic NMR interactions, it might be necessary to 

recouple them again under MAS to explore their full potential in NMR-based structure 

determinations. For instance, recoupling of the dipolar interactions (e.g. between heteronuclei) 

enables the determination of internuclear distances. A prominent example is the Rotational 

Echo Double Resonance (REDOR) experiment[46] that has been used in a broad range of 

applications. 

  

2.2 Current limitations and challenges of high-resolution solid-state NMR spectra in 
organic mechanochemistry 

In-situ analytical tools are of high importance to develop a mechanistic understanding 

of organic mechanochemical transformations. For static solid-state NMR, an in-situ approach 

was already reported,[47] where a vibrational ball mill was integrated into a modified static solid-

state NMR probe (Figure 3). The authors employed an electric stepper motor located outside of 

the stray field of the magnet and a transmission system to effectively mimic a vibrational ball 
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mill. The system was built in order to allow translational displacements of up to 1.0 cm and, 

during this movement, the reaction vessel/sample container is kept inside the radio frequency-

coil. With this modified probe, the formation of zinc phenylphosphonate from zinc acetate and 

phenylphosphoric acid was followed by real-time static NMR measurements. As a matter of 

fact, a similar modification of an MAS NMR probe does not appear to be feasible since, for 

instance, the translational motion that would mimic the shaking of the ball mill would interfere 

with the rotation of the sample around the magic angle as required to achieve high-resolution 

solid-state NMR spectra. Whether for instance the centrifugal pressures acting during MAS are 

already sufficient to induce organic mechanochemical reactions will be discussed in detail in 

Opportunity 5. 

 

Figure 3: a Integration of a vibrational ball mill into a static solid-state NMR probe. The inset 
shows the top part of the probe with the ball-milling device; b Top part of the probe with 
indication of motions; All colored parts were 3D printed using polylactic acid (PLA). 
Reproduced with permission from reference [47]. 

 

2.3 Opportunities of high-resolution solid-state NMR spectra 

Opportunity 1: Studying milling reaction products by ex-situ solid-state NMR without further 
post-processing 

A particular strength of solid-state NMR is that it directly enables the investigation of 

the solid material taken from the milling jar, requiring no further post-processing. NMR itself 

is a non-destructive technique and allows for an element-selective analysis on the atomic level, 

thus being sensitive to smallest local structural changes, which, for instance, directly affect the 

NMR chemical-shift values. Typical nuclei that can be studied by solid-state NMR in the 

context of organic mechanochemistry are 1H, 13C, 15N, 19F and 31P, in all cases requiring MAS 

(see Section 2.1) to obtain high-resolution NMR spectra. The low natural abundance combined 

with the small gyromagnetic ratio, γI, of 13C and 15N lead to a rather poor signal-to-noise ratio 
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(SNR) in the NMR experiment for such nuclei (the SNR is proportional to γI
5/2). The cross-

polarization (CP) experiment, in which the polarization from the more abundant 1H nuclei is 

transferred to the 13C and 15N nuclei, improves the SNR theoretically by a factor of four for 13C 

and a factor of ten for 15N and allows using shorter repetition times. Such CP spectra, however, 

are a priori not quantitative (vide infra). 1H- and 19F-detected experiments require fast MAS 

frequencies (> 60 kHz, see above) to efficiently average the homonuclear dipolar coupling 

interactions.[43, 48] Figure 4 shows a representative characterization of a cyclic sulfoximine 

employed in organic mechanosynthesis (vide infra) by 2D 1H,13C hCH correlation, 13C,1H CP-

MAS (projection on the 2D spectrum in the indirect dimension in Figure 4b), 2D 1H-1H spin-

diffusion, as well as 15N,1H CP-MAS spectra. 

 

Figure 4: Structural characterization of a cyclic sulfoximine used in organic mechanosynthesis. 
a Chemical structure of the starting material, b 2D hCH correlation spectrum including the 1D 
1H MAS and 13C,1H CP-MAS spectra as projections on the 2D spectrum. The 1H-detected 
spectra have been recorded at 60 kHz MAS. c 2D 1H-1H spin-diffusion based spectrum and d 
15N,1H CP-MAS spectrum. Reproduced from reference [49] under CC BY-NC-ND 4.0 license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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In that vein, solid-state NMR is a powerful method in ex-situ characterization of ball-

milling products, in which even kinetic information are accessible by recording spectra on the 

solid mixture taken from a ball mill in discrete time steps. This has, for example, been applied 

to study the mechanochemical synthesis of alane, AlH3
[50] and to characterize the 

mechanochemical properties of LiBH4:AlCl3 mixtures.[51] We recently studied the bromination 

of a cyclic sulfoximine (more specifically 2-methyl-3H-2λ4-benzo[c]isothiazole 2-oxide, 1) 

with N-bromosuccinimide (NBS, 2) to give a brominated sulfoximine (3) and succinimide (4) 

in a mixer ball mill and used solid-state NMR to access the reaction time until full conversion 

of the starting materials was achieved (for the chemical reaction see Figure 5). Figure 5 shows 

the 13C,1H CP-MAS spectra of the solid material taken from the ball mill at different time points. 

Apparently, tiny resonances for starting material 1 are still present in the first spectra (after 5 

and 15 min of ball milling), and full conversion was observed after 30 min. 
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Figure 5: 13C,1H CP-MAS spectra of samples taken at discrete time points from the milling jar 
for the bromination reaction of a cyclic sulfoximine (for the reaction scheme see top of the 
figure). The resonances highlighted in grey are assigned to the sulfoximine starting material. 
Full conversion is observed after 30 min of ball milling. * indicates MAS sidebands. 
Reproduced from reference [49] under CC BY-NC-ND 4.0 license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/). 

 

Ex-situ phosphorus-31 MAS NMR experiments have been for instance applied to 

elucidate the reaction products of the Wittig reaction,[52] to study the mechanochemical 

formation of phosphonium salts by milling triphenylphosphine with solid organic bromides,[53] 

and to characterize two Pt-complexes [cis-(Ph3P)2PtCl2 and cis-(Ph3P)2PtCO3)] formed upon 

milling polycrystalline PtCl2 with Ph3P, and cis-(Ph3P)2PtCl2 with an excess of anhydrous 

K2CO3, respectively.[53] In most cases, the spectra from the reaction products formed in the 

milling jar are compared to their crystalline analogues and identical NMR spectral fingerprints 

serve as a proof for successful product formation. 13C solid-state NMR has been, for instance, 

explored to develop an understanding of C-N amide bond formation using the coupling reagent 

N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride, in which an intermediate of 

its reaction with benzoic acid has been isolated and characterized.[54] 

Advantageously, solid-state NMR can also detect the formation of amorphous phases, 

which sometimes escapes powder XRD by just appearing as a broad background in the powder 

pattern (vide infra).[53] An attractive approach in structural characterization of milling products 

is the combination of the atomic-level information encoded in solid-state NMR spectra, where 

each resonance is a sensitive probe for the local structure, with the powder XRD pattern 

reporting on the space group of the crystalline material (“NMR crystallography”, see also 

opportunity 2). Tracing back spectral changes occurring upon milling-induced product 

formation for all atoms is a further advantage of solid-state NMR, for instance compared to 

Raman and IR spectra, in which only certain functional groups are unambiguously identified. 

Finally, there is another important aspect: Ex-situ solid-state NMR allows the direct 

analysis of the product composition obtained by the mechanochemical process. This contrasts 

the product characterization by solution-state NMR, which often involves a work-up or at least 

requires the dissolution of the products in the NMR solvent. Both of these dissolution steps can 

lead to unwanted reactions and alter the product composition. These changes can be excluded 

by the use of ex-situ solid-state NMR. An illustrative example is the formation of a unique 

polymorph of Wilkinson's catalyst by ball milling.[74] Immediately after its mechanochemical 

formation it was characterized by solid-state NMR. An analysis by solution-based NMR would 



15 

have been impossible due to the loss of polymorphic structural information caused by the 

dissolution. 

Another example demonstrating the high value of ex-situ solid-state NMR stems from 

a study with a-(trifluoromethyl)-lactic acid (TFL).[16] This compound is known for its unusually 

high sublimation tendency, which can lead to a rapid alternation in the enantiomer composition 

of a scalemic sample.[55] Direct analyses of TFL mixtures by ex-situ solid-state NMR provides 

reliable data, since the optical pure phases can be distinguished from the racemic compound,[56] 

whereas solution-based NMR techniques cannot differentiate between those phases and come 

with the danger of losing parts of the product by sublimation, thereby changing the enantiomer 

ratio of the sample to be analyzed. 

In fact, ex-situ applications of solid-state NMR are not only limited to the study of 

milling processes, but have also been explored in the context of extrusion setups. For instance, 
13C-detected solid-state NMR has revealed the successful preparation of a series of N-

acylhydrazones via twin-screw extrusion.[57] 

 

Opportunity 2: Structure determination of reaction products by NMR crystallography 

One of the strengths of mechanochemistry is the possibility to synthesize new crystalline 

materials (or polymorphs, vide infra) not accessible by other synthetic routes. Therefore, 

structure determination is essential to characterize these materials, particularly to compare their 

structures to those obtained by “conventional” synthesis routes in solution. While single crystal-

ray diffraction is certainly the method-of-choice in determining the structures of organic 

compounds, growing single crystals from the material obtained in a mechanochemical milling 

reaction would require dissolving the compound in a suitable crystallization solvent, eventually 

giving a false result on the outcome of the reaction. “NMR crystallography” has developed into 

an important tool in structure determination and has been applied to a variety of material classes, 

comprising for instance small organic molecules, pharmaceutics or supramolecular 

assemblies.[58] NMR crystallography combines the advantages of NMR (for instance in 

localizing hydrogen atoms possessing a low X-ray scattering factor or distinguishing 

isoelectronic species) and powder X-ray diffraction, allowing for instance the initial structure 

determination via Rietveld refinement supplemented with simulated annealing approaches.[59] 

Structural inputs and constraints (or restraints) from solid-state NMR are used in an iterative 

structure-determination protocol to refine the XRD structural model (note that NMR inputs 

might also been used only in validating the structures obtained from potentially ambiguous 
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diffraction data). This process is supported by density functional theory (DFT) calculations, 

particularly of NMR observables, which are feasible with rather high accuracy for solids using 

Gauge Including Projector Augmented Waves (GIPAW)[60] implemented in several quantum-

chemistry software packages.[61] 

The wealth of information encoded in NMR spectra are employed in NMR 

crystallography. To outline a few: The number of crystallographically distinct molecules in the 

asymmetric unit of the crystal can be deduced from the number of NMR signals for a specific 

atom, since NMR chemical-shift values are highly sensitive reporters on the smallest structural 

differences.[62] Hydrogen atoms can be positioned very accurately, for instance by exploring the 
1H chemical shift, which reacts highly sensitive to noncovalent interactions (see also 

opportunity 7). The packing of molecules can be unravelled by probing intermolecular 

interactions, using either J-coupling (via chemical bonds) or dipolar-coupling (through-space) 

based NMR techniques. Such experiments are of high importance for instance in proving co-

crystal formation (vide infra). 

NMR crystallography has been employed already in the field of mechanochemistry, for 

instance in structure determination of organic mechanochemical products like multi-component 

crystals containing urea,[63] fluoxetine HCl co-crystals,[64] and Zn-Terephthalate networks.[65] 

In these examples, solid-state NMR on quadrupolar nuclei (17O and 35Cl) was employed. DFT-

calculated electric-field gradient (EFG) tensors were explored from an initial structure model 

based on the powder X-ray diffraction pattern data and refined using the solid-state NMR data 

gathered for the studied crystals. For multi-component crystals containing urea, experimental 
35Cl EFG tensors were used as a figure of merit for further refinement of the crystal structure. 

First, the reported crystal structures of the multi-component crystals (based solely on X-ray 

diffraction data) were used to predict the EFG tensors, leading to a not perfect correlation 

between experimental and calculated EFG tensor. Then, these structural models were refined 

using plane-wave DFT showing a much better correlation. 

 

Opportunity 3: Distinction of crystalline and amorphous phases and direct analysis of the 
longitudinal relaxation times as a measure for particle sizes 

a) Distinction of crystalline and amorphous phases by changes in NMR linewidths 

The lack of crystallinity is often associated with a broadening of solid-state NMR 

resonances (denoted as a heterogeneous broadening of the NMR resonances) caused by a 

distribution of chemical-shift values originating from structural disorder. It is reported for 

several examples that subjecting a crystalline material to ball milling for several hours induces 
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the formation of amorphous phases,[66] for which consequently broad solid-state NMR 

resonances would be expected. This has been for instance observed in milling crystalline 

trehalose[67] (see Figure 6) or crystalline platinum-complexes.[53] 

Note that entire amorphous materials escape powder XRD detection, but they still 

appear as broad features in solid-state NMR spectra. Also, gel-type materials are highly suitable 

for solid-state NMR, as particular studies on microgels, hydrogels and proteins reveal.[68] 

 

Figure 6: 13C MAS spectra of trehalose subjected to different times of ball milling. The 
amorphous fraction is determined from the NMR spectra and reported on the right of the 
individual spectra. Reproduced with permission from reference [67]. 

 

b) Proton longitudinal relaxation times as a probe for changes in particle sizes upon milling. 

Longitudinal relaxation times measured by solid-state NMR have been explored 

intensively, for instance in the field of polymer chemistry, to report on changes in sample 

crystallinity.[69] Amorphous phases typically possess shorter relaxation times than crystalline 
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ones, typically associated with higher mobility in the amorphous phases. It has been reported 

that ball milling initially leads to smaller particle sizes, whereas upon long milling times also 

the formation of amorphous phases has been observed.[67] For instance, ball milling of trehalose 

for 20 h gives a fully amorphous phase as indicated by broadened 13C solid-state NMR 

resonances (see Figure 6), as well as changes in the melting behaviour monitored by Differential 

Scanning Calorimetry (DSC).[67] 

While the width of reflexes in powder XRD spectra directly encodes information about 

crystallite sizes (the so-called Scherrer equation), this information cannot be directly extracted 

from NMR linewidths (although qualitative correlations between decreasing particle sizes and 

increasing NMR linewidths have been reported in some cases, such as for metal phosphide 

nanoparticles in which resonance broadening is caused by alterations in surface-electron 

states[70]). However, 1H longitudinal relaxation times have been shown to correlate with particle 

sizes. For instance, the pharmaceutic dicumarol has been subjected to cryo-grinding and indeed, 

a correlation between the particle size determined by scanning electron microscopy (SEM) and 

longitudinal relaxation times has been found.[71] The smaller the particles, the shorter the 1H 

longitudinal relaxation time, which has been associated with crystal defects serving as 

relaxation sinks.[71] Similar observations and conclusions have been drawn for crystalline α-

lactose monohydrate[72], as well as Gabapentin.[73] 

We have observed the same features in studying the discussed bromination of a cyclic 

sulfoximine cited in Opportunity 1, in which succinimide is formed as a by-product. Purchased 

succinimide is highly crystalline and possesses a 1H T1 relaxation time of > 3500 s (see Figure 

7a), which shortens by two orders of magnitude after 1 h of ball milling (Figure 7b). The 13C 

CP-MAS spectra, however, do not show any substantial peak broadening pointing to the 

absence of a significant amount of amorphous phase (Figure 7c, note that the MAS frequencies 

are different and thus the 1H decoupling schemes differ). In fact, we believe that the formation 

of an amorphous phase has relevance for organic mechanosynthesis in general and that it might, 

for example, explain the observation of an induction period (for an example see ref [19b]) in 

which no transformation occurs, but particle sizes decrease (as reported by time resolved X-ray 

diffraction[19a]) and tiny amounts of amorphous, highly mobile phases, are formed. 
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Figure 7: Comparison between 1H longitudinal relaxation times (T1) of purchased succinimide 
(a) and ground succinimide after 1 hour of ball milling (b) obtained by saturation recovery 
experiments performed at 60 kHz and 16.4 T static magnetic field. c 13C CP-MAS spectra of 
both purchased (top) and ground (bottom) succinimide recorded at 17 kHz (top) and 60 kHz 
MAS (bottom) at 16.4 T static magnetic-field strength. Adapted from reference [49] under CC 
BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 

 

Opportunity 4: Identification of polymorphs 

Mechanochemistry is a highly efficient technique to synthesize and screen polymorphs 

of organic solids,[74] which is a key factor for pharmaceutical research, since different 

polymorphs exhibit different physicochemical properties due to different crystal structures.[17b, 

75] Therefore, it is necessary to have spectroscopic techniques available allowing for a simple 

differentiation of these polymorphs. X-Ray Diffraction (XRD) is extensively used for both ex-

situ and in-situ distinction of polymorphs,[17c, 74b, 76] but also solid-state NMR can be used to this 

end. Several NMR observables, such as chemical-shift values, can be affected by different 

chemical environments present in the polymorphic solid-state structures. For instance, 13C CP-

MAS can be used to identify in-situ transient polymorphism during the crystallization of glycine 
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in different solvents, since the different polymorphs of glycine exhibit different 13C chemical 

shift-values for the carbonyl group.[77] Another example of NMR observables that can be 

affected by polymorphism are static line shapes and spin-lattice relaxation time (T1), which can 

be affected by the differences in bond geometries and crystal packing.[78] Although the use of 

solid-state NMR for identifying different polymorphs is straightforward, examples from 

organic mechanochemistry are scarce in the literature. 

 As referred to under Opportunity 1, 31P MAS NMR was able to differentiate the two 

polymorphs of the Wilkinson’s catalyst (WC) [RuCl(PPh3)3],[79] which showed different 

catalytic activities in hydrogenation reactions performed upon ball-milling conditions. Orange 

WC was prepared by ball-milling rhodium(II) chloride hydrate and PPh3 at 25 Hz for 90 

minutes. Figure 8 displays both 31P MAS NMR spectra and powder XRD pattern of both 

polymorphs (red and orange) as well as the spectrum for the sample prepared by liquid assisted 

grinding (LAG). As one can see, both solid-state NMR and powder XRD were able to show 

that LAG favoured the orange polymorph. 
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Figure 8: 31P MAS NMR spectra (i) and powder XRD (ii) pattern of both polymorphs of 
Wilkinson’s catalyst (red and orange, respectively) prepared without and with ball milling. 
Upon ball milling, the NMR spectra indicate that the orange polymorph is formed. NMR spectra 
of PPh3 and Ph3PO are additionally shown. Reproduced with permission from reference [79].  

 

In another work, the differentiation of polymorphs of co-crystals of pyrazinamide (PZA) 

with malonic acid (MA) formed upon grinding was achieved by 1H-detected MAS NMR.[80] 

Spectral changes observed for the co-crystal phases with respect to the individual crystalline 

phases clearly allowed concluding on successful co-crystal formation. It was even possible to 

distinguish different polymorphs based on their characteristic signatures in 1H MAS spectra 

pinpointing again to the high sensitivity of the NMR chemical-shift values (see Figure 9). 
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Figure 9: 1H MAS spectra recorded at 25 kHz MAS and at a magnetic field of 14.1 T of 
crystalline pyrazinamide and malonic acid (black), as well as two co-crystalline phases (red and 
green). Reproduced with permission from reference [80]. 

 

Solid-state NMR has also been successfully applied to distinguish pseudo-polymorphs, 

which arise upon embedding solvent molecules within the crystalline lattice. The high 

sensitivity of NMR observables allows a straightforward distinction of such species. Figure 10 

illustrates this concept for the example of a P,P-[3]ferrocenophane, for which 31P MAS spectra 

allowed a clear distinction of the three polymorphic phases based on different chemical-shift 

values, as well as J-coupling constants.[81] In case of polymorph A, dichloromethane is 

incorporated in the crystal structure and the asymmetric unit contains two crystallographically-

distinct molecules (denoted with A and A’ in Figure 10). 
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Figure 10: a1–a4: 31P,1H CP-MAS NMR spectra of a series of samples of a racemic P,P-
[3]ferrocenophane (for a chemical structure of the S,S,Spl enantiomer see the Figure) measured 
at 9.4 T with a spinning frequency of 10.0 kHz. (a1) Solvent (dichloromethane) removed by 
vacuum, (a2) crystallized overnight, (a3) crystallized over two days, (a4) crystallized over five 
days. The observed polymorphs are denoted with A, B and C. (b) 31P,1H CP-MAS-NMR 
spectrum obtained after exposing a sample of polymorph B to CH2Cl2 vapor at room 
temperature in a desiccator for 48 h. (c) 31P,1H CP-MAS-NMR spectrum of the optically pure 
compound (S,S,Spl). + marks impurities. Reproduced with permission from reference [81]. 

 

We envision that solid-state NMR might develop into an important tool to detect the 

fate of solvent molecules in LAG-based organic reactions allowing addressing further 

mechanistic details of such processes. 

 

Opportunity 5: Potential of MAS in in-situ approaches 

As already mentioned in Section 2.2, in-situ MAS NMR studies of mechanochemical 

reactions might become feasible making use of the centrifugal pressures caused by MAS. Since 

MAS implies that the sample rotates around a fixed direction, a centrifugal force acts on the 

powder inside the MAS rotor. The centrifugal force dFc acting on a material of mass dm inside 

a cylindrical rotor upon MAS can be estimated as 
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𝑑𝑑𝐹𝐹𝑐𝑐 = 𝑑𝑑𝑑𝑑 ∙ 𝑟𝑟 ∙ 𝜔𝜔𝑟𝑟2     (1) 

where r represents the distance between the mass and the centre of the rotor and ωr is the angular 

MAS frequency. If ρ is the density of the material, dm = ρdV, where dV = rdrdθdz is the element 

of the volume for a cylinder. The spinning-induced centrifugal force can, then, be calculated by 

 

𝐹𝐹𝑐𝑐 = ∫ ∫ ∫ 𝜔𝜔𝑟𝑟2𝑟𝑟2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑙𝑙
0

2𝜋𝜋
0

𝑅𝑅𝑖𝑖
0 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝑟𝑟

2 𝑅𝑅𝑖𝑖3

3
      (2) 

 

where l and Ri are the inner height and radius of the rotor, respectively. It is worth noting that 

the limits employed on the integrations imply that an entirely filled rotor is considered. 

Therefore, the spinning-induced centrifugal pressure, σc, acting on the inner rotor walls upon 

MAS can be estimated by: 

𝜎𝜎𝑐𝑐 = 𝐹𝐹𝑐𝑐
𝐴𝐴

= 𝜌𝜌∙𝜔𝜔𝑟𝑟
2

3
 𝑅𝑅𝑖𝑖2      (3) 

where A = 2πlRi is the inner surface of the rotor wall. With this equation, the centrifugal pressure 

can be easily estimated for the different MAS rotor sizes employed in solid-state NMR. Figure 

11 shows the centrifugal pressure in the inner rotor wall as a function of the applied MAS 

frequency. For this example, a samples density of 1758 kg/m3 was assumed. Again, equation 

(3) was obtained by assuming that the MAS rotor is fully packed, i.e., all the inner volume of 

the rotor is filled with the material during spinning. Note, that such centrifugal pressures are 

much less than those occurring in ball-milling devices. 
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Figure 11: Centrifugal pressures at the inner rotor wall of an MAS rotor estimated (using 
equation (3)) for different MAS rotor sizes commonly employed in solid-state NMR. Adapted 
from reference [49] under CC BY-NC-ND 4.0 license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
 

 

For some cases, it has been indeed possible to use MAS NMR as an in-situ spectroscopic 

technique. One example describes the halogen-bond formation between p-C6F4I2 and Ph3PO 

followed by 31P MAS NMR.[82] Here the authors studied the influence of different effects, such 

as temperature, MAS frequency, and the presence of a liquid (acetonitrile) on the co-

crystallization process. JMAYK (Johnson-Mehl-Avrami-Yerofeev-Kolmogorov) analysis of 

the normalized peak integrals revealed that the studied halogen-bond formation is 

predominantly dictated by a diffusion-controlled mechanism. In this study, the reagents were 

vortexed prior to the NMR experiments, which points to the fact that efficient mixing is required 

to initiate the halogen-bond formation.  

Another example was the application of 13C,1H CP-MAS to monitor in situ the 

spontaneous co-crystallization of caffeine and malonic acid.[83] Here, the kinetics of the 

spontaneous co-crystallization was followed by recording 13C,1H CP-MAS spectra in intervals 

of 1 h for 13C natural-abundant malonic acid and 80 seconds for (2-13C)-isotope labeled malonic 

acid. For the latter, the authors followed the time-dependence of the NMR CH2 resonances from 
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both, co-crystal and educts, and found no evidence for an intermediate phase in the studied co-

crystallization process. 

 As detailed under Opportunity 1, we recently studied the bromination of a cyclic 

sulfoximine with N-bromosuccinimide (NBS).[49] With the intention to extend the ex-situ study 

to an in-situ MAS NMR approach, the two reagents were first mixed with a spatula and then 

filled into the NMR rotor. 13C,1H CP-MAS NMR spectra (see Figure 12) were taken 

successively between 0 to 100 hours. We were able to detect product formation, albeit in only 

ca. 20%, suggesting the critical importance of an efficient mixing process (as shown by solely 

mixing the educts on a magnetic-stirring device) in this organic mechanochemical 

transformation. 

 

Figure 12: (top) 13C, 1H CP-MAS NMR spectra of the bromination reaction followed in-situ 
between 0 to 100 hours. Insets and red-coloured rectangles show peak positions where 
resonances from the products occur. (bottom) Normalized intensity of the NMR resonances vs. 
time for two representative product resonances. Solid lines represent a first-order kinetics fit. 
Adapted from reference [49] under CC BY-NC-ND 4.0 license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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 These first examples show that solid-state MAS NMR in-situ approaches to organic 

mechanochemistry are possible, although one must consider that mixing effects are only present 

(efficient) at the beginning of the MAS experiment, when the powder still redistributes within 

the rotor. Another factor playing an important role is that the pressure range available with 

MAS (see Figure 11) is limited by the geometry of the rotor and the maximum spinning 

frequency accessible. This however also opens an interesting opportunity. While in a ball mill 

the reaction outcome will rely on both, mixing and pressure effects (note that also temperature 

effects are discussed), solid-state NMR can disentangle these two factors by probing only the 

effect of pressure induced by MAS in a given organic mechanochemical process. 

 

Opportunity 6: Protons as sensitive reporters for molecular-recognition events 

As mentioned previously, solid-state NMR experiments under fast MAS conditions 

provide the opportunity for the acquisition of highly resolved proton spectra. On top of their 

ubiquitous presence and high sensitivity, these nuclei are of particular interest due to their 

engagement in noncovalent interactions, which are the cornerstone of molecular-recognition 

events in Chemistry and Biology. A particular advantage provided by solid-state NMR under 

fast MAS conditions relies on the fact that protons remain elusive to standard structure-

determination techniques such as X-ray crystallography, due to low X-ray scattering factors of 

the hydrogen atom. As an example of the sensitivity of protons to noncovalent interactions, 

deshielded 1H resonances can be used as an indication for the potential participation of the 

proton in a hydrogen bond. The effect of hydrogen-bonding on the 1H NMR chemical shifts has 

been reported early on both in proteins and organic molecules, where protons have been 

demonstrated to be sensitive probes for the investigation of hydrogen-bonded systems.[84]  

 In the context of organic mechanochemistry, attractive applications are found in 

studying pharmaceutical co-crystals in which typically an active pharmaceutical ingredient 

(API) and one or more small organic molecules form a dimer by a dense network of hydrogen 

bonds. These systems have been widely investigated as an alternative approach in the context 

of site-selective delivery of active ingredients.[85] Many of such co-crystalline phases can be 

prepared under solvent-free conditions following green chemistry principles with 

mechanochemical synthesis,[9a, 86] and the kinetics of co-crystal formation can be further 

accelerated upon addition of small amounts of solvents during the grinding process (denoted as 

liquid assisted grinding, LAG).[87] Proton-detected solid-state NMR opens appealing analytical 

and physicochemical avenues to their characterization (see Figure 13 for a schematic 
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representation of co-crystal formation and its influence on 1H solid-state NMR spectra).[88] As 

already mentioned, particularly attractive are the sub-milligram amount of powdered sample 

required, its atomic resolution, and the sensitivity to noncovalent interactions. Furthermore, 

proton-detected experiments do not rely on polarization transfer steps from other nuclei, such 

as the CP-technique discussed above. This enables 1H-detected solid-state NMR experiments 

to be inherently quantitative, since the area of the peaks is directly proportional to the number 

of spins in the NMR rotor, for instance opening avenues for quantification of reaction 

conversion without requiring calibration steps.  

Examples of the application of solid-state NMR approaches on several co-crystals and 

complexes have been early reported, where general state-of-the-art 1H-detected solid-state 

NMR methods for a structural characterization are described[88-89]. Here, as soon as deshielded 

hydrogen-bonded protons are detected, a typical solid-state NMR toolbox for co-crystal 

investigation (e.g. employing NMR crystallography, see above) includes both 1H-1H 

homonuclear based experiments, such as Double-Quantum (DQ) MAS NMR[90], as well as 1H-

including heteronuclear approaches, in which at moderate MAS frequencies (<60 kHz) the X-

nucleus is detected. As an example, informative experiments include 1H-13C HETCOR[91] for 

the determination of hydrogen donors and acceptors and the characterization of molecular 

association[88, 92] and 1H-14N HMQC[93] to detect intermolecular -N…H- hydrogen bonds.[92] 

Further 1H-1H dipolar connectivities can be probed among others using the Back-to-Back 

(BaBa) pulse sequence[94], where proximities can be observed from the homonuclear recoupling 

of 1H-1H dipolar couplings. This experiment can be applied not only to detect hydrogen 

bonding[95], but also aromatic π-π interactions.[96] With the advent of fast MAS, also proton-

detected heteronuclear correlation experiments have been reported.[97]  
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Figure 13: Schematic representation of co-crystal formation and its effects on 1H MAS NMR 
spectra. a Observation of 1H deshielding and co-crystal formation in a hypothetical 1H MAS 
NMR spectrum. b Schematic representation of co-crystal formation upon mechanochemical 
energy input. c Schematic representation of hydrogen-bond formation responsible in co-crystal 
formation. 

  

Opportunity 7: Isotope labelling for studying the incorporation of guest molecules in crystal 
lattices 

Isotope labelling of organic molecules, for instance with 13C and 15N, significantly 

enhances the solid-state NMR signal and could be of high interest to unravel solid-state 

diffusion processes, where two solid phases merge, such as for instance in a “solid solution”. 

In this context, Emmerling and co-workers described a very elegant example of employing 15N 

isotope labelling in their report on the formation of a metastable phase of benzamide obtained 

by mechanochemical seeding with nicotinamide crystals.[98] The 15N solid-state NMR spectra 

revealed that nicotinamide molecules were embedded in the benzamide crystal lattice, as 

concluded from different 15N chemical-shift values compared to isolated nicotinamide. This 

example also clearly showed the limits of powder XRD, since no additional reflexes of 

nicotinamide pointing to its presence were observed in the solid samples. NMR, in contrast, 

even allows the detection of very small amounts of guest molecules embedded in crystal lattices. 

 In addition, a high potential is expected from 17O isotope labelling, which also can be 

achieved in the ball mill.[99] 17O offers among others the potential of being a quadrupolar 
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nucleus (I=5/2) enabling to access local structural information from the quadrupolar coupling 

parameters or even dynamic information.[100] For instance, the carbonyl groups of carboxylic 

acids can be labelled with 17O. The labelling scheme is based on activating the carboxylic group 

by adding 1,1’-carbonyl-diimidazole and subsequent hydrolysis by 17O labelled H2O (both steps 

performed upon ball milling).[99] Various applications of this technique in the field of inorganic 

materials have been reported.[39] 

 

3. Summary and future of solid-state NMR spectroscopy in organic 
mechanochemistry 

As discussed in the seven opportunities listed above, we are convinced that solid-state 

NMR will further develop into an important tool to narrow the current gaps in today’s missing 

mechanistic understanding of organic mechanochemical transformations. The most important 

advantages of solid-state NMR are the high sensitivity of the NMR observables for the local 

surrounding of nuclei (allowing, for instance, the distinction of polymorphs, pseudo-

polymorphs or optical-pure/racemic associates), the quantitative nature, the dependence of 

NMR relaxation times on particle sizes, and the absent need to further process the sample for 

structural analysis (e.g., dissolution as required for solution-state NMR).  

While a successful in-situ study has been demonstrated by integrating a ball-milling 

device in a static solid-state NMR probe, such experiments under MAS conditions would in 

fact be highly desirable to achieve the required spectral resolution for applications in organic 

mechanosynthesis. However, such a setup remains rather unrealistic, since imbalances in the 

NMR rotor, for instance caused by ZrO2 balls filled in the NMR rotor, strongly interfere with 

the MAS process. We are, however, currently exploring the use of very small ZrO2 balls 

(diameters of 0.1 mm) for in-situ studies under MAS conditions. In addition, in-situ LAG could 

be investigated by in-situ solid-state NMR, with the possibility to even detect the fate of the 

liquid in the NMR spectra, e.g., by using isotopic labelled solvents. A detailed quantification 

of the pressure distribution within the NMR rotor during MAS is urgently required, which for 

instance could be addressed by exploring the properties of mechanoluminescent materials,[101] 

whose emitted light could be used to quantify the centrifugal pressures experimentally or to 

initiate even photochemical reactions inside the NMR rotor. 

The current strength of solid-state NMR is without doubts the ex-situ characterization 

of reaction products taken from ball-milling devices without any post-processing and a variety 

of successful examples have been reported. Particularly, proton-detected MAS experiments at 

fast MAS will enable to unravel solid-state molecular-recognition events by detecting 
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noncovalent interactions driving this process. This will open the way for NMR-crystallographic 

approaches, as well as to probe recognition events by long-range correlation experiments 

exploring spin diffusion. 

Of particular interest is to derive a thorough mechanistic understanding of the solid-state 

molecular-recognition processes. How do the molecules, e.g., the substrates of an organic 

reaction, recognize each other in the solid state? How does the solid-state diffusion process 

work? What is the influence of the pressure on the reaction and how can we disentangle this 

from the mixing event? Possibly, answers will be obtained from solid-state NMR, for instance 

also by benefitting from isotope-labelling approaches in which the fate of an isotope labelled 

starting material during a reaction can be followed over the course of the reaction, particularly 

of interest in cases where solid-state diffusion drives solid-solid reactions. Here, it might even 

be of advantage that the centrifugal pressure induced by MAS is lower than the pressure 

expected in ball-milling devices and that the reaction kinetics are slowed down to such an extent 

that in-situ solid-state NMR studies become possible.[49] 

However, pressure and mixing are not the only sources of energy input in 

mechanochemical transformations. Also, applications of sonication, for instance in the field of 

polymer sciences, have been reported.[102] While again interference with MAS might 

complicate in-situ studies, the NMR rotor could be ejected from the NMR probe and directed 

in an ultrasound device and subsequently inserted in the probe again. Inspiration for such setups 

could for instance be obtained from dynamic nuclear polarization (DNP) setups. 

However, it is rather obvious that solid-state NMR needs to be part of the entire toolbox 

of structure-determination approaches applied so far, especially considering advanced 

quantum-chemical approaches (for a summary of key advantages and disadvantages for several 

players explored in experimentally characterizing reaction products in organic 

mechanochemistry see Figure 14). Altogether, with this overview, we intended to share our 

view on solid-state NMR studies in the highly emerging field of mechanochemistry. 
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Figure 14: Schematic overview of selected pros and cons of powder XRD, RAMAN, EPR 
and solid-state NMR techniques employed in organic mechanochemistry. 
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