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Abstract 
 
In the last decade, 1H solid-state NMR has become more preponderant in structure elucida4on of solids. The 
availability of faster magic-angle spinning (MAS) rates (100-200 kHz) has improved 1H detected experiments, 
which has greatly contributed to the assignment of different materials. 

However, for many compounds, the 1H spectral resolu4on is rela4vely poor, even at the fastest spinning rates. 
The observed linewidths are a few hundred Hz broad, impeding any reliable assignment. Despite detec4ng the 
ideal NMR nucleus due to its natural abundance and high gyromagne4c ra4o, 1H NMR has not reached a 
widespread applica4on in solids due to its resolu4on limita4ons.  

This thesis focuses on understanding the different sources that contribute to the 1H linewidth under fast MAS, 
and developing new strategies that improve the spectral resolu4on. 

The homonuclear dipolar coupling is the internal spin interac4on contribu4ng the most to 1H lineshapes. Here, 
we develop an analy4cal expression up to third order of the average Hamiltonian for two and three spins systems. 
We find that the higher order terms result in both residual shi[ and splilng. The full Hamiltonian without any 
secular approxima4on or trunca4on agrees the best with full numerical simula4ons. The MAS dependence of 
the residual shi[ and splilng is found to be polynomial.  

Following the theore4cal studies, we adapt the an4-z COSY pulse sequence to the context of solids under fast 
MAS in order to remove the residual secular coupling terms. Comparing to conven4onal echo experiments, the 
an4-z COSY spectrum provides up to 50 % line narrowing. An accelerated version of this sequence based on a 
two-dimensional one pulse (TOP) transforma4on is also designed 

Another type of strategy for resolu4on improvement is then presented, based on error mapping. The residual 
homogeneous broadening due to imperfect averaging is parametrically mapped in such a way that it can be 
removed in a mul4dimensional correla4on, leaving only the pure isotropic proton (PIP) signal. This method is 
applied to experiments at variable spinning rates on six different solids. The average resolu4on improvement 
factor is 7. 

The PIP strategy is then also implemented with a deep learning approach (PIPNET), which overcomes some of 
the limita4ons of the previous model, while achieving the same level of resolu4on. In addi4on, PIPNET was 
extended to 1H-1H two dimensional experiments, also acquired at different MAS frequencies. The resolu4on 
improvement in 2D spectra allows iden4fica4on and assignment on previously overlapped correla4on peaks. 

All these new methods focus on removing the residual homogeneous broadening, that is MAS dependent. The 
last part of this thesis focusses on detailing and assessing the inhomogeneous factors liming the linewidth. We 
find that the overall width and the nature of the different contribu4ons can vary very considerably. Faster 
spinning always yields narrower lines but at 100 kHz MAS, the dipolar contribu4on is no longer dominant for 
some resonances. When the inhomogeneous contribu4ons, such as anisotropic bulk magne4c suscep4bility 
(ABMS) and chemical shi[ disorder are dominant, two dimensional 1H-1H correla4on experiments yield bePer 
resolu4on for assignment. Par4cularly the extrac4on of the an4diagonal of a 2D peak will remove any correlated 
inhomogeneous broadening, giving substan4ally narrower 1H linewidths. 
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Résumé 
 
Au cours de la dernière décennie, la RMN 1H à l'état solide est devenue plus prépondérante dans l'élucida4on 
de la structure des solides. La disponibilité de hautes vitesses de rota4on à angle magique (MAS) (100-200 kHz) 
a amélioré les expériences de détec4on de 1H, ce qui a grandement contribué à l'aPribu4on de différents 
matériaux. 

Cependant, pour un grand nombre de composés, la résolu4on spectrale du proton est rela4vement faible, même 
aux vitesses de rota4on les plus rapides. Les largeurs de raies observées sont de quelques centaines de Hz, ce 
qui empêche toute aPribu4on fiable. Malgré que le proton soit le noyau RMN idéal en raison de son abondance 
naturelle et de son rapport gyromagné4que élevé, la RMN du 1H n'a pas aPeint une applica4on généralisée dans 
les solides en raison de ses limites de résolu4on.  

CePe thèse se concentre sur la compréhension des différentes sources qui contribuent à la largeur de raie 1H 
dans le contexte de MAS rapide, et sur le développement de nouvelles stratégies qui améliorent la résolu4on 
spectrale. 

Le couplage dipolaire homonucléaire est l'interac4on de spin qui contribue le plus à la forme des lignes du 
proton. Nous développons ici l'expression analy4que jusqu'au troisième ordre de l'hamiltonien moyen des 
systèmes à deux et trois spins. Nous constatons que les termes d'ordre supérieur entraînent à la fois un shi[ et 
un élargissement résiduels. L'hamiltonien complet sans approxima4on correspond le mieux aux simula4ons 
numériques. La dépendance du MAS sur le déplacement and élargissement résidues est polynomiale. 

À la suite des analyses théoriques, nous adaptons la séquence an4-z COSY au contexte des solides soumis à une 
MAS rapide afin d'éliminer les termes résiduels de couplage. Par rapport aux expériences d'écho 
conven4onnelles, le spectre an4-z COSY permet un rétrécissement de la raie de 50 % pour certains pics. Une 
version accélérée de cePe séquence basée sur une transforma4on “two dimension one pulse” (TOP) a également 
été conçue. 

Un autre type de stratégie d'améliora4on de la résolu4on est également présenté, basé sur la cartographie des 
erreurs. L'élargissement homogène résiduel est cartographié de manière paramétrique de telle sorte qu'il peut 
être supprimé dans une corréla4on mul4dimensionnelle, ne laissant que le signal protonique isotrope pur (PIP). 
CePe méthode a été appliquée à des expériences d'écho conven4onnel à des vitesses de rota4on croissantes 
sur six solides différents. Le facteur moyen d'améliora4on de la résolu4on est de 7. 

La stratégie PIP est également mise en œuvre avec une approche d'appren4ssage profond (PIPNET), qui permet 
de surmonter certaines des limites du modèle précédent, tout en aPeignant le même niveau de résolu4on. En 
outre, PIPNET a été étendu aux expériences bidimensionnelles 1H-1H, également acquises à différentes 
fréquences MAS. L'améliora4on de la résolu4on des spectres 2D permet d'iden4fier et d'aPribuer des pics de 
corréla4on qui se chevauchaient auparavant. 

Toutes ces nouvelles méthodes se concentrent sur l'élimina4on de l'élargissement homogène résiduel, qui 
dépend du MAS. La dernière par4e de cePe thèse détaille et évalue les facteurs inhomogènes limitant la largeur 
de raie. Nous constatons que la largeur globale et la nature des différentes contribu4ons peuvent varier 
considérablement. Une rota4on plus rapide produit toujours des raies plus étroites, mais à 100 kHz MAS, la 
contribu4on dipolaire n'est plus dominante pour certaines résonances. Lorsque les contribu4ons inhomogènes, 
telles que la suscep4bilité magné4que globale anisotrope (ABMS) et le désordre du déplacement chimique, sont 
dominantes, les expériences de corréla4on 1H-1H bidimensionnelles offrent une meilleure résolu4on pour 
l'aPribu4on. En par4culier, l'extrac4on de l'an4diagonale d'un pic 2D élimine tout élargissement inhomogène 
corrélé, ce qui permet d'obtenir des largeurs de raies 1H nePement plus étroites. 
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Chapter 1 Introduc;on 
 

1.1 Structure resolu-on  
 
At the heart of chemistry lie atoms and molecules. Deciphering their structure is a key step, if not the reason, of 
a chemist’s scien4fic work. The arrangement of atoms and molecules in a given material determines its 
behaviour. To know the chemical structure is to understand (and to predict) proper4es.  

Widely used atomic-level characteriza4on techniques include X-Ray crystallography1-5, cryogenic electronic 
microscopy6-10 and nuclear magne4c resonance (NMR) spectroscopy11-13. Single Crystal X-Ray Diffrac4on (SCXRD) 
is the gold standard method for crystalline materials. However, a single crystal of the studied material (minimum 
size of a hundred microns) is required in SCXRD, which o[en is difficult to obtain.4-5 Powder diffrac4on (with X-
Rays or Neutrons) can be used for crystalline samples, but structure elucida4on is challenging.14-19 Diffrac4on 
can be also be extend to amorphous samples, but data interpreta4on is even more difficult.20-23 

Also, X-ray diffrac4on cannot always accurately determine the posi4on of nuclei which are poor in electrons, 
such as 1H, because X-rays are scaPered by electron density. 

NMR is a complementary technique that overcomes many of the limita4ons of conven4onal diffrac4on methods. 
NMR is able to probe local atomic environments without the need for long range order in the samples, and can 
use any NMR ac4ve nuclei (see in sec4on 1.2) as a probe. Therefore, it is applicable on a variety of systems, 
ranging from liquids24-25 and semi solids26-29 to solids, both crystalline and amorphous samples. NMR methods 
have been successfully applied a plethora of materials, ranging from inorganic baPery materials30-31, cements32-

33 and perovskites34-35 to organic solids36-58, proteins59-61 and pharmaceu4cals.36-40, 62-68 

Unrestricted by par4cle size, phase or mobility of the sample, solid state NMR has a pivotal role in modern 
structural elucida4on challenges, providing atomic resolu4on that other techniques cannot offer. 

In the following sec4on, some fundamental aspects of solid state NMR will be briefly introduced in order to 
bePer understand the challenges that have been addressed during this thesis. More detailed explana4ons of 
these concepts can be found in several textbooks.69-74 

 

1.2 Solid state NMR  
 
NMR detects the response from nuclei with a non-zero spin (I > 0), when placed in a magne4c field (B0). The 
external magne4c field li[s the degeneracy of the nuclear spin states. The difference in energy (∆E) will depend 
on the strength of the magne4c field and the gyromagne4c ra4o (ɣ) of the observed nucleus. Transi4ons between 
the states are induced with radiofrequency radia4on. According to the Planck rela4on, any energy/energy 
transi4on is associated with a specific frequency. 

In NMR, these transi4on frequencies are called the Larmor frequencies. They are nuclei specific because each 
nuclear isotope has a dis4nct gyromagne4c ra4o, ɣ. The two most rou4nely used nuclei in the context of organic, 
biological and pharmaceu4cal compounds are 1H (ɣ/2π= 42.577 MHz⋅T-1) and 13C (ɣ/2π= 10.708 MHz⋅T-1). 

Commercially available high resolu4on NMR systems use magne4c fields ranging from 7 to 28 T, which 
correspond to 1H Larmor frequencies from 300 to 1200 MHz. For reference, the 21.14 T spectrometer mainly 
used in this thesis work corresponds to 1H and 13C Larmor frequencies of 900 MHz and 226 MHz, respec4vely. 

Besides dis4nguishing different nuclei, NMR is sensi4ve to the smallest perturba4ons of the magne4c 
environment surrounding the nucleus, which are caused by the molecular structure (both neighbouring nuclei 
and electrons). The NMR frequency is not just affected by the large applied magne4c field, i.e., the Zeeman 
interac4on, but addi4onally by weaker nuclear spin interac4ons, which are defined by the chemical structure. 

The NMR Hamiltonian describing the energy of spins I = 1/2 (1H, 13C) in an external magne4c field is defined as: 

 

 𝐻#!"# =	𝐻#$%%&'( +𝐻#) +𝐻#** +𝐻#+ 
(1.1) 
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𝐻#) describes the chemical shielding interac4on, which is between the nucleus and the induced field from the 
surrounding electrons. The absolute shielding is not directly measured, but is measured rela4ve to a reference 
compound, which gives the chemical shi[ ẟ. The electron distribu4on tends to shield the nucleus from the 
magne4c field (at least for light elements), causing a shi[ in NMR frequency for every nucleus of the same isotope 
in a molecule. For example, a proton in an aroma4c group will resonate at a different frequency from one in a 
methyl group.  

In addi4on to the chemical shi[, which is a single nuclear spin interac4on, there are also the couplings between 
spins to take into account. The two spins involved in the coupling interac4on can be homo- or hetero-nuclear. It 
is worth no4ng that homonuclear dipolar couplings between nuclei from isotopes that have a very low 
percentage of natural abundance (such as 13C) can typically be neglected due to the low probability of having 
two neighbouring nuclei in a natural abundance compound.  

𝐻#+ represents the scalar coupling, also named J-couplings, which is a spin-spin interac4on mediated through 
bonding electrons.  

𝐻#** describes the through space dipolar coupling. The first spin interacts with the magne4c field generated by 
the second spin. The coupling can be intra or and inter-molecular, but the strength of the coupling decreases 
rapidly with distance. 

All three interac4ons are anisotropic, meaning they are dependent on the sample orienta4on with respect to 
the magne4c field. Therefore, they are not defined by a single value (scalar), but a second rank tensor. 

The bifurca4on between experimental NMR of liquids and solids arises from this dis4nc4on. In an isotropic liquid, 
the rota4onal diffusion of the molecule averages out any anisotropic interac4on and only the isotropic value of 
the interac4on is observed in the spectrum.  

Typically, a 1D NMR spectrum of a liquid is defined by the different isotropic chemical shi[s of a given element 
and a series of isotropic J couplings, which translates to peaks with mul4plet structures. The isotropic value of 
the dipolar coupling is zero, which is explored in detail in sec4on 1.3. 

The variety and rela4vely easy implementa4on of 1H and 13C 1D and 2D correla4on experiments75-83 have made 
solu4on-state NMR a widely applied method, through the wealth of knowledge offered from chemical shi[s and 
J couplings. The chemical shi[ ranges are 10-20 ppm for 1H and 200 ppm for 13C., with peak resolu4on generally 
being 0-1 Hz in a properly homogenised (shimmed) magnet. Typical J couplings are between 0-1 kHz. The success 
of solu4on-state NMR hinges on the random tumbling of molecules in liquids which allows high resolu4on 
spectra. 

In solids, there is no molecular rota4on. The full effects of anisotropy are visible in the 1D spectrum of a sta4c 
solid70, 84. However, the anisotropic contribu4on is a probe of the chemical structure and orienta4on, providing 
informa4on not readily accessible with solu4on NMR. With 13C NMR, homonuclear couplings are much weaker 
and heteronuclear coupling to 1H can be removed with decoupling schemes.85-88 Therefore, only chemical shi[ 
anisotropy (CSA) informa4on is present in the spectrum. The observed signal will depend on the orienta4on of 
the principal axis of the chemical shi[ tensor with respect to B0. If the splilng caused by the homonuclear 
dipolar coupling is negligible in natural abundance sample and the size of the homonuclear couplings is small, 
the 13C spectrum of a sta4c single crystal of five different nuclei will present five dis4nct signals, and the 
frequency of each peak will depend on the crystallite orienta4on.70, 84 In a powdered sample, with crystallites 
randomly oriented, the spectrum will be a sum of spectra arising from each present crystallite in the sample.70 
This will correspond to five con4nuous powder paPerns, one for each dis4nct spin. If the molecular structure is 
rela4vely simple, with a handful of different spins, the CSA principal values can be derived from each powder 
paPern and they will be a sensi4ve reporter of the electronic structure.89-98  

However, with an increasing number of different spins, powder paPerns will overlap with each other and 
resolu4on will be lost.  

In the case of 1H spins, homonuclear dipolar coupling also needs to be considered. The descrip4on of this 
interac4on and its effect on the spectrum is detailed in the next sec4on.  

 

1.3 Dipolar coupling 
 
Considering a pair of spins ½, I and S, at a distance r, 𝐻#** is defined as72: 
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 𝐻#** = −
𝜇,
4𝜋 𝛾-𝛾.ℏ-

𝐼/ ∙ 𝑆/
𝒓/ 3 − 3

(𝐼/ ∙ 𝒓)(𝑆/ ∙ 𝒓)
𝒓0  (1.2) 

 
 
where 𝜇,  is the vacuum permeability constant and ℏ is the reduced Planck constant. Using spherical polar 
coordinates 
 

 𝒓 = (𝑟 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 , 𝑟 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜙 , 𝑟 𝑐𝑜𝑠 𝜃)	 
 

(1.3) 

 
the dipolar coupling Hamiltonian becomes 
 

 𝐻#** = −
𝜇,
4𝜋

𝛾-𝛾.ℏ
𝑟/ [𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹] (1.4) 

 
where 
 

 

 
𝐴 = 𝐼/1𝑆/1(3 cos2 𝜃 − 1) 

𝐵 = −
1
4 [𝐼
/3𝑆/4 + 𝐼/4𝑆/3](3 cos2 𝜃 − 1) 

𝐶 = −
3
2 [𝐼
/1𝑆/3 + 𝐼/3𝑆/1](sin 𝜃 cos 𝜃 𝑒456) 

𝐷 = −
3
2 [𝐼
/1𝑆/4 + 𝐼/4𝑆/1](sin 𝜃 cos 𝜃 𝑒356) 

𝐸 = −
3
4 [𝐼
/3𝑆/3](sin2 𝜃 𝑒4256) 

𝐹 = −
3
4 [𝐼
/4𝑆/4](sin2 𝜃 𝑒3256) 

 

(1.5) 

 
This is known as the dipolar alphabet. 𝜃 represents the angle between the internuclear vector and B0. 

In the presence of a large sta4c magne4c field, the Zeeman interac4on is much larger than the local fields 
origina4ng from dipolar couplings. Therefore, a secular approxima4on reduces the Hamiltonian to terms that 
only commute with the Zeeman interac4on.72 For a homonuclear dipolar coupling, this corresponds to A and B 
terms, whereas for a heteronuclear spin pair only the A term is considered. 

 

 𝐻#** = 𝐷𝐷-.[𝐴 + 𝐵] = −
𝜇,
4𝜋

𝛾-𝛾.ℏ
𝑟/ [𝐴 + 𝐵] (1.6) 

 
The strength of the dipolar coupling DDIS (typically given in units of rad/s) has a cubic dependence on the 
internuclear distance. For a 1H spin pair, the dipolar coupling constant DDIS/(2π) is 35.5kHz at 1.5 Å, 15.0 kHz at 
2 Å and 0.96 kHz at 5 Å.	The size of the dipolar coupling is normally orders of magnitude larger than the J coupling 
and, for each spin pair, induces large splilngs in the spectrum. 

In isotropic liquids, the rapid random tumbling 4me averages the coupling to zero. This is seen by integra4ng the 
orienta4onal dependence over the surface of a sphere 72: 

 

 R 𝑑𝜃 sin 𝜃 (3 cos2 𝜃 − 1) = 0
7

,
 (1.7) 

 
However, in sta4c solids, the dipolar coupling is not averaged out. Every proton pair with a non-negligible 
DDIS/(2π) will produce splilngs. 99 In a powdered sample containing a dense network of protons, the cumula4ve 
effect of all proton pairs in all crystallites is a large broadening in the whole spectrum. For instance, Figure 1.1 
shows the 1H 1D NMR spectrum of a sta4c sample of ritonavir: 
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Figure 1.1. Molecular structure of ritonavir and the 1H NMR spectrum of a sta;c sample recorded for a powder sample of 
ritonavir form II. 

 

The resul4ng spectrum is featureless and liPle to no structural informa4on can be retrieved. Although dipolar 
couplings encode distance between spins, it is usually preferable to remove the broadening due to dipolar 
coupling, and obtain atomic-site resolved spectra. 

 

1.4 Magic-Angle Spinning 
 
The (3 cos2 𝜃 − 1)  orienta4on dependence is not specific to dipolar coupling, but to any anisotropic NMR 
interac4on that is defined by a second-rank tensor70, 100, such as the chemical shi[ tensor. The value of the 
interac4on is equal to zero when the angle between the spin interac4on principal axis frame and the magne4c 
field B0 is set at the magic-angle (𝜃&). 

 

 𝜃 = 𝜃! = #tan"# √2) = 54.7° (1.8) 

 
This crucial property revolu4onized NMR of solids with the implementa4on of magic-angle spinning (MAS). 
Introduced in the 1950s101-102, MAS consists of physically spinning the sample around an axis 4lted at 54.7° with 
respect to the magne4c field.  

To first order, MAS yields an average orienta4on of the interac4on along the magic angle, and removes all 
anisotropy from second rank tensor interac4ons103, such as dipolar coupling and CSA, leading to substan4al line 
narrowing in the spectrum. Higher order terms are dependent on the MAS frequency103-108 as will be discussed 
in detail below. Therefore, the degree of coherent averaging is determined by the spinning rate (given in kHz). 

However, under MAS, the effect of the different Hamiltonian terms on the spectrum is not the same. Maricq and 
Waugh103, in their seminal paper, introduced the formalism of “inhomogeneous” and “homogeneous” 
interac4ons. Due to the sample rota4on, the Hamiltonian becomes 4me-dependent and Maricq and Waugh 
considered any interac4on that commutes with itself at different 4mes as inhomogeneous. This is the case for 
the chemical shi[ and heteronuclear dipolar couplings. The NMR signal is detected during MAS rota4on and the 
inhomogeneous interac4ons, being rotor-modulated, are dephased and perfectly refocused within a rotor 
period. This results in the appearance of rota4onal echoes in the free induc4on decay (FID). A[er Fourier-
Transform (FT), the frequency spectrum is composed of a sideband paPern.70 The sideband paPern consists of a 
series of narrow lines posi4oned at integer mul4ples of the spinning rate centered around the isotropic chemical 
shi[ posi4on. Therefore, MAS splits the inhomogeneously broadened lines into a paPern of narrow spinning 
sidebands.109 As the spinning rate increases, the spinning sidebands intensi4es are aPenuated and posi4oned at 
further away from the isotropic peaks in the spectrum. Simultaneously, the center band intensity is increased 
because the integrated signal of all sidebands is the same at all rates. At slow spinning rates, the sidebands are 

      

1H Chemical Shift / ppm
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useful and, in favorable cases, can be analyzed to retrieve the CSA tensor principal values. Moderate spinning 
rates (~10-20 kHz) are enough to suppress most of the spinning sidebands, since, typically for 1H and 13C, CSA is 
not larger than a few kHz. 

On the other hand, homogeneous interac4ons, such as homonuclear dipolar couplings, do not commute with 
themselves at different 4mes during the rotor period. The full refocusing of homogeneous interac4ons is not 
possible, resul4ng in a faster decay of the FID and consequently more line broadening in the frequency 
domain.109 The residual broadening can be very large and hide the underlying chemical shi[s.107, 109-113 For 
effec4ve line narrowing, the spinning rate needs to be larger than the effec4ve dipolar strength.103, 106, 108 In 1H 
dense systems, this implies spinning at 100 kHz MAS or higher. In the past, such spinning rates were unavailable 
and the inability to sufficiently reduce or suppress the 1H-1H dipolar coupling prevented the applica4on of 1H 
NMR detec4on methods. For this reason, MAS spectroscopy originally strongly focused on dilute spins such as 
13C and 15N, where the CSA is the only major interac4on in the spectrum.  

At faster MAS rates (> 40 kHz), the CSA is effec4vely averaged out and a rou4ne 1D cross-polariza4on 13C 
experiment114 can provide strikingly high resolu4on spectra115, as it is seen below with Ritonavir. 

 

 
Figure 1.2. Molecular structure of ritonavir and the 13C 1D Cross-Polariza;on 100 kHz MAS spectrum recorded for a powder 
sample of ritonavir form II. 

 

The sidebands are not visible in the spectrum, due to the high spinning rate, therefore the CSA informa4on is 
lost. However, removing this informa4on allows to obtain a single peak for each dis4nct nuclei, leading to the 
desired atomic site resolu4on. A lot of effort was put into MAS equipment design over the last decades and fast 
spinning probes are commercially available today (100-150 kHz).110, 116-119 The effect of fast MAS on 1H is 
discussed in the next sec4on. 

 

1.5 1H NMR of solids in the fast-spinning regime 
 
As men4oned in the previous sec4on, a 1H spin pair 1.5 Å apart has a DDIS/(2π) of 35.5 kHz. Therefore, a MAS 
rate significantly above that frequency would be necessary in order to effec4vely average out that par4cular 
coupling. If stronger couplings are present in the sample (1.1 Å would correspond to 90.2 kHz), faster rates are 
required. In a dense network of 1H spins with various dipolar couplings and the mul4spin effect, the MAS rate 
needs to be significantly greater than the largest dipolar couplings present in the network in order to be 
considered to be in the fast-spinning regime.  

50100150200 0
13C Chemical Shift / ppm
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The residual homogeneous broadening of every dis4nct spin of a given sample can be es4mated from a pseudo 
2D spin-echo experiment.120 The spin echo intensi4es are measured at different echo dura4ons (2τ) (Figure 1.3) 
and the decay is defined by the transverse spin-spin dephasing 4me (T2’).112, 121  

 

 
Figure 1.3. a) spin-echo pulse sequence. The homogeneous linewidth is determined from the intensity of the spin echo as a 
func;on of the spin-echo delay τ. (b) the spin echo decay I is fiQed to a simple exponen;al and T2’ is extracted. 

Typically, in rigid organic solids, T2’ is in the order of a few milliseconds. The corresponding homogeneous 
broadening in Hz (Δ’) is defined as  

 

 Δ’ = 	
1
𝜋𝑇2ʹ

 (1.9) 

 
On the other hand, the inhomogeneous broadening is refocused during the spin echo122. The linewidth obtained 
by FT of the regular FID is the sum of the homogeneous and inhomogeneous linewidth, therefore, the 
inhomogeneous linewidth can be obtained by the difference of the regular FID and the spin echo decay.  

The sources of inhomogeneous broadening and their contribu4on to the total linewidth at fast MAS have been 
discussed in the literature and are also detailed in Chapter 5. The dependence of the total linewidth and Δ’ 
dependence on MAS rate have also been the subject of inves4ga4on and are discussed in Chapter 2.  

As the spinning rate increases, elonga4on of T2' is expected because of the improved coherent averaging of the 
dipolar couplings, which translates to a longer 1H coherence life4me.112-113, 123 

Alterna4vely, reducing the number of protons by deutera4on also diminishes the dipolar coupling effect. For 1H 
diluted samples, proton detec4on methods are useful, even at moderate MAS frequencies.124-130 Although a cost 
in sensi4vity is expected with deutera4on, the gain in line narrowing can be preferred. At fast MAS rates, 
deutera4on is s4ll recommended, par4cularly for protein samples, where deutera4on is rela4vely 
straighUorward. Combined with a high magne4c field, fast MAS rate and deutera4on, linewidths of 50–100 Hz 
can be obtained and assignment of proteins was possible with proton detec4on.129-130  

When the experimental MAS rates available were in the slow to moderate spinning regime (ωr << DDIS/(2π)), 1H 
resolu4on was improved but far from resolving atomic sites in powdered samples. However, sophis4cated NMR 
methods achieved further decoupling, which consisted of combining rota4on and mul4ple pulse sequence 
methods (CRAMPS)119, 131-136. Introduced by Gerstein et al.. in 1977 at 2.5 kHz MAS131, several decoupling 
schemes achieved impressive line narrowing, up to 65 kHz MAS. 

Even if these techniques introduce addi4onal noise, and chemical shi[ scaling and ar4facts, they are the state-
of-the-art methods for 1H detec4on for MAS rates up to 65 kHz.   

Today, MAS in the fast spinning regime (ωr >> DDIS/(2π)) has significantly improved 1H resolu4on. The fastest 
commercially available rates are in the range 100-150 kHz110, 116-119, while rates up to 200 kHz137 have been 
demonstrated at laboratory level. The linewidths at 100 kHz MAS are comparable to the ones obtained with 
CRAMPS at slower frequencies, but without the inconveniences related to CRAMPS methods men4oned above.  

As an example, the rela4vely simple organic solid L-Tyrosine hydrochloride is spun at 40 and 100 kHz MAS and 
the corresponding 1D 1H spectra are presented in Figure 1.4.  
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Figure 1.4. Molecular structure of L-Tyrosine Hydrochloride and 1D 1H NMR spectra of powdered sample of L-tyrosine 
Hydrochloride, acquired at 40 kHz and 100 kHz MAS.  

 
The resolu4on improvement is substan4al from 40 kHz to 100 kHz MAS. Compared to a sta4c spectrum, as seen 
in the previous sec4on, the 40 kHz MAS spectrum has linewidths 125 4mes narrower. Nonetheless, it is visible 
that the linewidths are s4ll rela4vely large and severe overlap is s4ll present in the 3-5 ppm regions. The 100 kHz 
MAS spectrum has bePer resolved peaks overall, but it is par4cularly notable around 5 ppm: what was an 
unresolved “blob” at 40 kHz becomes three dis4nct peaks at 100 kHz. This spinning rate is aPainable by using a 
0.7 mm diameter rotor.  

Indeed, faster MAS rates are associated with smaller rotors and restricted sample amount.123 Although abundant 
spins such as 1H are not par4cularly handicapped by this, the reduced sample quan4ty leads to a substan4al 
sensi4vity loss for direct detec4on of rare heteronuclei with a lower ɣ.  

This loss is compensated by using one of the most common techniques in MAS, cross-polariza4on (CP).114 CP 
involves polariza4on transfer between abundant spins (1H) and dilute spins (13C), which are dipolar coupled. The 
sensi4vity improvement allows detec4on for rare nuclei, even at natural abundance, such as 15N. The signal 
enhancement is defined by the ra4o of ɣ1H/ ɣ13C and the relaxa4on delay is dependent on1H T1, which is generally 
shorter than the T1 of dilute spins. In addi4on, faster MAS elongates both T1ρ 138-139 and T2’112, which facilitates 
the magne4za4on transfer.  

For these reasons, several heteronuclear and mul4dimensional (2D140-142, 3D143-151 and 4D152-161) correla4on 
experiments based on CP contacts are been developed and are largely used on different classes of materials: 
inorganics162-167, polymers168-173, pharmaceu4cals36-40, 62-68 and proteins59-61. The hCH/hNH sequence based on 
double CP contacts is extensively used for 2D HETCOR experiments174-175. HETCOR spectra can be acquired for 
proteins in minutes, and if fast MAS is combined with a high B0, larger complex proteins can be studied.  

In terms of homonuclear mul4dimensional correla4on experiments, a plethora of dipolar recoupling methods 
have been developed in the past decades, for different spinning regimes and specific radiofrequency irradia4on 
requirements. Double-Quantum (DQ) and Zero-Quantum (ZQ) recoupling sequences are the first order 
homonuclear dipolar recoupling techniques and are generally for short-distance correla4on. Although not 
detailed here, there are also the second-order recoupling sequences based on spin-diffusion (SD) to detect long-
range correla4ons.176-182  

The classic ZQ recoupling sequence is radio frequency driven recoupling (RFDR)183-184 and its varia4on finite pulse 
radio frequency driven recoupling (fpRFDR) at fast MAS185-191. The laPer version accounts for the fact that at fast 
MAS, the pulse has considerable width compared to the short rotor period. Consequently, the spin evolu4on 
during the pulse width can no longer be neglected and needs to be taken into account in the pulse sequence 
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design. The RF irradia4on scheme requirement combined with the robust recoupling performance renders this 
sequence highly suitable for homonuclear correla4on experiments. 

On the other hand, several DQ recoupling methods have been developed to determine the proximity between 
spins.192-210 At fast MAS, sequences requiring low RF field strength are preferred and the most common DQ 
recoupling sequences189 are POST C7,198 	SR1408 ,199 SR26998 ,211  BR229 ,202 BABAxy16,203 SR22!

9
 and [SR22!

9 ] .189 
BABAxy16 is a phase cycled scheme based on the simpler original BABA (Back-to-.Back) sequence, but it is more 
broadband, robust and more adapted for faster MAS rates and 1H detec4on.203 It has been applied to host-guest 
systems such as PDMS@ɣ-cyclodextrin, but also polymers and organic solids. In this body of work, the BABAxy16 

experiment will be the go-to method for 1H-1H correla4ons at fast MAS. Nevertheless, it is worthy to note that 
symmetry-based sequences have also been demonstrated recently to be more robust than BABAxy16, by reducing 
significantly t1 noise.119, 212  

 

1.6 The Quest for Resolu-on 
 
The equipment mainly used in this body of work is a probe using 0.7 mm diameter rotors in a magne4c field of 
21.1 T, which spins rou4nely at 100 kHz. The 1H 1D spectrum of L-tyrosine HCl in Figure 1.4 demonstrated the 
capabili4es of this system and how 1H resolu4on is improved when fast MAS is combined with a high B0. 

Nevertheless, the obtained linewidths are s4ll a few hundred Hz and not all resonances are resolved (according 
to the literature assignment, based on 13C detec4on experiments), experiencing substan4al overlap. This is a 
sample with 10 different 1H sites, a rela4vely simple spin system, which demonstrates the current limita4ons on 
resolu4on.  

These limita4ons are exacerbated for ritonavir, with 48 protons. Figure 1.5 shows the corresponding 40 and 100 
kHz 1D 1H spectra.  

 

 
Figure 1.5. Molecular structure of Ritonavir and 1D 900 MHz 1H NMR spectra of a powdered sample of Ritonavir (II), acquired 
at 40 kHz and 100 kHz MAS. 

Again, the narrowing is substan4al between the 40 and 100 kHz MAS spectra, and some dis4nct resonances are 
resolved. Yet, the residual broadening remains significant, rendering assignment difficult, if not impossible. In 
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recent literature, other examples include strychnine213, ampicillin214, molnupiravir215, AZD5718216, Lorla4nib.217 
These examples all illustrate the need for further decoupling and faster MAS rates.  

Great resolu4on improvement is possible by adding a second dimension to the spectrum. As men4oned above, 
DQ/SQ correla4on experiments are typically used for homonuclear 1H-1H correla4on and several pulse 
sequences have been developed for NMR of solids under fast MAS. Figure 1.6 shows the DQ/SQ 1H-1H spectrum 
of ritonavir at 40 and 100 kHz MAS using the BABAxy16 pulse sequence.203 The difference between the two MAS 
rates is again striking.  

 
Figure 1.6. Molecular structure of Ritonavir and 2D 900 MHz 1H-1H DQ/SQ NMR spectra of a powdered sample of Ritonavir 
(II), acquired at 40 kHz and 100 kHz MAS with the BABAxy16 pulse sequence. 

 
The improvement in resolu4on compared to the one-dimensional spectrum is obvious and more resonances can 
be assigned.  Although, DQ/SQ spectra at fast spinning rates offer bePer 1H experimental resolu4on for structural 
assignment in 1H NMR of solids, the technique is s4ll underwhelming due to the severe residual broadening. The 
residual linewidths only represent 1% of the sta4c linewidth, but they are s4ll not narrow enough for confident 
assignment in the majority of cases. The reliance on 13C detec4on methods is s4ll necessary for the structural 
assignment of ritonavir. 

Un4l the residual homogeneous broadening by MAS alone is negligible, the development of alterna4ve 
strategies to improve the resolu4on are required to expand the domain of applicability of 1H solid state NMR. 
These strategies require a theore4cal understanding of what contributes to the linewidth, as focused on in this 
thesis. 
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1.7 Outline of the thesis 
 
The core of my PhD has been understanding the sources of residual broadening in 1H NMR under fast magic-
angle spinning, and developing new methods to increase the spectral resolu4on in order to make 1H NMR a more 
preponderant actor in NMR crystallography. The thesis will present both theore4cal studies and new 
methodology developed in our lab to access narrower 1H linewidths. 

Chapter 2 describes analy4cal integra4on up to third order using Average Hamiltonian Theory of two and three 
spin systems under MAS. The study is focused on two nuclear spin interac4ons: isotropic chemical shi[ and 
homonuclear dipolar coupling. Each order of the Hamiltonian is detailed and their relevance at different MAS 
rates is compared to numerical simula4ons. The residual terms are found to produce residual shi[s and splilngs 
in the spectrum, which is supported by experimental results. 

Chapter 3 presents the first two new methods that further improve 1H resolu4on under fast MAS. Commonly 
used for homonuclear J decoupling in liquid state, the An4-Z COSY experiment is here adapted to rota4ng solids 
to remove the residual dipolar coupling terms found in Chapter 2. A faster version (TAZ-COSY) is also described. 
Both of them achieve a narrowing up to a factor of two when compared to 1D conven4onal experiment. 

Chapter 4 then discusses pure isotropic proton (PIP) approaches. Based on error mapping instead of coherent 
averaging, PIP methods are introduced that are in principle able to remove all residual homogeneous 
broadening, reaching the highest 1H resolu4on on organic solids to date. PIP is first implemented with a 
parameter filng approach on conven4onal 1D spectra. Then, PIPNET is developed, which can be seen as PIP 
with a machine learning model that overcomes previous assump4ons and limita4ons, while aPaining similar 
levels of resolu4on. Finally, PIPNET is extended to PIPNET2D, where pure isotropic spectra are obtained for 1H-
1H 2D correla4on experiments. 

Chapter 5 reflects on the previous methods and inves4gates the different contribu4ons to the 1H linewidth at 
fast MAS, with a par4cular focus on the inhomogeneous broadening sources. Five different samples are studied, 
each one with a par4cular distribu4on of the different contribu4ons to the lineshape. The analysis is done with 
the help of DQ/SQ spectra, which show that all correlated inhomogeneous broadening can be removed with the 
extrac4on of an4diagonals. ABMS is revealed to be an important source of broadening at the fast-spinning 
regime, therefore becoming the target to suppress in future methods that will con4nue the quest for more 1H 
resolu4on. 

Chapter 6 concludes on the achieved results and puts into perspec4ve a possible outlook on next paths to follow 
to improve 1H resolu4on. 
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Chapter 2 Understanding the residual broadening in 1H 
NMR spectra under MAS 
 

2.1 Introduc-on 
 
The homonuclear dipolar coupling is the internal spin interac4on that contributes the most to the broad line 
shapes in 1H NMR spectra of sta4c solids at natural isotopic abundance. This broadening can extend over several 
kHz, obscuring informa4on from smaller interac4ons, such as chemical shi[s. Therefore, a lot of effort has been 
made into: i) analysing the dipolar based contribu4ons to the 1H spectrum and ii) reducing those contribu4ons 
in order to increase spectral resolu4on, leading to richer chemical informa4on on the sample structure.218 

At the centre of the quest for the best possible resolu4on is MAS. 101-102, which averages second-rank tensor 
interac4ons, such as the homonuclear dipolar interac4on. Generally, even at the fastest MAS rates possible today 
(100-150 kHz)110, 116-118, the linewidths are reduced to a few hundreds of Hz. These values are limi4ng to resolve 
all 1H resonances for an accurate assignment, and part of this residual broadening is coming from the dipolar 
terms which are not completely removed by MAS at these rates.  

To further narrow the linewidths, a myriad of techniques combining mul4ple-pulse sequences and MAS have 
been developed. 

Simultaneously with the progress in resolu4on, great research has been done on theorizing the 1H linewidth 
under MAS considering the chemical shi[ and the homonuclear dipolar coupling as the main spin interac4ons in 
the Hamiltonian. The Hamiltonian is 4me-dependent due to the sample rota4on around the magic angle. Also, 
the homonuclear dipolar terms do not commute within a rotor period. Consequently, it is not possible to exactly 
propagate the Hamiltonian over a rotor period or a pulse sequence without resor4ng to numerical simula4ons 
or some analy4cal approxima4ons. For the laPer approach, Floquet Theory and Average Hamiltonian Theory 
have been greatly used in NMR to describe different problems in solid state NMR. 

By having the MAS as the sole 4me-dependent process, Average Hamiltonian Theory is suitable for the analysis 
of the dipolar contribu4ons to the 1H spectrum.103 The 4me-dependent Hamiltonian is replaced with a 4me-
independent effec4ve Hamiltonian over a 4me interval (a rotor period in our case), which is approximated 
through a series expansion. Every integrated order of this expansion will give a physical comprehension of the 
spin behavior.  

In Chapter 2.2, the Average Hamiltonian is fully analy4cally integrated up to third order for the case of both two 
and three spin dipolar coupled systems including chemical shi[ differences. Both of these cases are treated for 
single orienta4on with isotropic chemical shi[s and homonuclear dipolar couplings. The analysis starts with the 
two-spin case, comparing it with fully numerical integra4on methods, and then extends to the three spin case. 
The comparisons (Figure 2.4 and Figure 2.9) show that only the full average Hamiltonian considering all terms 
(both non secular and secular terms) completely agrees with numerical simula4on across all MAS rates. The two 
spin simula4ons are in line with the literature103, 106, 108 and the higher order terms produce a residual shi[ in the 
spectrum that has a polynomial dependence. For the three spin case, on top of the residual shi[ the higher order 
terms produce also a residual splilng (in third order, there are even residual secular IkzIlz terms that contribute 
to the lineshape). Again, the residual shi[ and residual splilng have an overall polynomial MAS dependence. In 
order to diminish the gap between simula4ons and experiments, the effect on powders is also studied, for which 
a residual shi[ and broadening from the higher order terms is also observed.
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2.2 Theory and Simula-ons of homonuclear three-spin systems in rota-ng solids 
 
This chapter has been adapted with permission from: Simões de Almeida, B.; Moutzouri, P.; Stevanato, G.; 
Emsley, L., Theory and simula4ons of homonuclear three-spin systems in rota4ng solids. J Chem Phys 2021, 155 
(8), 084201. 

 

My contribu4on was to develop and apply the method, and to analyse the results obtained. I also wrote the 
manuscript, with contribu4ons of all authors. 

 

2.2.1 Introduc-on 
 
A detailed analysis of the contribu4ons to spectral lineshapes under MAS with an average Hamiltonian theory 
(AHT) treatment to third order for 2 and 3 inequivalent spins I = ½ is presented. We describe complete analy4cal 
expressions for the lineshapes, considering only the isotropic chemical shi[s (Ωiso) and the homonuclear dipolar 
coupling. We compare the predic4ons from AHT to numerical simula4ons of the complete density matrix. We 
find that the all terms in the AHT descrip4on up to third order are required to obtain good agreement with the 
numerical simula4ons, and that restric4on to only secular terms leads to significant errors. The analysis confirms 
that the residual dipolar broadening for three unlike spins is composed of shi[-like and coupling-like terms, and 
we show the full orienta4on- and spinning-rate-dependence of these terms. The effect of MAS on the 
homonuclear dipolar interac4ons, has been studied previously in 2 spin systems, notably by Maricq and 
Waugh103, Nakai and McDowell108 and LeviP et al..106  

Maricq and Waugh treated the case of two equivalent dipolar coupled spins (no chemical shi[ difference), using 
average Hamiltonian theory. Both Nakai and McDowell, and LeviP et al.., treated the case of two inequivalent 
dipolar coupled spins, using Floquet Theory, in different spinning regimes. We compare and contrast the three-
spin behaviour found here with the prior two spin results, that we reproduce here with AHT. For the three spins 
case, Brunner et al.. 104 inves4gated the residual linewidth under MAS using average Hamiltonian theory to 
second order using a second moment analysis for three spin systems experiencing homonuclear dipolar coupling. 
The moment analysis is a powerful tool to simply the analy4cal problem, and predict overall linewidths, for 
example, but it has the disadvantage of masking the detailed descrip4on of the lineshape. Challoner and 
McDowell105 also studied the evolu4on of the linewidth under MAS with AHT to second order (in the fast spinning 
regime) for  three spin systems, where one of the spins has significantly different chemical shi[ (ABX spin system). 
Both these approaches predicted a 1 𝜔:⁄  dependence for the residual linewidth. Spiess and coworkers109, 111 
used Floquet theory to do a general treatment of  dipolar mul4-spin systems under MAS, again using a moment 
analysis for the linewidhts. Ray et al.. 219 have numerically simulated spectra using Floquet theory for six spin 
systems at high fields and fast spinning regimes. Zorin et al.. 113 also used numerical simula4ons for mul4-spin 
systems to analyse the residual linewidths. 

More recently, Sternberg et al.. 112 analysed the proton linewidth as a func4on of MAS rate by comparing 
experiments and simula4ons using the Fokker-Plank approach, and Malar et al..107 and Schledron et al..220  
analysed linewidths for fast MAS using a second moment approach. Hellwagner et al..221 studied the different 
contribu4ons to the residual broadening in FSLG decoupled proton spectra with Floquet theory. For a 
homonuclear coupled three spin system with two dipolar couplings, their analysis of the second-order cross 
terms showed that the three spin operators 70 make a strong contribu4on to the residual linewidth. They also 
found that, in a homonuclear two spin system, the third order terms yield a contribu4on to the FSLG linewidths. 
Several approaches, including perturba4on theory222-223 , numerical simula4ons224-225, AHT226-227 and Floquet 
theory228-229 have been used to study the related problem of spin diffusion in mul4 spin systems.  

 

2.2.2 Methods 
 

Symbolic calcula4ons and propaga4on of the average Hamiltonians was carried out using the SpinDynamica 
package (Version 3.4.2)230 in Mathema4ca. Numerical full density matrix simula4ons were carried out using the 
SPINACH package (Version 2.4.5157)231 in Matlab. The same spins systems were used in both packages and their 
corresponding spectra compared. The details of each spin system used in the following are given in the Appendix 
I. 
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2.2.3 Theory 
 
2.2.3.1 Tensor nota.on 
 

In a spherical tensor basis, the isotropic chemical shi[ Hamiltonian for a given spin is70, 100, 103, 106, 108 

 

 𝐻;"#$ = Ω5<=9	𝑇9,,
;"#$% =	Ω5<=	𝐼91 (2.1) 

 

Where Ωiso1 is the isotropic chemical shi[ value in radians for spin 1. Note that in the following we have chosen 
to neglect contribu4ons due to the anisotropy of the chemical shi[. The secular high-field dipolar coupling 
Hamiltonian between two spins (1 and 2) is given by a product of orienta4on dependent and spin dependent 
parts70, 230: 

 

 𝐻@ = A92𝐷,,,2 (Ω)𝑇2,,@ = −√6
𝛾9𝛾9ℏ𝜇,
4𝜋𝑟/ 𝐷,,,2 (𝛺*)𝑇2,,@  (2.2) 

 

where A12 .is the dipolar coupling constant, that depends on the gyromagne4c ra4o γ of the two spins and the 
internuclear distance. If the coupling is homonuclear, then, γ1 = γ2. Being a second rank spin interac4on 70, 100, 
the spin part of the dipolar coupling Hamiltonian in the spherical tensor basis is 

 

 𝑇2,,@ = b2
3 c4𝐼91𝐼21 −

(𝐼93𝐼24—𝐼94𝐼23)e (2.3) 

 

The Wigner matrixes 232 Dl(Ω) rotate the spherical tensor operators between frames, which are linked by a set of 
three Euler angles (Ω). They are unitary matrixes of size (2l+1)x(2l +1), where l is the rank of the interac4on. 
𝐷,,,2 (Ω) is the second rank Wigner rota4on matrix element describing the transforma4on from the principal axes 
systems (PAS) of the dipolar tensor to the laboratory frame.  

 

 𝐷,,,2 (Ω) = 𝑒5A,𝑒5B,𝑑,,
(2)(−𝛽) = 3

𝑐𝑜𝑠2(𝛽) − 1
2  (2.4) 

 

and where in general  

 

 𝐷&&&
2 (𝛺) = 𝐷&&&

2 (𝛼, 𝛽, 𝛾) = 𝑒5A&𝑒5B&&𝑑&&&
(2) (−𝛽) (2.5) 

 

The second rank reduced Wigner elements, 𝑑&&&
(2) (−𝛽) are recalled in the Appendix I. The Euler angles are 

defined with the ZYZ conven4on, where a refers to the rota4on of the tensor around the frame z-axis230. 
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Figure 2.1 Two orthogonal 3D cartesian coordinate systems, xyz and XYZ.The Euler angles α, β and γ define the rela;ve 
orienta;on between them. Adapted from hQps://en.wikipedia.org/wiki/Euler_angles 

Orienta4on and 4me dependences can conveniently be expressed by decomposing 𝐷,,,2 (Ω) into a series of 
consecu4ve frame transforma4ons:  

 

 PAS
*(;'

()
i⎯⎯k CRYSTAL

*(;(
))

i⎯⎯kROTOR
*(;)

*)
i⎯⎯kLAB (2.6) 

 

where 𝐷(𝛺EF) is a rota4on of the interac4on from its principal axis system (P) to a crystal fixed frame (C). 𝐷(𝛺F#) 
rotates the interac4on from the crystal frame to a rotor fixed frame (R), and finally 𝐷(𝛺#G)rotates the dipolar 
coupling from the rotor to the laboratory fixed frame (L). 

In the general case, we have for each rota4on the following set of Euler angles: 

 

 𝛺EF = {𝛼EF , 𝛽EF , 𝛾EF} (2.7) 

 𝛺E# = {𝛼E# , 𝛽E# , 𝛾E#} (2.8) 

 𝛺#G = {𝜔:𝑡, 𝜃&, 0} (2.9) 

 

Where ΩHI	and	ΩHJ	are the Euler angles for the principal axys system to the crystal fixed frame, and the crystal 
frame to the rotor frame, respec4vely. The changing rela4ve rotor orienta4on to the laboratory frame, ΩJK ,	 is 
defined, for exact magic-angle spinning, with αJK =	ωLt, βJM =	θN, where ωL is the spinning rate and θN  is the 
magic angle (tan49 √2), and γJK  is arbitrary. 

For a two-spin system, we can assume that the crystal frame is coincident with the PAS without loss of generality, 
and only two frame transforma4ons are necessary. For a rota4ng sample, the orienta4on of the rotor frame with 
respect to the laboratory frame (Eq. 2.9) is 4me-dependent. For MAS the rotor frame z-axis is 4lted at the magic 
angle, q = qm = 54.74°, rela4ve to the lab frame z-axis, which is parallel to the sta4c field B0, so that  

 

 𝑑,,
(2)(−𝜃&) = 	0 (2.10) 

 

Considering the spin part of the homonuclear dipolar interac4on operators (Tl,m), only T2,0 contributes to the 
high-field Hamiltonian. Therefore, we obtain a full 4me-dependent Hamiltonian for three-spin systems under 
MAS:  

z
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𝐻(𝑡) = 	𝛺5<=9𝐼91 + 𝛺5<=2𝐼21 + 𝛺5<=2𝐼/1

+b
2
3 | 	 | 𝐷&,

(2)(𝛺#G)
2

&O42

2

&&O42

𝐷,&&
(2) (𝛺E#)A92c4𝐼91𝐼21 − (𝐼93𝐼24 − 𝐼94𝐼23)e

+ b
2
3 | 	 | 𝐷&,

(2)(𝛺#G)
2

&O42

2

&&O42

𝐷,&&
(2) (𝛺E#)A9/c4𝐼91𝐼/1 − (𝐼93𝐼/4 − 𝐼94𝐼/3)e

+ b
2
3 | 	 | 𝐷&,

(2)(𝛺#G)
2

&O42

2

&&O42

𝐷,&&
(2) (𝛺E#)A2/c4𝐼21𝐼/1 − (𝐼23𝐼/4 − 𝐼24𝐼/3)e 

(2.11) 

 
2.2.3.2 Average Hamiltonian Theory 
 
Due to MAS, HA has a periodic 4me-dependence such that 

 

 𝐻@(𝑡) = 𝐻@(𝑡 + 	𝑁𝑇) (2.12) 

 

In addi4on, the dipolar interac4on is homogeneous in the sense of Maricq and Waugh 103: [𝐻(𝑡), 𝐻(𝑡′)] ≠ 0.  

Consequently, the propagator describing the 4me evolu4on of the system cannot in general be derived 
analy4cally. Average Hamiltonian theory103, 233-234 can be used to approximate the Hamiltonian to any given order. 
AHT uses the Magnus expansion to replace H(t) with a 4me-independent average. Maricq and Waugh noted that 
the Magnus expansion will converge when the interac4on strengths 𝜖 are small enough compared to the MAS 
rate, i.e. wr /	𝜖 >> 1 with for two-spin systems, 

 

 𝜖 = �(𝛺5<=9 − 𝛺5<=2)2 + �A92𝐷,,,2 (Ω)�
2
 (2.13) 

 

The average Hamiltonian is then given up to 3rd order by: 

 

 𝐻�(1) =
𝜔:
2𝜋R 𝑑𝑡𝐻(𝑡)

2P/R+

,
 (2.14) 

 
𝐻�(2) =

𝜔:
4𝜋𝑖R 𝑑𝑡

2P/R+

,
R 𝑑𝑡′[𝐻(𝑡), 𝐻(𝑡S)]
T

,
 

(2.15) 

 
𝐻�(3) = −

𝜔:
12𝜋R 𝑑𝑡

27/R+

,
R 𝑑𝑡S
T

,
	R 𝑑𝑡SS

T&

,
	��𝐻(𝑡), [𝐻(𝑡S), 𝐻(𝑡SS)]�

+ �[𝐻(𝑡), 𝐻(𝑡S)], 𝐻(𝑡SS)�� 

(2.16) 

 

where τ:	 =	2π 𝜔:⁄ , corresponding to a rotor period. For the sake of simplicity, from this point onwards, 𝜔: in 
equa4ons refers to U+

27
. 

 
2.2.3.3 AHT treatment for two-spin systems 
 
The average Hamiltonian is expressed in the Zeeman eigenbasis |mV9W, mV2W⟩	 of the operators I1z and I2z, where: 

 

 I91|mV9W, mV2W⟩ 	= mV9W|mV9W, mV2W⟩ (2.17) 
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with the eigenstates: 

 

 |1⟩ = �+
1
2 ,+

1
2� ,

|2⟩ = �−
1
2 ,+

1
2� , |3⟩ 	= | +

1
2 ,−

1
2⟩, |4⟩ = | −

1
2 ,−

1
2⟩ 

(2.18) 

 
 

1st order 
 
Evalua4on of the first order term for 2-spin systems spinning around an arbitrary axis yields:  

 

 
𝐻�(1) = 𝛺9𝐼91 + 𝛺2𝐼21

−
𝐴92
64

(3𝑐𝑜𝑠2(𝛽E#) − 1)(3𝑐𝑜𝑠2(𝛽#G) − 1)c4𝐼91𝐼21 − (𝐼93𝐼24 − 𝐼94𝐼23)e 
(2.19) 

 

If the rotor is spinning at the magic angle, then 𝛽#G = 𝜃& and the dipolar coupling term vanishes, and only the 
isotropic chemical shi[ terms survive.  

 

 𝐻�(1)"@. = 𝛺9𝐼91 + 𝛺2𝐼21 (2.20) 

 
2nd order 
 
In 2nd order, the dipolar couplings do not vanish even under MAS.  
 

 𝐻�(2)(=(<%X"@. = ∆R(2)(=(<%X"@. 𝑖(𝐼93𝐼24 − 𝐼94𝐼23) (2.21) 

 

 

∆R(2)(=(<%X"@. =
𝑓2(Ω)
𝜔:

A92(𝛺5<=9 − 𝛺5<=2)

=
3

32𝜔:
A92(𝛺5<=9 − 𝛺5<=2) sin(𝛽E#) sin(𝜃&)

× (8 𝑐𝑜𝑠(𝛽E#) 𝑐𝑜𝑠(𝜃&) sin(𝛼E#)) + 𝑠𝑖𝑛(2𝛼E#) 𝑠𝑖𝑛(𝛽E#) 𝑠𝑖𝑛(𝜃&)) 
 

(2.22) 

 
Where f2(Ω) is a trigonometric func4on of the Euler angles. At second order, a zero-quantum term adds to the 
isotropic shi[s of the first order term. The amplitude of this term has a 1/wr dependence. The expression for 
spinning at an arbitrary angle is given in the Appendix I.  

In the matrix representa4on of the average Hamiltonian, this second order term is a “flip-flop”, and connects 
eigenstates |2⟩ and |3⟩. This term is denoted non-secular since it does not commute with the chemical shi[ 
terms. The effect on the spectrum is discussed in sec4on 2.2.3.4. 

 
3rd order 
 
The analy4cal expression at third order gets more intricate, as the number of integra4ons and commutators 
increase. There is a zero-quantum contribu4on: 

 

 𝐻�(3)(=(<%X"@. = ∆R(3)(=(<%X"@. (𝐼93𝐼24 + 𝐼94𝐼23) (2.23) 
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∆R(3)(=(<%X"@. =
𝑓/(<(Ω)
𝜔:2

𝐴92(𝛺5<=9 − 𝛺5<=2)2

=
3

64𝜔:2
𝐴92(𝛺5<=9 − 𝛺5<=2)2 sin(𝛽E#) sin(𝜃&)

× (16 𝑐𝑜𝑠(𝛼E#) 𝑐𝑜𝑠(𝛽E#) 𝑐𝑜𝑠(𝜃&) + 𝑐𝑜𝑠(𝛼E#)2 𝑠𝑖𝑛(𝛽E#) 𝑠𝑖𝑛(𝜃&)
− 𝑠𝑖𝑛(𝛼E#)2 𝑠𝑖𝑛	(𝛽E#)𝑠𝑖𝑛	(𝜃&)) 

(2.24) 

 

and a term with single spin operators: 

 

 𝐻�(3)<%X"@. = ∆R(3)<%X"@.(𝐼91 − 𝐼21) (2.25) 

 

 

∆R(3)<%X"@. =
𝑓/<(Ω)
𝜔:2

𝐴922(𝛺5<=9 − 𝛺5<=2)

=
1

512𝜔:2
𝐴922(𝛺5<=9 − 𝛺5<=2) 𝑠𝑖𝑛(𝛽E#)2 (−33

+ 32 𝑐𝑜𝑠(2𝛼E#) 𝑐𝑜𝑠(𝛽E#)2 − 31 𝑐𝑜𝑠(2𝛽E#) + 𝑐𝑜𝑠(4𝛼E#) 𝑠𝑖𝑛(𝛽E#)2

+ 8√2𝑠𝑖 𝑛(𝛼E#) 𝑠𝑖 𝑛(2𝛼E#) 𝑠𝑖𝑛(2𝛽E#)) 

(2.26) 

 

We denote these terms as non-secular and secular respec4vely, since the zero-quantum term does not commute 
with the chemical shi[ terms, whereas the second term does. Both terms can be minimized by fast MAS, as the 
expressions have a wr

-2 dependence. On the other hand, the expression for the secular term shows a A12
2(Ωiso1-

Ωiso2) dependence. Within the fast MAS convergence regime of Eq. 2.13, a stronger dipolar coupling interac4on 
and/or a larger chemical shi[ difference enhances the value of the residual shi[ (ΔR) at a given spinning rate.  

The non-secular zero-quantum term has a similar MAS dependence, but has a linear dependence on the dipolar 
coupling and a squared dependence on the chemical shi[ difference. As with the second order term, this term 
is off-diagonal term in the matrix representa4on of the average Hamiltonian, and connects |2⟩ and |3⟩. 
In summary, to third order, in addi4on to the isotropic chemical shi[ terms, the two-spin Hamiltonian contains 
a zero-quantum term at second order, and a secular shi[ term and a zero-quantum term at third order, 

 

 
𝐻
"@.

= (𝛺YZ[9 + ∆R(3)<%X"@.)𝐼91 + (𝛺YZ[2 − ∆R(3)<%X"@.)𝐼21 + i∆R(2)(=(<%X"@. 	(𝐼93𝐼24 − 𝐼94𝐼23)
+ ∆R(3)(=(<%X"@. 	(𝐼93𝐼24 + 𝐼94𝐼23) 

 
(2.27) 

 

By secularizing the average Hamiltonian with respect to the chemical shi[ difference, only the third order shi[ 
term would remain, in addi4on to the isotropic chemical shi[ terms. 

The effect on the NMR spectrum, and the accuracy of AHT for the two-spin systems is treated in the next sec4on 
with numerical examples.  

 
2.2.3.4 Effect on the MAS NMR spectrum – two spins 
 
The effect of magic angle spinning on two-spin systems is shown with numerical simula4ons in Figure 2.2, with 
the underlying shi[s and couplings given in the cap4on yielding 𝜖 = 13 kHz (Eq. 2.13), and spectra shown from 
40 – 100 kHz MAS rates. The spectrum of a sta4c sample depicted in Fig. 2.2 presents the splilngs caused by 
the dipolar interac4on (A12𝐷,,,2 (Ω) = 12990 Hz). The spectrum of the isotropic shi[s alone is also shown. The 
dipolar interac4on in the lab frame is larger than the chemical shi[ difference, in this strong coupling regime. 
The inner peak intensi4es are weaker than the outer peaks and are barely visible in the spectrum of the sta4c 
sample.  

 



Chapter 2 – Understanding the residual broadening in 1H NMR spectra under MAS 
 

 28 

 

Figure 2.2  a) Static, b) Isotropic and c-f) MAS spectra and spectra of an AB systems for a single orientation. Ωiso1 = 1490 Hz, 
Ωiso2 = 2980 Hz. The coupling in the PAF was set to A12 = 30 kHz. The Euler angles for the crystal to rotor frame transformation 
are: {𝛼!", 𝛽!", 𝛾!"} = {45°, 60°, 30°}. The zoom on the right shows to the Ω1 region, with the red line at Ωiso1. On the right, 
the values of the residual shift (the difference between Ωiso1 and the apparent peak position) are reported. Exponential 
linebroadening of 20 Hz was applied to the simulated free induction decays prior to Fourier transformation. Simulated with 
SPINACH as described in the Appendix I. 

Despite the presence of two-spin operators in the average Hamiltonian, the resul4ng MAS spectra only contain 
two resonances, as MAS completely removes the splilngs, and a zoom on the Ωiso1 region shows the effect of 
the higher order correc4ons to be a residual shi[ DR which decreases with increasing MAS. At 100 kHz, the 
residual shi[ is almost zero.  

These numerical simula4ons (carried out using the SPINACH plaUorm as described in detail in Appendix I) can be 
compared to the predic4ons of the second and third order AHT analysis above. Fig. 2.3 shows comparisons of 
the spectra, at 40 kHz MAS, obtained with different levels of AHT (propagated using the SpinDynamica plaUorm 

as described in Appendix I) and the full numerical simula4on. At this MAS rate and with this spin system, the full 
third-order Hamiltonian from AHT of Eq. 2.27 is in essen4ally complete agreement with the numerical simula4on, 
with both of them indica4ng a DR of 11 Hz. Removing the non-secular terms leads to a small devia4on from the 
exact simula4on, and to a DR of 15 Hz. Finally, trunca4ng the Hamiltonian to second order leads to a rela4vely 
large error in the predic4on, and predicts DR of -3 Hz.  

 
 

 
Figure 2.3  Comparison of spectrum obtained with full numerical simula;on (a)) and the spectra obtained with the different 
AHT versions: the full Hamiltonian up to third order (b)), the secular part of the Hamiltonian up to third order (c)), and the 
second order Hamiltonian (d)). The spectra were simulated at 40 kHz MAS and the spin system used is the same as in Figure 
2.2 The zoom in e) shows the Ωiso1 region. 

To understand bePer the MAS dependence of the residual shi[, Figure 2.4 shows the evolu4on of DR as a 
func4on of the MAS rate, ranging from 10 to 100 kHz, for the exact simula4on and the three AHT versions. The 
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full third-order Hamiltonian agrees essen4ally completely with the numerical simula4on from 20 kHz MAS 
upwards. As seen at 40 kHz in Figure 2.3, the secular Hamiltonian has slightly different residual shi[s. The 
difference is greater at slower MAS but negligible at the fastest MAS rates. The average Hamiltonian truncated 
to second order has a significantly larger error and converges much more slowly. Notably, all three average 
Hamiltonians in Figure 2.3 and 2.4 produce a residual shi[. For the secular average Hamiltonian, the third order 
shi[ term is diagonal in the eigenbasis of |mV9W, mV2W⟩, and therefore the residual shi[ observed in the spectra is 
iden4cal to the magnitude of the coefficient of the third order secular term in Eq. 2.26, and consequently follows 
a wr

-2 dependence.  

However, for the average Hamiltonian truncated to second order, the observed residual shi[ does not follow a 
wr

-1 dependence, and is different from the magnitude of the coefficient of the second order non secular term in 
Eq.s 2.21 and 2.22. This is because the zero-quantum term is non-secular in the eigenbasis (Eq. 2.28), and is then 
diagonalized to yield the resul4ng eigenvalue that gives the residual shi[ observed (Eq. 2.29). Since the smaller 
the off-diagonal terms are, the less they will contribute to the eigenvalues, for a fixed chemical shi[ difference, 
as the spinning speed is increased, the terms decrease as wr

-1, but the observed shi[ in the spectrum will in 
general drop off faster than that.  
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(2.28) 

 

 
A[er diagonaliza4on, the eigenstates {|1⟩, |2⟩, |3⟩	 and |4⟩	} of the 2 spin systems are: 
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(2.29) 

 
The eigenvalues are iden4cal but of opposite sign, therefore the four allowed transi4ons will give only two 
different transi4on frequencies, and no splilngs, as observed in the spectrum of Figure 2.3. The eigenvalue |2⟩ 
and the |2⟩-|1⟩ transi4on frequency as a func4on of wr for the second-order truncated average Hamiltonian, for 
the two-spin systems example in Figure 2.2, is displayed in Figure 2.15. 

In the full average Hamiltonian, on top of the second order zero quantum term and the secular shi[ term, there 
is the non-secular zero-quantum term. The eigenstates {|1⟩, |2⟩, |3⟩	 and |4⟩	} for the full average Hamiltonian 
are: 
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(2.30) 

 
 

The eigenvalue |2⟩ and the |2⟩-|1⟩ transi4on frequency as a func4on of wr are shown in Figure 2.16 The DR of 
Ωiso1 is also ploPed as a func4on of wr and compared to the numerical results in Figure 2.17. 

In general, the full wr dependence of the shi[s is a sum of an wr
2 and wr

4 term, divided by wr
2. Nakai and 

McDowell108 and LeviP et al..106 have previously considered that in the fast MAS limit in a two-spin systems the 
overall dependence of the secular terms is expected to be wr

-2. In this limit LeviP et al..106 obtain the same dipolar 
coupling and chemical shi[ difference dependence as ∆R(3)<%X"@. of Eq. 2.26 here. 

 
 

 

Figure 2.4 Residual shift evolution(DR) as function of the MAS rate of the peak in the Ωiso1 region of a two-spin systems in a 
single orientation, with the parameters given in Figure 2.3.  The blue line is the exact numerical simulation, the red line 
represents the secular Hamiltonian until third order, the gray line represents the full Hamiltonian until second order and and 
the black lines are the full representation of the Hamiltonian to 3rd order, including the non-secular terms.  

The dependence on the chemical shi[ difference predicted by AHT is also confirmed in exact simula4ons. Figure 
2.19 shows the evolu4on of the residual shi[ at a MAS rate of 40 kHz as the chemical shi[ difference (Ωiso1-Ωiso2) 

is increased. The observed residual shi[ increases linearly with (Ωiso1-Ωiso2), as shown by Figure 2.18, indica4ng 
that the secular term of Eq. 2.26 is dominant, and the square term of the eigenvalue has a small contribu4on to 
the residual shi[. Similarly, the analysis was extended to the dipolar coupling dependence in Figure 2.20. The 
residual shi[ increases in a more strongly coupled systems as predicted by Eq. 2.22, 2.24 and 2.26. The dipolar 
coupling strength was increased from 0 to 40 kHz, and the filng in Figure 2.19 shows the good agreement to 
the dependence found in the eigenvalue of Eq. 2.30. 
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These dependencies are valid in the fast-spinning regime (Eq. 2.13). In the slow to intermediate spinning regime, 
the numerical simula4ons show the opposite effect with the chemical shi[ difference and the MAS rate on the 
residual shi[ evolu4on (Figure 2.20 and 2.21). 

In summary, it is important to note that the Hamiltonian terms of Eq. 2.27 lead to shi[s in the resonance 
posi4ons, and not to splilngs (even if the underlying operators include two-spin terms). This is in agreement 
with the previous work on two-spin systems in references 104 and 105. 

These crystallite orienta4on dependent shi[s cause broadening in a powder sample (see below) and prevent the 
obten4on of a pure isotropic spectrum at fast MAS. In the fast-spinning regime, the full Hamiltonian descrip4on 
agrees essen4ally completely with the numerical simula4on. The analy4cal integra4on to fourth order is 
computa4onal demanding, however for numerical example of two spins system at 50 kHz MAS, the fourth order 
integra4on gives (I1

+I2
-
 - I1

-I2
+) as spin operators, but with a space part negligible compared to the lower orders. 

The magnitude of the space part, for this case, is 100 4mes smaller than the second order terms. 

 

 

Figure 2.5 Effect of the chemical shift difference for a two-spin systems. The isotropic shift Ωiso1 was set to 1490 Hz, while Ωiso2 
is varied. The difference in chemical shift between the two spins (DΩiso) is shown for each spectrum (a)-f)), as well the observed 
residual shift (DR) for Ωiso1. The other parameters are the same as in Figure 2.2. The zoom on the right  refers to the Ωiso1 
region. The red line refers to isotropic shift of Ωiso1. In all spectra, the MAS rate was set to 40 kHz.  

 

 

Figure 2.6 Effect of the magnitude of the dipolar coupling on the spectra of a two spin systems. The isotropic shift of Ωiso1 was 
set to 1490 Hz and Ω2 to 2980 Hz. The dipolar coupling between the two spins (A12𝐷#,#" (𝛺%)) is shown for each spectrum, as 
well the observed residual shift (DR) for Ωiso1. The other parameters are the same as in Figure 2.2. The zoom on the right refers 
to the Ωiso1 region. The red line refers to isotropic shift of Ω1. In all spectra, the MAS was set to 40 kHz.  

Following these results, the AHT treatment is now extended to three spin systems. 
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2.2.3.5 AHT Treatment for 3 Spin Systems  
 

We consider again a single orienta4on of a three-spin dipolar coupled system, with inequivalent isotropic 
chemical shi[s, neglec4ng CSA. This 4me, the average Hamiltonian is expressed in the eigenbasis 
|mV9W, mV2W, mV/W⟩	  of the operators I1z, I2z and I3z.  

 

1st order 

 

Similarly, to the 2-spin case, the dipolar interac4ons vanish at first order for MAS, and the resul4ng Hamiltonian 
only contains the isotropic terms:  

 

 𝐻�(1)"@. = 𝛺9𝐼91 + 𝛺2𝐼21 +	𝛺/𝐼/1  (2.31) 

 

2nd order 
 
The compact expression of the second order term for spinning at the magic angle is  
 

 
𝐻�(2)(=(<%X"@. = −

𝑖
𝜔"@.

(Δ𝐷(2)92(𝐼94𝐼23 − 	𝐼93𝐼24) + Δ𝐷(2)9/(𝐼94𝐼/3 − 𝐼93𝐼/4)

+ Δ𝐷(2)2/(𝐼24𝐼/3 − 𝐼23𝐼/4) + Δ𝐷(2)912/(𝐼91𝐼23𝐼/4 − 𝐼91𝐼24𝐼/3)
+ Δ𝐷(2)921/(𝐼93𝐼21𝐼/4 − 𝐼94𝐼21𝐼/3) + Δ𝐷(2)92/1(𝐼93𝐼24𝐼/1 − 𝐼94𝐼23𝐼/1)) 

(2.32) 

 
where  
 

 Δ𝐷(2)Yo =	𝐴5pc𝛺5<=Y − 𝛺5<=oe𝑓(𝛼E#
5p , 𝛽E#

5p ) (2.33) 

 
and 
 

 
Δ𝐷(2)YoqW = (𝐴5p𝐴5r1)𝑓9c𝛼E#

5p , 𝛽E#
5p , 𝛼E#5r1, 𝛽E#5r1e + (𝐴5p𝐴pr1)𝑓2c𝛼E#

5p , 𝛽E#
5p , 𝛼E#

pr1, 𝛽E#
pr1e

+ (𝐴5r1𝐴pr1)𝑓/c𝛼E#5r1, 𝛽E#
pr1, 𝛼E#5r1, 𝛽E#

pr1e 
(2.34) 

 
and where f(𝛼, 𝛽) are trigonometric func4ons of the Euler angles.The ΔD terms originate both shi[ and splilng 
in the spectrum. The full expressions for the ΔD terms are given in the Appendix I. These terms show the same 
MAS rate dependence as in the 2 spin case, and the corresponding operators do not commute with the Zeeman 
interac4on. The amplitudes depend on the chemical shi[ differences and dipolar couplings for the two spins 
involved in the ZQ term. In addi4on, for the three-spin case, we see new three spin operator terms, which are a 
product between a longitudinal single spin operator and the zero-quantum terms of the two other spins. In the 
fast MAS regime considered these terms do not depend on the chemical shi[ differences. The space part in Eq. 
2.34 consists of a sum of 2x3 terms, where each pair depends on the product of two different dipolar couplings 
(A12A13, A12A23 and A13A23). 

 
3rd order 
 
The analy4cal expression in 3rd order for three spins starts to be more computa4onally demanding. There are 
more operators and their space part becomes more intricate. The full expressions of the space part of each term 
are presented in the Appendix I. The secular condensed part is  

 

 
𝐻�(3)<%X"@. =

1
𝜔"@.2 (Δ𝑅(3)9𝐼91 + Δ𝑅(3)2𝐼21 + Δ𝑅(3)/𝐼/1 + Δ𝐶(3)Zst92𝐼91𝐼21

+ Δ𝐶(3)Zst9/𝐼91𝐼/1 + Δ𝐶(3)Zst2/𝐼21𝐼/1) 

(2.35) 
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where  

 

 Δ𝑅(3)5 =	𝐴5p2c𝛺5<=Y − 𝛺5<=oe𝑓(𝛼E#
5p , 𝛽E#

5p ) +	𝐴5r2(𝛺5<=Y − 𝛺5<=r)𝑓(𝛼E#5r , 𝛽E#5r ) (2.36) 

 

and 
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(2.37) 

 

with the non-secular part 

 

 

𝐻�(3)(=(<%X"@. =
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𝜔"@.2
(Δ𝐷(3)u[uZst92(𝐼94𝐼23 + 	𝐼93𝐼24) 	+ Δ𝐷(3)u[uZst9/(𝐼94𝐼/3 + 𝐼93𝐼/4)

+ Δ𝐷(3)u[uZst2/(𝐼24𝐼/3 + 𝐼23𝐼/4) 	+ Δ𝐷(3)u[uZst9W2/(𝐼91𝐼23𝐼/4 + 𝐼91𝐼24𝐼/3)
+ Δ𝐷(3)u[uZst92W/(𝐼93𝐼21𝐼/4 + 𝐼94𝐼21𝐼/3) + Δ𝐷(3)u[uZst92/W(𝐼93𝐼24𝐼/1
+ 𝐼94𝐼23𝐼/1  

(2.38) 

 

where 
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(2.39) 

 

and 

 

 
	Δ𝐷(3)u[uZstYoqW = 𝐴5p𝐴5r1c𝛺5<=5 − 𝛺5<=pe𝑓9c𝛼E#

5p , 𝛽E#
5p , 𝛼E#5r1, 𝛽E#5r1e
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pr1, 𝛽E#
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(2.40) 

 

In the secular part, each residual shi[ term in Eq. 2.36 now consists of a sum of two terms, with each depending 
on the interac4on with the one of the other spins.  These dependences are analogous to the two spins case. Spin 
2 has the opposite dependence on A12

2(Ωiso2-Ωiso1) but now depends on A23
2(Ωiso3-Ωiso2). Therefore, unlike in the 

two spins case, spin 1 and spin 2 will have different absolute residual shi[s. Addi4onally, in the three-spin-case 
there is the appearance of new residual two-spin IizIjz type terms. Their full orienta4on dependence is given in 
the Appendix I, and has a series of dependences on the different dipolar couplings and their Euler angles. In the 
nonsecular terms there also zero-quantum terms analogous to the two-spin case, and new three-spin operator 
terms, as obtained in second order but with a more intricate orienta4on dependence. Notably, in the fast MAS 
regime, these zero quantum terms do not depend on the chemical shi[ differences.  

In summary, compared to the two-spin case, the average Hamiltonian of the three-spin systems presents 
addi4onal secular terms at third order and new non-secular three-spin operator terms, both in second and third 
order.  
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2.2.3.6 Effect on the MAS spectrum - three spins 
 

The spin systems parameters used for the numerical examples are given in the cap4on to Figure 2.7 The Nakai 
parameters 𝜖 of Eq. 2.13 for the three pairwise dipolar interac4ons are 14 kHz for A12, 15 kHz for A13 and 20 kHz 
for A23. In this strongly coupled system, the single-orienta4on spectrum of a sta4c sample shown in Figure 2.7 
and contains the expected transi4ons for three-spin systems. The pure isotropic spectrum (Figure 2.7) naturally 
consists of only the three isotropic resonances. 

The effect of MAS on the single orienta4on three spin systems is shown in Figure 2.7. As for the two spins case, 
the spectra contain residual shi[s from the isotropic frequency. The magnitude of these shi[s is now a sum of 
terms, and in general is likely to be larger than seen in the two-spin systems. For example, at 100 kHz MAS, the 
residual shi[ of spin 1, shown in the Figure, is s4ll 26 Hz.  

Most notably, in contrast to the 2-spin case, there are now also residual splilngs on all three resonances, as 
predicted by the appearance of IizIjz type terms at third order in the AHT analysis (Eq. 2.35). The non-secular 
second and third order terms also lead to both shi[s and splilngs. The ensemble leads to all three spins showing 
a doublet of doublets, corresponding to the twelve principal transi4on frequencies from the eigenbasis 
|mV9W, mV2W, mV/W⟩. As expected, the splilng due to the couplings decreases with increasing MAS rate. 

 

 

Figure 2.7 Static (a)), Isotropic(b)) and MAS (c-f)) spectra of three-spin systems in a single orientation. Ωiso1 = 1490 Hz, Ωiso2 = 
2980 Hz and Ωiso3  = 5960 Hz. The couplings are A12 = 30 kHz , A13 = 35 kHz and A23 = 40 kHz. The corresponding Euler angles 
for the crystal to rotor frame transformation  are: {𝛼!", 𝛽!", 𝛾!"} = {60°, 45°, 30°} ; {𝛼!&, 𝛽!&, 𝛾!&} = {45°, 60°, 60°} ; 
{𝛼"&, 𝛽"&, 𝛾"&} = {30°, 36°, 30°}. In this orientation, in the lab frame, the couplings correspond to 14.3 kHz , 15.2 kHz and 
19.8 kHz.  The zoom on the right shows the Ω1 region. The red line indicates the  isotropic shift Ω1. The spectra were calculated 
with SPINACH as detailed in the Appendix. An exponential linebroadening of 20 Hz was applied to all the FIDs prior to Fourier 
transformation. 

 

As for the two spin cases, the wr dependence in general does not simply follow the amplitude of the coefficient 
for the non-secular off-diagonal terms, whose effect will decay more rapidly as wr is increased. The matrix 
representa4on of the full Hamiltonian and the resul4ng eigenvalues are not displayed due to the complexity and 
length of the terms but, as for the two spins, the eigenstates have both a polynomial wr dependence, up to the 
sixth power, and a wr

-2
 dependence. 

Figure 2.8 shows comparisons of the spectra, at 80 kHz MAS, obtained with different levels of AHT and the full 
numerical simula4on, as in Figure 2.3. At this MAS rate and with this spin system, the full third-order Hamiltonian 
from AHT is in essen4ally complete agreement with the numerical simula4on, with both of them indica4ng a DR 
of 40 Hz. The numerical simula4on presents a DC of 37 Hz, whereas the full Hamiltonian shows a DC of 40 Hz. 
The secular Hamiltonian presents a different lineshape from the exact simula4on, with a DR of -22 Hz and a DC 
of 99 Hz. Finally, trunca4ng the Hamiltonian to second order leads to a rela4vely large error in the predic4on, 
and predicts DR of 58 Hz and a DC of 60 Hz.  
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Figure 2.8 Comparison of spectrum obtained with full numerical simula;on (a)) and the spectra obtained with the different 
AHT versions: the full Hamiltonian up to third order (b)), the secular part of the Hamiltonian up to third order (c)), and the 
second order Hamiltonian (d)). The spectra were simulated at 80 kHz MAS and the spin systems used is the same as in Figure 
2.7. The zoom on e) shows the Ωiso1 region. 

As in the two-spins case, Figure 2.9 shows the evolu4on of DR and DC as a func4on of the MAS rate, ranging 
from 40 to 100 kHz, for the exact simula4on and the three AHT versions. As expected, the full third order average 
Hamiltonian once again shows the best agreement with the exact simula4on. The second order truncated version 
has bePer agreement than the secularised approach, but are s4ll significantly different from the full Hamiltonian. 
The full descrip4on of the average Hamiltonian is again needed in order to simulate accurate spectra, and the wr

 

dependence is that of the eigenvalues from the full average Hamiltonian.  

Looking in more detail at the behaviour, the observed DR (the difference between Ωiso and the center of gravity 
of the mul4plet) and DC (the width of the mul4plet) for Ωiso1 are shown in Figure 2.9. For the other two spins, 
the evolu4on is shown in the Appendix, Figure 2.22 and 2.23. 

Since DR and DC have different orienta4on dependencies, each spin presents a different absolute ra4o between 
the two effects, here varying between 1.00 and 0.36.  

The chemical shi[ difference is also an important parameter. In the two spins systems, we saw that when the 
spins are equivalent, all the higher order terms (N>1) vanish. However, in a three-spin system, we see that some 
of the terms do not depend on the chemical shi[ difference [e.g., in Eqs. 2.34, 2.37 and 2.39], and so they remain 
even when the chemical shi[ difference is zero. Conven4onally, a larger chemical shi[ difference should render 
the system inhomogeneous. The chemical shi[ difference needs to be associated with a non-negligible 
homonuclear dipolar coupling in order for the higher order terms dependent on the chemical shi[ difference to 
be relevant. If the chemical shi[ difference is very large then usually the dipolar coupling of that spin pair is much 
weaker than couplings associated with spin pairs that a have a more similar chemical shi[. Addi4onally, there 
are no higher order terms solely dependent on the chemical shi[ difference, unlike terms only dependent on 
the dipolar couplings. 
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Figure 2.9 Residual shift (DR) and residual coupling (DC) evolution as function of the MAS rate (from 40 kHz to 100 kHz, in 
steps of 5 kHz.) of the peak in the Ωiso1 region of  three-spin systems in a single orientation, with the parameters given in Figure 
2.7. The blue line is the exact numerical simulation, the red line represents the secular Hamiltonian until third order, the gray 
blue line represent the full Hamiltonian until second order and and the dark blue lines are the full representation of the 
Hamiltonian until 3rd order, with the non-secular terms. The DR and DC evolution for the two other spins are available in the 
Appendix I, Figure 2.20 and 2.21. 

We see that, in the regime of fast MAS, as for the two-spin case, increasing the chemical shi[ difference will lead 
to larger residuals, and this is confirmed in the SpinDynamica simula4ons of the residual couplings as a func4on 
of MAS rate shown in figure 2.24, and where we see that the residual couplings have a polynomial dependence 
on the MAS rate.  
In summary, third order AHT provides an accurate descrip4on of the three-spin systems in the fast MAS regime. 
In comparison to the two-spin systems we see that faster MAS rates are necessary to provide the same level of 
averaging, as might be expected for a more strongly coupled system. More interes4ngly, while the residuals in 
the two-spin systems only led to shi[s away from the isotropic posi4ons, in the three-spin systems we see in 
addi4on the appearance of residual splilngs. The two effects have similar magnitudes. 
 
2.2.3.7 Effects of a π pulse 
 

There is an important dis4nc4on between the linewidth observed in the spectrum, which is the focus of this 
study, and the dephasing 4me observed in a spin-echo experiment (o[en referred to as T2’). This difference can 
be explained if we calculate the effect of a spin-echo (τ-π- τ) on the average Hamiltonian of Eq.s 2.31 to 2.40, 
which yields 

 

 

𝐻�(2)(=(<%X%Xx= = −
𝑖
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(Δ𝐷(2)912/(𝐼91𝐼23𝐼/4 − 𝐼91𝐼24𝐼/3) + Δ𝐷(2)921/(𝐼93𝐼21𝐼/4 − 𝐼94𝐼21𝐼/3)

+ Δ𝐷(2)92/1(𝐼93𝐼24𝐼/1 − 𝐼94𝐼23𝐼/1)) 

𝐻�(3)<%X%Xx= =
1

𝜔"@.2 (Δ𝐶(3)Zst92𝐼91𝐼21 + Δ𝐶(3)Zst9/𝐼91𝐼/1 + Δ𝐶(3)Zst2/𝐼21𝐼/1) 

𝐻�(3)(=(<%X"@. = 9
U,-./

(Δ𝐷(3)u[uZst92(𝐼94𝐼23 + 	𝐼93𝐼24) 	+ Δ𝐷(3)u[uZst9/(𝐼94𝐼/3 + 𝐼93𝐼/4) +
Δ𝐷(3)u[uZst2/(𝐼24𝐼/3 + 𝐼23𝐼/4)	)     

(2.41) 

 

We see that the Hamiltonian has been considerably simplified, as expected, and that the chemical shi[s, and 
several of the residual terms, are refocused. For example, at second order the two spin terms, that depend on 
the difference in chemical shi[s, are refocused as compared to Eq. 2.32, but the three spin terms, which only 
depend on products of dipolar couplings, are retained. Similar trends are seen in the third order terms.  

 

-100

-50

0

50

100

150

200

250

300

350

400

40 50 60 70 80 90 100
MAS [kHz]

Δ[
H

z]

ΔR 
ΔC 

Numerical
HMAS

H(1)MAS+ MAS
secH(3)

H(1)MAS+ MAS
nonsecH(2)



Chapter 2 – Understanding the residual broadening in 1H NMR spectra under MAS 
 

 37 

 

2.2.4 Effect of MAS on Powder Line Shapes 
 
Figure 2.10 shows the spectral lineshapes we expect from powders under fast MAS. Here we show exact 
numerical simula4ons, but they can also be calculated by summing spectra for different orienta4ons using the 
third-order AHT expressions, and the results are found to be essen4ally iden4cal. A two-angle REPULSION235 grid 
of orienta4ons was used to simulate the powder spectra.  
 
 

 

Figure 2.10 Effect of MAS on the spectrum of a two-spin systems summed over 200 different orientations on a two-angle 
repulsion grid. The spin system parameters were otherwise the same as in Figure 2.2. The zoom on the right shows the Ωiso1 
(1490 Hz). The red line refers indicates Ωiso1. An exponential linebroadening of 20 Hz was applied to all the FIDs prior to Fourier 
transformation. The spectra were calculated with SPINACH as detailed in the Appendix. 

The sta4c spectrum shows the expected Pake doublet99. As predicted in the AHT expressions for the single 
orienta4ons, MAS removes the splilng in a powder, and reduces the spectrum to two single peaks and their 
spinning sidebands. Most importantly, since the residual shi[ DR is orienta4on dependent, the residual spectra 
are now made of narrow powder paPerns, with characteris4c lineshapes for mixed second and fourth rank 
interac4ons. The width of the powder paPerns decreases with increasing MAS rates. Again, this is in full 
agreement with the previous treatments for two spin systems.103, 106, 108  Perhaps most importantly, the center of 
gravity of the residual powder paPern is not at the isotropic chemical shi[ posi4on, i.e., the DR tensor does not 
have a zero average. This leads to a residual shi[ DDR of the whole resonance peak in the powder spectrum 
away from the isotropic value. 

 

 
Figure 2.11 Effect of MAS on the spectrum of three-spin systems summed over 800 different orienta;ons on a two-angle 
repulsion grid. The spin system parameters were otherwise the same as in Figure 2.7. The zooms on the lem and the right show 
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the Ωiso3 (5960 Hz) and Ωiso1 (1490 Hz) regions respec;vely. The red line shows the isotropic shims. An exponen;al 
linebroadening of 40 Hz was applied to all the FIDs prior to Fourier transforma;on. The spectra were calculated with SPINACH 
as detailed in the Appendix. 

Figure 2.11 shows the powder lineshapes simulated for fast MAS spectra in the three-spin systems. In the fast 
MAS regime, we see asymmetric lineshapes that here are made up of the orienta4on dependent residual shi[s, 
as well as the orienta4on dependent residual couplings. The paPerns are thus broader than in the two-spin case. 
Again, perhaps most importantly, the center of gravity of the residual powder paPern is not at the isotropic 
chemical shi[ posi4on. This again leads to a spin system and MAS rate dependent residual shi[ DDR of the whole 
resonance peak in the powder spectrum away from the isotropic value. 

 

 
 
Figure 2.12 Residual linewidths as a func;on of the rotor period for Ωiso1 (red), Ωiso2 (blue), and Ωiso3 (gray) for the three-spin 
system simulated in Fig.2. 11. The MAS rates range from 20 to 200 kHz. In the upper panels, the whole range is ploQed and 
they are fiQed to a polynomial dependence (solid line). The doQed line corresponds to the fit of the 9 rates from 120 to 200 
kHz MAS to a linear func;on. The lower panels show a zoomed-in image of this region. The spectra are obtained amer applying 
an exponen;al line broadening of 40 Hz. The fit parameters are given in Table 2.2. 

 

Figure 2.12 shows the MAS rate dependence of the linewidth at half-height (Δ) measured from the powder 
simula4ons for the three-spin system. In general, we observe that the linewidths show a polynomial behaviour. 
We note that for spin 3, there is a clear inverse linear regime at fast spinning rates, which intercepts at the value 
of the intrinsic linewidth (here 40 Hz due to the exponen4al broadening added to the simula4ons prior to Fourier 
transform). We also see that if we only look at the rates over a range from 90-200 kHz (lower panel), all three 
spins fit well to an inverse linear dependence. However, for spins 1 and 2, the intercept is at less than 40 Hz, 
which belies the underlying polynomial dependence. This is discussed further below.  

 

2.2.5 Connec-on to Experiment 
 
We note that the shi[s of the peaks in MAS spectra of powders discussed above should be experimentally 
observable. Figure 2.13 shows the H1 and H3 regions of the echo detected 1H MAS spectra of powdered L-
tyrosine hydrochloride, with MAS rates from 82 to 90 kHz. All the spectra were acquired with a VT control set to 
280 K. Both resonances shi[ to lower ppm as the MAS rate is increased.  

We note that these measurements could easily be confounded by a systema4c increase in the sample 
temperature as the MAS rate increases, due to fric4onal hea4ng, if the chemical shi[s are temperature 
dependent. To account for this, Figure 2.13 also shows the spectra recorded at a constant MAS rate (80 kHz), and 
as a func4on of the VT temperature. In this case there is also a shi[ of the two peaks observed, but in the 
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opposite direc4on. We believe this is a clear demonstra4on of the presence of MAS rate dependent shi[s. Finally 
we note that very recently pure isotropic 1H spectra have been recorded from variable MAS rate data, in which 
MAS rate dependent shi[s were also observed, including in experiments with ac4ve temperature control.236  

 

 

Figure 2.13 Echo-detected 1H MAS spectra of powdered L-Tyrosine hydrochloride. Only the regions of protons H1 and H3 are 
displayed. (A) The VT temperature was set at 280 K, and the MAS rate was increased from 82 kHz to 90 kHz in steps of 2 kHz.  
(B) The MAS rate was set to 80 kHz and the VT temperature was increased from 275 K to 298K. All the spectra were acquired 
using a Bruker 0.7 mm room temperature HCN CP-MAS probe at a magnetic field of 18.8 T, corresponding to a 1H  frequency 
of 800 MHz. 

 

 

Figure 2.14 . Measured 1H linewidths vs MAS rate from 78 to 100 kHz for selected resolved resonances in β-AspAla, L-Tyrosine-
HCl and Thymol. The measured linewidth is scaled relative to the linewidth observed in a static sample whch was estimated 
to be 30 kHz. All the spectra were acquired using a Bruker 0.7 mm room temperature HCN CP-MAS probe at a magnetic field 
of 18.8 T, corresponding to a 1H  frequency of 800 MHz. 

In addi4on to the residual shi[, we have also inves4gated the evolu4on of the residual linewidth as func4on of 
the MAS rate in experimental data. Figure 2.14 shows the measured linewidth (scaled by the linewidth in the 
sta4c sample) for resolved resonances in β-AspAla, L-tyrosine-hydrochloride and thymol. In each case the 
experimental residual linewidths fit well to an inverse linear dependence on MAS rate over the range from 78 to 
100 kHz used here. However, as noted above in the discussion of Figure 2.12, a polynomial dependence is likely 
to fit well to an inverse linear behaviour over a given range, with the only indica4on being that the intercept 
would be underes4mated. Since the exact intrinsic linewidth is not known in the experimental case, this might 
only become apparent if the polynomial dependence was strong enough to produce an intercept at less than 
zero.  
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2.2.6 Conclusion 
 
The average Hamiltonian to third order was fully integrated for two and three spin systems in a single orienta4on, 
with isotropic chemical shi[s and homonuclear dipolar couplings. For both two and three spin integra4ons, 
results showed that the full third-order expression of the Hamiltonian, without secular approxima4ons or 
trunca4on to second-order, is the descrip4on that agrees the best, by far, with full numerical calcula4ons. In 
par4cular, we consider the effect on the spectrum of the different residual terms as a func4on of the spinning 
rate, and of the dipolar coupling constant and the chemical shi[ difference.  

For the two spins case, we confirm that the effect of the dipolar coupling is removed in first order, and a zero-
quantum term appears both in second and third order, and a secular shi[ term appears in third order. These 
terms lead to the appearance of a residual shi[ in the fast MAS spectrum. The spinning rate dependence of the 
shi[ terms is not trivial, and the amplitude of the shi[ decreases as the spinning rate increases in general with 
as sum of an wr

2 and wr
4 term, divided by wr

2. In the fast MAS regime this leads to a behaviour that is well 
described by an overall wr

-2 dependence. 

In the three-spin case, on top of the zero quantum and residual shi[s terms, there are also three spin operators, 
both in second and third order. Finally, there are also secular residual two-spin coupling terms in third order. The 
effect on the spectrum is now to produce a residual shi[ and residual splilngs. Both the shi[ and splilngs have 
a fairly complex dependence on spinning rate with the eigenstates having a polynomial wr dependence, up to 
the sixth power, and a wr

-2
 dependence.  

In our simula4ons, for the spin system parameters and the spinning rates used here in these small two- and 
three-spin systems, the behaviour is well fit by an overall polynomial dependence. For one case we observe an 
inverse linear dependence on the MAS rate at the faster MAS rates. 

The effect on powder paPerns is also shown, and we find that the anisotropic residual shi[ does not have zero 
average, so that the powder lineshape is broadened and shi[ed from the isotropic posi4on. This suggests that 
in 1H MAS spectra, even at the fastest MAS aPainable today, the posi4ons observed are not exactly the isotropic 
shi[s. The residual terms will be removed completely only at infinite MAS rate. 

The spinning rate dependence found here, and the regimes observed in simula4on and experiment in Figures 
2.12 and 2.14, might explain some of the debate that can be found in the experimental literature. Brunner et 
al.104, Challoner and McDowell105, Spiess and coworkers109, 111 and Zorin et al113 reported an wr

-1
 dependence for 

the proton residual linewidth, while Ray et al219, Sternberg et al112 and Malar et al107 and Schledron et al..220 
observed good fits to polynomial wr

-1
  and wr

-2
  dependences. 

Finally, we note that the some of the terms observed here are not refocused by a π pulse, and will be successfully 
removed with the an4-Z COSY and TAZ-COSY experiments, 213, 237 leading to narrower 1H MAS spectra, whereas 
others are not. In constrast, in the very recently introduced pure-isotropic-proton (PIP) spectra, since both the 
shi[s and the couplings are modulated by changing the MAS rate both sources of broadening are removed.236  
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2.2.7 Appendix I 
 
2.2.7.1 Two Spins full expression terms at arbitrary angle 
 
Second order  
 

Spin part Space part 

𝑖(𝐼93𝐼24 − 𝐼94𝐼23) 

 
3

32𝜔:
A92(𝛺5<=9 − 𝛺5<=2) sin(𝛽E#) sin(𝜃) (8 𝑐𝑜𝑠(𝛽E#) 𝑐𝑜𝑠(𝜃) sin(𝛼E#)

+ 𝑠𝑖𝑛(2𝛼E#) 𝑠𝑖𝑛(𝛽E#) 𝑠𝑖𝑛(𝜃)) 
 
Third order  
 

Spin part Space part 

(𝐼93𝐼24 + 𝐼94𝐼23) 
3

64𝜔:2
𝐴92(𝛺5<=9 − 𝛺5<=2)2 sin(𝛽E#) sin(𝜃) (16 𝑐𝑜𝑠(𝛼E#) 𝑐𝑜𝑠(𝛽E#) 𝑐𝑜𝑠(𝜃)

+ 𝑐𝑜𝑠(𝛼E#)2 𝑠𝑖𝑛(𝛽E#) 𝑠𝑖𝑛(𝜃) − 𝑠𝑖𝑛(𝛼E#)2 𝑠𝑖𝑛	(𝛽E#)𝑠𝑖𝑛	(𝜃)) 

(𝐼91 − 𝐼21) 

1
512𝜔:2

𝐴922(𝛺5<=9 − 𝛺5<=2) 𝑠𝑖𝑛(𝛽E#)2 (−33 + 32 𝑐𝑜𝑠(2𝛼E#) 𝑐𝑜𝑠(𝛽E#)2 − 31 𝑐𝑜𝑠(2𝛽E#)

+ 𝑐𝑜𝑠(4𝛼E#) 𝑠𝑖𝑛(𝛽E#)2 + 8√2𝑠𝑖𝑛	(𝛼E#)𝑠𝑖𝑛	(2𝛼E#)𝑠𝑖𝑛(2𝛽E#) 

 
Fourth order (Numerically integrated) 
 

Spin part 
(𝐼93𝐼24 + 𝐼94𝐼23) 
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2.2.7.2 Three spins full expression terms at the magic angle 
 
Second order 
 

(𝐼94𝐼23 − 𝐼93𝐼24) 
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��) ��(α
�� - α
��) + ������	 
�� 
�� ���(β
��) ���(β
��) ��(� (α
�� - α
��)) +
��	 
�� 
�� ��(β
��) ���(β
��) ��(β
��) ���(β
��) ��(α
�� - α
��) +
����	��	 
�� 
�� ���(β
��) ���(β
��) ��(� (α
�� - α
��)) +
���	 
�� 
�� ��(β
��) ���(β
��) ��(β
��) ���(β
��) ��(α
�� - α
��)
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Third order 
 
Non secular 
 

(𝐼94𝐼23 + 𝐼93𝐼24) 

 

�

��ω����
�����	�
�� �� ���� ���( (α�� -  α���)) ����(β��) ����(β���) -

����	��
 ���� �� ���( α��) ����(β��) ����(β���) +
����	��
 ���� �� ���(� α��� -  α��) ����(β��) ����(β���) +
���

�	 �� ���� ���( α�� - α���) ���(β���) ����(β��) ����(β���) -
���

�	 �� ���� ���( α�� - � α���) ���(β���) ����(β��) ����(β���) +
�������� ���� �� ���(α��� -  α��) ���(β���) ����(β��) ����(β���) -
�������� ���� �� ���(� α��� -  α��) ���(β���) ����(β��) ����(β���) +
���
�
 �� ���� ���(α�� - α���) ���(β��) ���(β���) ���(β��) ����(β���) -
���
�
 �� ���� ���(α�� + α���) ���(β��) ���(β���) ���(β��) ����(β���) +
���
�
 �� ���� ���(α�� - � α���) ���(β��) ���(β���) ���(β��) ����(β���) +
���
 ���� �� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ����(β���) +
���
 ���� �� ���(� α��� - α��) ���(β���) ���(β��) ���(β��) ����(β���) -
���
 ���� �� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ����(β���) -
����	��
 ��� ��� ���( α���) ����(β��) ����(β���) +
����	��
 ��� ��� ���( (α��� -  α��)) ����(β��) ����(β���) +
�������� ��� ��� ���( α��� - α��) ���(β��) ����(β��) ����(β���) -
�������� ��� ��� ���( α��� - � α��) ���(β��) ����(β��) ����(β���) -
���
�
 �� ���� ���( (α�� - α���)) ����(β���) ����(β��) ����(β���) -
���
 ���� �� ���( (α��� - α��)) ����(β���) ����(β��) ����(β���) -
���
 ��� ��� ���( (α��� - α��)) ����(β��) ����(β��) ����(β���) -
����	��
 �� ��� �� ���( (α�� - α��� - α��)) ����(β��) ����(β��) ����(β���) +
��������
 �� ��� �� ���( (α�� + α��� - α��)) ����(β��) ����(β��) ����(β���) +
��������
 �� ��� �� ���( (α�� - α��� + α��)) ����(β��) ����(β��) ����(β���) -
�������� �� ���� ���(α�� -  α���) ���(β��) ����(β���) ���(β��) ����(β���) +
�����	� �� ��� �� ���( α�� -  α��� - α��) ���(β��) ����(β��) ���(β��) ����(β���) -
�����	� �� ��� �� ���( α�� -  α��� + α��) ���(β��) ����(β��) ���(β��) ����(β���) -
��	�	��	 ���� �� ���( α��� - α��) ����(β���) ���(β��) ���(β��) ����(β���) +
��	�	��	 ���� �� ���(α��) ����(β���) ���(β��) ���(β��) ����(β���) +
����
 �� ��� �� ���(α�� +  α��� - α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β���) -
����
 �� ��� �� ���(α�� -  α��� - α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β���) -
����
 �� ��� �� ���(α�� -  α��� + α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β���) +
���
 ��� ��� ���(α��� - α��) ���(β���) ���(β��) ����(β��) ���(β���) -
���
 ��� ��� ���(α��� + α��) ���(β���) ���(β��) ����(β��) ���(β���) +
���
 ��� ��� ���(α��� - � α��) ���(β���) ���(β��) ����(β��) ���(β���) +
��	�	��	 ��� ��� ���(α���) ���(β���) ����(β��) ����(β��) ���(β���) -
��	�	��	 ��� ��� ���(α��� -  α��) ���(β���) ����(β��) ����(β��) ���(β���) +
�����	� �� ��� �� ���( α�� - α��� -  α��) ���(β���) ����(β��) ����(β��) ���(β���) -
�����	� �� ��� �� ���( α�� + α��� -  α��) ���(β���) ����(β��) ����(β��) ���(β���) +
����
 �� ��� �� ���(α�� - α��� +  α��) ���(β��) ���(β���) ���(β��) ����(β��) ���(β���) -
����
 �� ��� �� ���(α�� - α��� -  α��) ���(β��) ���(β���) ���(β��) ����(β��) ���(β���) -
����
 �� ��� �� ���(α�� + α��� -  α��) ���(β��) ���(β���) ���(β��) ����(β��) ���(β���) +
���
 �� ��� �� ���( α�� - α��� - α��) ���(β���) ���(β��) ����(β��) ���(β��) ���(β���) +
��	�	��	 �� ��� �� ���(α�� - α��� - α��) ���(β��) ���(β���) ���(β��) ���(β��) ���(β��)
���(β���) - ���
�

� �� ��� �� ���(α�� + α��� - α��) ���(β��) ���(β���) ���(β��) ���(β��)
���(β��) ���(β���) - ���
�

� �� ��� �� ���(α�� - α��� + α��) ���(β��) ���(β���) ���(β��)
���(β��) ���(β��) ���(β���) + �����	�
�� �� ��� ���( (α�� -  α��)) ����(β��) ����(β��) +

���

�	 �� ��� ���( α�� - α��) ���(β��) ����(β��) ����(β��) -
���

�	 �� ��� ���( α�� - � α��) ���(β��) ����(β��) ����(β��) +
���
�
 �� ��� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�
 �� ��� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�
 �� ��� ���(α�� - � α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�
 �� ��� ���( (α�� - α��)) ����(β��) ����(β��) ����(β��) -
�������� �� ��� ���(α�� -  α��) ���(β��) ����(β��) ���(β��) ����(β��) +
������ �� ���(α��) ���(β��) ���(β��)

-� (Ω� -Ω)� + ���
 ���� ����(β���) ����(β���) + ���
 ��� ����(β��) ����(β��) -
���
 �� ���( α��) ����(β��) ���	��
 ���� ����(β���) + ���	��
 ��� ����(β��) - � (Ω� -Ω)�
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(𝐼94𝐼/3 + 𝐼93𝐼/4) 

 
 

 

-
�

��ω����
�����	�
�� ��� ��� ���( α���) ����(β���) ����(β��) -

�����	�
�� ��� ��� ���(� α�� -  α���) ����(β���) ����(β��) +
����	��
 ��� �� ���( α��) ����(β��) ����(β��) -
����	��
 ��� �� ���(� α�� -  α��) ����(β��) ����(β��) -
���

�	 ��� ��� ���(α�� -  α���) ���(β��) ����(β���) ����(β��) +
���

�	 ��� ��� ���(� α�� -  α���) ���(β��) ����(β���) ����(β��) -
�������� ��� �� ���(α�� -  α��) ���(β��) ����(β��) ����(β��) +
�������� ��� �� ���(� α�� -  α��) ���(β��) ����(β��) ����(β��) -
���
�
 ��� ��� ���(α�� - α���) ���(β��) ���(β���) ���(β���) ����(β��) -
���
�
 ��� ��� ���(� α�� - α���) ���(β��) ���(β���) ���(β���) ����(β��) +
���
�
 ��� ��� ���(α�� + α���) ���(β��) ���(β���) ���(β���) ����(β��) -
���
 ��� �� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
 ��� �� ���(� α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
 ��� �� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
����	��
 �� ��� ���( α��) ����(β��) ����(β��) -
����	��
 �� ��� ���( (α�� -  α��)) ����(β��) ����(β��) -
�������� �� ��� ���( α�� - α��) ���(β��) ����(β��) ����(β��) +
�������� �� ��� ���( α�� - � α��) ���(β��) ����(β��) ����(β��) +
���
�
 ��� ��� ���( (α�� - α���)) ����(β��) ����(β���) ����(β��) +
���
 ��� �� ���( (α�� - α��)) ����(β��) ����(β��) ����(β��) +
���
 �� ��� ���( (α�� - α��)) ����(β��) ����(β��) ����(β��) -
��������
 �� ��� �� ���( (α�� - α��� - α��)) ����(β���) ����(β��) ����(β��) -
��������
 �� ��� �� ���( (α�� + α��� - α��)) ����(β���) ����(β��) ����(β��) +
����	��
 �� ��� �� ���( (α�� - α��� + α��)) ����(β���) ����(β��) ����(β��) +
�������� ��� ��� ���( α�� - α���) ����(β��) ���(β���) ���(β���) ����(β��) -
�������� ��� ��� ���(α���) ����(β��) ���(β���) ���(β���) ����(β��) +
�����	� �� ��� �� ���( α�� -  α��� - α��) ���(β��) ����(β���) ���(β��) ����(β��) -
�����	� �� ��� �� ���( α�� -  α��� + α��) ���(β��) ����(β���) ���(β��) ����(β��) +
��	�	��	 ��� �� ���( α�� - α��) ����(β��) ���(β��) ���(β��) ����(β��) -
��	�	��	 ��� �� ���(α��) ����(β��) ���(β��) ���(β��) ����(β��) +
����
 �� ��� �� ���( α�� - α��� - α��) ���(β���) ���(β��) ���(β���) ���(β��) ����(β��) -
����
 �� ��� �� ���( α�� + α��� - α��) ���(β���) ���(β��) ���(β���) ���(β��) ����(β��) +
����
 �� ��� �� ���( α�� - α��� + α��) ���(β���) ���(β��) ���(β���) ���(β��) ����(β��) -
���
 �� ��� ���(α�� - α��) ���(β��) ���(β��) ����(β��) ���(β��) +
���
 �� ��� ���(α�� + α��) ���(β��) ���(β��) ����(β��) ���(β��) -
���
 �� ��� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) ���(β��) -
��	�	��	 �� ��� ���(α��) ���(β��) ����(β��) ����(β��) ���(β��) +
��	�	��	 �� ��� ���(α�� -  α��) ���(β��) ����(β��) ����(β��) ���(β��) -
�����	� �� ��� �� ���(α�� -  α��� +  α��) ���(β��) ����(β���) ����(β��) ���(β��) +
�����	� �� ��� �� ���(α�� +  α��� -  α��) ���(β��) ����(β���) ����(β��) ���(β��) +
����
 �� ��� �� ���(α�� - α��� +  α��) ���(β��) ���(β���) ���(β���) ����(β��) ���(β��) -
����
 �� ��� �� ���(α�� - α��� -  α��) ���(β��) ���(β���) ���(β���) ����(β��) ���(β��) +
����
 �� ��� �� ���(α�� + α��� -  α��) ���(β��) ���(β���) ���(β���) ����(β��) ���(β��) -
���
 �� ��� �� ���(α�� -  α��� + α��) ���(β��) ���(β��) ����(β���) ���(β��) ���(β��) +
���
�

� �� ��� �� ���(α�� - α��� - α��) ���(β��) ���(β���) ���(β��) ���(β���) ���(β��)
���(β��) + ���
�

� �� ��� �� ���(α�� + α��� - α��) ���(β��) ���(β���) ���(β��)
���(β���) ���(β��) ���(β��) - ��	�	��	 �� ��� �� ���(α�� - α��� + α��) ���(β��) ���(β���)
���(β��) ���(β���) ���(β��) ���(β��) + �����	�
�� ��� ��� ���( α���) ����(β���) ����(β��) -

�����	�
�� ��� ��� ���( (α��� -  α��)) ����(β���) ����(β��) -
���

�	 ��� ��� ���( α��� - α��) ���(β��) ����(β���) ����(β��) +
���

�	 ��� ��� ���( α��� - � α��) ���(β��) ����(β���) ����(β��) -
���
�
 ��� ��� ���(α��� - α��) ���(β���) ���(β��) ���(β���) ����(β��) +
���
�
 ��� ��� ���(α��� + α��) ���(β���) ���(β��) ���(β���) ����(β��) -
���
�
 ��� ��� ���(α��� - � α��) ���(β���) ���(β��) ���(β���) ����(β��) -
��
 ���Ω�� ���( α���) ����(β���) - ��
 ���Ω�� ���( α���) ����(β���) +
�� ���Ω�Ω� ���( α���) ����(β���) + ���
�
 ��� ��� ���( (α��� - α��)) ����(β��)
����(β���) ����(β��) - �������� ��� ��� ���(α���) ���(β���) ����(β��) ���(β���) ����(β��) +

�������� ��� ��� ���(α��� -  α��) ���(β���) ����(β��) ���(β���) ����(β��) +

��
��
 ���Ω�� ���(α���) ���(β���) ���(β���) + 
��
��
 ���Ω�� ���(α���) ���(β���) ���(β���) -
������	 ���Ω�Ω� ���(α���) ���(β���) ���(β���)
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(𝐼24𝐼/3 + 𝐼23𝐼/4) 

 
 

-
�

��ω����
�����	�
� ��
� �� ���(
 α��) ����(β��) ����(β��
) - �����	�
� ��
� �� ���(� α��
 - 
 α��) ����(β��)

����(β��
) + ��������� ��
� �
 ���(
 α�
) ����(β�
) ����(β��
) -
��������� ��
� �
 ���(� α��
 - 
 α�
) ����(β�
) ����(β��
) -
��������
 ��
� �� ���(α��
 - 
 α��) ���(β��
) ����(β��) ����(β��
) +
��������
 ��
� �� ���( α��
 - 
 α��) ���(β��
) ����(β��) ����(β��
) -
�����
�
� ��
� �
 ���(α��
 - 
 α�
) ���(β��
) ����(β�
) ����(β��
) +
�����
�
� ��
� �
 ���( α��
 - 
 α�
) ���(β��
) ����(β�
) ����(β��
) -
���
� ��
� �� ���(α��
 - α��) ���(β��
) ���(β��) ���(β��) ����(β��
) -
���
� ��
� �� ���( α��
 - α��) ���(β��
) ���(β��) ���(β��) ����(β��
) +
���
� ��
� �� ���(α��
 + α��) ���(β��
) ���(β��) ���(β��) ����(β��
) -
�����
� ��
� �
 ���(α��
 - α�
) ���(β��
) ���(β�
) ���(β�
) ����(β��
) -
�����
� ��
� �
 ���( α��
 - α�
) ���(β��
) ���(β�
) ���(β�
) ����(β��
) +
�����
� ��
� �
 ���(α��
 + α�
) ���(β��
) ���(β�
) ���(β�
) ����(β��
) +
�����	�
� ��
 ��� ���(
 α��
) ����(β��) ����(β��
) -
�����	�
� ��
 ��� ���(
 (α��
 - 
 α��)) ����(β��) ����(β��
) -
��������
 ��
 ��� ���(
 α��
 - α��) ���(β��) ����(β��) ����(β��
) +
��������
 ��
 ��� ���(
 α��
 -  α��) ���(β��) ����(β��) ����(β��
) +
���
� ��
� �� ���(
 (α��
 - α��)) ����(β��
) ����(β��) ����(β��
) +
���
� ��
 ��� ���(
 (α��
 - α��)) ����(β��) ����(β��) ����(β��
) +
�����
� ��
� �
 ���(
 (α��
 - α�
)) ����(β��
) ����(β�
) ����(β��
) -
�������
� ��
 �� �
 ���(
 (α��
 - α�� - α�
)) ����(β��) ����(β�
) ����(β��
) +
�����	�
� ��
 �� �
 ���(
 (α��
 + α�� - α�
)) ����(β��) ����(β�
) ����(β��
) -
�������
� ��
 �� �
 ���(
 (α��
 - α�� + α�
)) ����(β��) ����(β�
) ����(β��
) +
���

���� ��
 �� �
 ���(
 α��
 - α�� - 
 α�
) ���(β��) ���(β��) ����(β�
) ����(β��
) -
���

���� ��
 �� �
 ���(
 α��
 + α�� - 
 α�
) ���(β��) ���(β��) ����(β�
) ����(β��
) +
�������� ��
� �� ���(
 α��
 - α��) ����(β��
) ���(β��) ���(β��) ����(β��
) -
�������� ��
� �� ���(α��) ����(β��
) ���(β��) ���(β��) ����(β��
) +
��				 ��
� �
 ���(
 α��
 - α�
) ����(β��
) ���(β�
) ���(β�
) ����(β��
) -
��				 ��
� �
 ���(α�
) ����(β��
) ���(β�
) ���(β�
) ����(β��
) +
����
� ��
 �� �
 ���(
 α��
 - α�� - α�
) ���(β��) ���(β�
) ���(β��) ���(β�
) ����(β��
) +
����
� ��
 �� �
 ���(
 α��
 + α�� - α�
) ���(β��) ���(β�
) ���(β��) ���(β�
) ����(β��
) -
����
� ��
 �� �
 ���(
 α��
 - α�� + α�
) ���(β��) ���(β�
) ���(β��) ���(β�
) ����(β��
) -
���
� ��
 ��� ���(α��
 - α��) ���(β��
) ���(β��) ����(β��) ���(β��
) +
���
� ��
 ��� ���(α��
 + α��) ���(β��
) ���(β��) ����(β��) ���(β��
) -
���
� ��
 ��� ���(α��
 -  α��) ���(β��
) ���(β��) ����(β��) ���(β��
) -
�������� ��
 ��� ���(α��
) ���(β��
) ����(β��) ����(β��) ���(β��
) +
�������� ��
 ��� ���(α��
 - 
 α��) ���(β��
) ����(β��) ����(β��) ���(β��
) +
���

���� ��
 �� �
 ���(α��
 - 
 α�� + 
 α�
) ���(β��
) ����(β��) ����(β�
) ���(β��
) -
���

���� ��
 �� �
 ���(α��
 + 
 α�� - 
 α�
) ���(β��
) ����(β��) ����(β�
) ���(β��
) -
���
� ��
 �� �
 ���(α��
 + α�� - 
 α�
) ���(β��
) ���(β��) ���(β��) ����(β�
) ���(β��
) +
����
� ��
 �� �
 ���(α��
 + 
 α�� - α�
) ���(β��
) ���(β�
) ����(β��) ���(β�
) ���(β��
) -
����
� ��
 �� �
 ���(α��
 - 
 α�� - α�
) ���(β��
) ���(β�
) ����(β��) ���(β�
) ���(β��
) +
����
� ��
 �� �
 ���(α��
 - 
 α�� + α�
) ���(β��
) ���(β�
) ����(β��) ���(β�
) ���(β��
) +
����� ��
 �� �
 ���(α��
 - α�� - α�
) ���(β��
) ���(β��) ���(β�
) ���(β��) ���(β�
)
���(β��
) - �������� ��
 �� �
 ���(α��
 + α�� - α�
) ���(β��
) ���(β��) ���(β�
)
���(β��) ���(β�
) ���(β��
) + ����� ��
 �� �
 ���(α��
 - α�� + α�
) ���(β��
) ���(β��)
���(β�
) ���(β��) ���(β�
) ���(β��
) + ��������� ��� �
 ���(
 α�
) ����(β��) ����(β�
) -

��������� ��� �
 ���(� α�� - 
 α�
) ����(β��) ����(β�
) -
�����
�
� ��� �
 ���(α�� - 
 α�
) ���(β��) ����(β��) ����(β�
) +
�����
�
� ��� �
 ���( α�� - 
 α�
) ���(β��) ����(β��) ����(β�
) +
�����
� ��� �
 ���(
 (α�� - α�
)) ����(β��) ����(β��) ����(β�
) - ��� �
Ω
� ���(
 α�
)
����(β�
) - ��� �
Ω� ���(
 α�
) ����(β�
) + �� �
Ω
Ω ���(
 α�
) ����(β�
) -

�����
� ��� �
 ���(α�� - α�
) ���(β��) ���(β�
) ����(β��) ���(β�
) -
�����
� ��� �
 ���( α�� - α�
) ���(β��) ���(β�
) ����(β��) ���(β�
) +
�����
� ��� �
 ���(α�� + α�
) ���(β��) ���(β�
) ����(β��) ���(β�
) +
��				 ��� �
 ���(
 α�� - α�
) ����(β��) ���(β�
) ����(β��) ���(β�
) -
��				 ��� �
 ���(α�
) ����(β��) ���(β�
) ����(β��) ���(β�
) +
�����	� �
Ω
� ���(α�
) ���(β�
) ���(β�
) + �����	� �
Ω� ���(α�
) ���(β�
) ���(β�
) -
����� �
Ω
Ω ���(α�
) ���(β�
) ���(β�
)
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(𝐼91𝐼23𝐼/4 − 𝐼91𝐼24𝐼/3) 

 

-
�

��ω����
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) - ����
� ��� ��Ω� ���(� (α��� - α��))

����(β��) ����(β���) - ����
� ��� ��Ω ���(� (α��� - α��)) ����(β��) ����(β���) -
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
�����	
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
�����	
� ��� ��Ω ���(� (α��� + α��)) ����(β��) ����(β���) +
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) -
���	
� ��� ��Ω ���(� (α��� - α��)) ����(β��) ����(β���) -
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
����
� ��� ��Ω ���(� (α��� + α��)) ����(β��) ����(β���) -
���� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
���� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
������� ��� ��Ω ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
���� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
���
�


 ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
����� ��� ��Ω ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
������ ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
������ ��� ��Ω ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
��
�
��
 ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
��
�
��
 ��� ��Ω ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
���� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
����� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
���
�


 ��� ��Ω ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
���� ��� �� (Ω� - �Ω� +Ω) ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
����� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
����� ��� ��Ω ���(α��� + � α��) ���(β���) ����(β��) ���(β���) +
������� ��� ��Ω� ���(α��� - � α��) ���(β���) ����(β��) ���(β���) -
������� ��� ��Ω ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
� ��� �� (�Ω� -Ω� -Ω) ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
��� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
��� ��� ��Ω ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
�� ��� ��Ω� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
�� ��� ��Ω ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
���	
� �� ��Ω� ���(� (α�� - α��)) ����(β��) ����(β��) +
���	
� �� ��Ω ���(� (α�� - α��)) ����(β��) ����(β��) +
����
� �� ��Ω� ���(� (α�� + α��)) ����(β��) ����(β��) -
����
� �� ��Ω ���(� (α�� + α��)) ����(β��) ����(β��) -
����� �� ��Ω� ���(α�� + � α��) ���(β��) ���(β��) ����(β��) +
����� �� ��Ω ���(α�� + � α��) ���(β��) ���(β��) ����(β��) -
������� �� ��Ω� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) +
������� �� ��Ω ���(α�� - � α��) ���(β��) ���(β��) ����(β��) +
������ �� ��Ω� ���(� α�� - α��) ���(β��) ����(β��) ���(β��) -
������ �� ��Ω ���(� α�� - α��) ���(β��) ����(β��) ���(β��) -
��
�
��
 �� ��Ω� ���(� α�� + α��) ���(β��) ����(β��) ���(β��) +
��
�
��
 �� ��Ω ���(� α�� + α��) ���(β��) ����(β��) ���(β��) -
�� �� ��Ω� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) +
�� �� ��Ω ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) +
� �� ��Ω� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��) -
� �� ��Ω ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��)
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(𝐼93𝐼21𝐼/4 − 𝐼94𝐼21𝐼/3) 

 

�

��ω����
-���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) +

���	
� ��� ��Ω ���(� (α��� - α��)) ����(β��) ����(β���) +
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) -
����
� ��� ��Ω ���(� (α��� + α��)) ����(β��) ����(β���) +
����
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) -
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) +
����
� ��� ��Ω ���(� (α��� - α��)) ����(β��) ����(β���) -
�����	
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) -
�����	
� ��� ��Ω ���(� (α��� + α��)) ����(β��) ����(β���) +
������ ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
������ ��� ��Ω ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
��
�
��
 ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
��
�
��
 ��� ��Ω ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
���� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
���� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
������� ��� ��Ω ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
���
�


 ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
���� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
����� ��� ��Ω ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
����� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) +
����� ��� ��Ω ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
������� ��� �� (Ω� -Ω) ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
����� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
���� ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) +
���
�


 ��� ��Ω ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
������� ��� ��Ω� ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
���� ��� ��Ω� ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
���� ��� ��Ω ���(α��� - � α��) ���(β���) ����(β��) ���(β���) -
�� ��� �� (Ω� -Ω) ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
� ��� ��Ω ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
�� ��� ��Ω� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
��� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
��� ��� ��Ω ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
���	
� �� ��Ω� ���(� (α�� - α��)) ����(β��) ����(β��) -
���	
� �� ��Ω ���(� (α�� - α��)) ����(β��) ����(β��) -
����
� �� ��Ω� ���(� (α�� + α��)) ����(β��) ����(β��) +
����
� �� ��Ω ���(� (α�� + α��)) ����(β��) ����(β��) +
��
�
��
 �� ��Ω� ���(α�� + � α��) ���(β��) ���(β��) ����(β��) -
��
�
��
 �� ��Ω ���(α�� + � α��) ���(β��) ���(β��) ����(β��) -
������ �� ��Ω� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) +
������ �� ��Ω ���(α�� - � α��) ���(β��) ���(β��) ����(β��) +
������� �� ��Ω� ���(� α�� - α��) ���(β��) ����(β��) ���(β��) -
������� �� ��Ω ���(� α�� - α��) ���(β��) ����(β��) ���(β��) +
����� �� ��Ω� ���(� α�� + α��) ���(β��) ����(β��) ���(β��) -
����� �� ��Ω ���(� α�� + α��) ���(β��) ����(β��) ���(β��) +
�� �� ��Ω� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) -
�� �� ��Ω ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) -
� �� ��Ω� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��) +
� �� ��Ω ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��)
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(𝐼93𝐼24𝐼/1 − 𝐼94𝐼23𝐼/1) 

 
 

-
�

��ω����
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) - ���	
� ��� ��Ω� ���(� (α��� - α��))

����(β��) ����(β���) - ����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) -
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) +
���	
� ��� ��Ω� ���(� (α��� - α��)) ����(β��) ����(β���) +
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) -
����
� ��� ��Ω� ���(� (α��� + α��)) ����(β��) ����(β���) +
������� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
������� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
����� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
����� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) -
������� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) +
������� ��� ��Ω� ���(� α��� - α��) ���(β��) ���(β��) ����(β���) -
����� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
����� ��� ��Ω� ���(� α��� + α��) ���(β��) ���(β��) ����(β���) +
��
�
��
 ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
��
�
��
 ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) -
������ ��� �� (Ω� -Ω�) ���(α��� - � α��) ���(β���) ����(β��) ���(β���) -
��
�
��
 ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) +
��
�
��
 ��� ��Ω� ���(α��� + � α��) ���(β���) ����(β��) ���(β���) +
������ ��� ��Ω� ���(α��� - � α��) ���(β���) ����(β��) ���(β���) -
������ ��� ��Ω� ���(α��� - � α��) ���(β���) ����(β��) ���(β���) +
�� ��� �� (Ω� -Ω�) ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) -
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
�� ��� ��Ω� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) +
�� ��� ��Ω� ���(α��� - α��) ���(β���) ���(β��) ���(β��) ���(β���) +
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
� ��� ��Ω� ���(α��� + α��) ���(β���) ���(β��) ���(β��) ���(β���) -
����
� �� ��Ω� ���(� (α�� - α��)) ����(β��) ����(β��) -
����
� �� ��Ω� ���(� (α�� - α��)) ����(β��) ����(β��) +
���	
� �� ��Ω ���(� (α�� - α��)) ����(β��) ����(β��) +
�����	
� �� ��Ω� ���(� (α�� + α��)) ����(β��) ����(β��) +
�����	
� �� ��Ω� ���(� (α�� + α��)) ����(β��) ����(β��) -
����
� �� ��Ω ���(� (α�� + α��)) ����(β��) ����(β��) -
����� �� ��Ω� ���(α�� + � α��) ���(β��) ���(β��) ����(β��) -
���
�


 �� ��Ω� ���(α�� + � α��) ���(β��) ���(β��) ����(β��) +
���� �� ��Ω ���(α�� + � α��) ���(β��) ���(β��) ����(β��) +
������� �� ��Ω� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) -
���� �� ��Ω� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) -
���� �� ��Ω ���(α�� - � α��) ���(β��) ���(β��) ����(β��) -
���� �� ��Ω� ���(� α�� - α��) ���(β��) ����(β��) ���(β��) +
������� �� ��Ω� ���(� α�� - α��) ���(β��) ����(β��) ���(β��) -
���� �� ��Ω ���(� α�� - α��) ���(β��) ����(β��) ���(β��) -
���
�


 �� ��Ω� ���(� α�� + α��) ���(β��) ����(β��) ���(β��) -
����� �� ��Ω� ���(� α�� + α��) ���(β��) ����(β��) ���(β��) +
���� �� ��Ω ���(� α�� + α��) ���(β��) ����(β��) ���(β��) -
� �� ��Ω� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) -
� �� ��Ω� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) +
�� �� ��Ω ���(α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) +
��� �� ��Ω� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��) +
��� �� ��Ω� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��) -
� �� ��Ω ���(α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��)
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�ω����
���� �	
�(β���) (Ω� -Ω�) -������ ���� �	
�(β���) ����� ���(� α���) ����(β���) +

�	
(β���) (����� ���(α���) ���(β���) - ����� ���(� α���) ���(β���) + ���(� α���) �	
(β���)) -
����� ���� �	
�(β���) + ����(β���) +���� �	
�(β���) (Ω� -Ω�)

-������ ���� �	
�(β���) ����� ���(� α���) ����(β���) + �	
(β���) (����� ���(α���) ���(β���) - �����
���(� α���) ���(β���) + ���(� α���) �	
(β���)) - ����� ���� �	
�(β���) + ����(β���)

�

�ω����
���� 	
��(β���) (Ω� -Ω�) -������� ���� 	
��(β���) ���� ��	(� α���) ��	�(β���) +

	
�(β���) (���� ��	(α���) ��	(β���) - ���� ��	(� α���) ��	(β���) + ��	(� α���) 	
�(β���)) -
���� ���� 	
��(β���) + ��	�(β���) -���� 	
��(β���) (Ω� -Ω�)

-������� ���� 	
��(β���) ���� ��	(� α���) ��	�(β���) + 	
�(β���) (���� ��	(α���) ��	(β���) - ����
��	(� α���) ��	(β���) + ��	(� α���) 	
�(β���)) - ���� ���� 	
��(β���) + ��	�(β���)

�

�ω����
-���� �	
�(β���) (Ω� -Ω�) -������ ���� �	
�(β���) ����� ���(� α���) ����(β���) + �	
(β���) (����� ���(

α���) ���(β���) - ����� ���(� α���) ���(β���) + ���(� α���) �	
(β���)) -
����� ���� �	
�(β���) + ����(β���) -���� �	
�(β���) (Ω� -Ω�)

-������ ���� �	
�(β���) ����� ���(� α���) ����(β���) + �	
(β���) (����� ���(α���) ���(β���) - �����
���(� α���) ���(β���) + ���(� α���) �	
(β���)) - ����� ���� �	
�(β���) + ����(β���)
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-
�

�ω����
�����	�
�� �� ��� ���(� (α�� - � α��)) ����(β��) ����(β��) +

�����	�
�� ��� �� ���(� α��) ����(β��) ����(β��) -
�����	�
�� ��� �� ���(� α�� - � α��) ����(β��) ����(β��) +
������	�� �� ��� ���(� α�� - α��) ���(β��) ����(β��) ����(β��) -
������	�� �� ��� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) -
������	�� ��� �� ���(α�� - � α��) ���(β��) ����(β��) ����(β��) +
������	�� ��� �� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) +
���
�� �� ��� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� �� ��� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�� �� ��� ���(α�� - � α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� ��� �� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� ��� �� ���(� α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�� ��� �� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
�����	�
�� �� ��� ���(� α��) ����(β��) ����(β��) -
�����	�
�� �� ��� ���(� (α�� - � α��)) ����(β��) ����(β��) -
������	�� �� ��� ���(� α�� - α��) ���(β��) ����(β��) ����(β��) +
������	�� �� ��� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) -
���
�� �� ��� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) +
���
�� ��� �� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) +
���
�� �� ��� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) +
�����	�
�� �� �� �� ���(� (α�� - α�� - α��)) ����(β��) ����(β��) ����(β��) -
�����	���� �� �� �� ���(� (α�� + α�� - α��)) ����(β��) ����(β��) ����(β��) -
�����	���� �� �� �� ���(� (α�� - α�� + α��)) ����(β��) ����(β��) ����(β��) -
�������� �� ��� ���(α�� - � α��) ���(β��) ����(β��) ���(β��) ����(β��) -
��������� �� �� �� ���(� α�� - � α�� - α��) ���(β��) ����(β��) ���(β��) ����(β��) +
��������� �� �� �� ���(� α�� - � α�� + α��) ���(β��) ����(β��) ���(β��) ����(β��) +
�������� ��� �� ���(� α�� - α��) ����(β��) ���(β��) ���(β��) ����(β��) -
�������� ��� �� ���(α��) ����(β��) ���(β��) ���(β��) ����(β��) -
������� �� �� �� ���(α�� + � α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β��) +
������� �� �� �� ���(α�� - � α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β��) +
������� �� �� �� ���(α�� - � α�� + α��) ���(β��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� �� ��� ���(α�� - α��) ���(β��) ���(β��) ����(β��) ���(β��) +
���
�� �� ��� ���(α�� + α��) ���(β��) ���(β��) ����(β��) ���(β��) -
���
�� �� ��� ���(α�� - � α��) ���(β��) ���(β��) ����(β��) ���(β��) -
�������� �� ��� ���(α��) ���(β��) ����(β��) ����(β��) ���(β��) +
�������� �� ��� ���(α�� - � α��) ���(β��) ����(β��) ����(β��) ���(β��) -
��������� �� �� �� ���(� α�� - α�� - � α��) ���(β��) ����(β��) ����(β��) ���(β��) +
��������� �� �� �� ���(� α�� + α�� - � α��) ���(β��) ����(β��) ����(β��) ���(β��) -
������� �� �� �� ���(α�� - α�� + � α��) ���(β��) ���(β��) ���(β��) ����(β��) ���(β��) +
������� �� �� �� ���(α�� - α�� - � α��) ���(β��) ���(β��) ���(β��) ����(β��) ���(β��) +
������� �� �� �� ���(α�� + α�� - � α��) ���(β��) ���(β��) ���(β��) ����(β��) ���(β��) -
���
�� �� �� �� ���(� α�� - α�� - α��) ���(β��) ���(β��) ����(β��) ���(β��) ���(β��) -
�������� �� �� �� ���(α�� - α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��) ���(β��)
���(β��) + ����
��� �� �� �� ���(α�� + α�� - α��) ���(β��) ���(β��) ���(β��) ���(β��)
���(β��) ���(β��) + ����
��� �� �� �� ���(α�� - α�� + α��) ���(β��) ���(β��) ���(β��)
���(β��) ���(β��) ���(β��) + �����	�
�� �� ��� ���(� (α�� - � α��)) ����(β��) ����(β��) +

������	�� �� ��� ���(� α�� - α��) ���(β��) ����(β��) ����(β��) -
������	�� �� ��� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) +
���
�� �� ��� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� �� ��� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�� �� ��� ���(α�� - � α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� �� ��� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) -
�������� �� ��� ���(α�� - � α��) ���(β��) ����(β��) ���(β��) ����(β��) + ������� ��
���(α��) ���(β��) ���(β��) ����� ��� ����(β��) ����(β��) + ����� ��� ����(β��) ����(β��) -

���� �� ���(� α��) ����(β��) �����
�� ��� ����(β��) + �����
�� ��� ����(β��)
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�ω����
-�����	�
�� ��� �� ���(� α��) ����(β��) ����(β��) +

�����	�
�� ��� �� ���(� α�� - � α��) ����(β��) ����(β��) +
�����	�
�� ��� �� ���(� α��) ����(β��) ����(β��) -
�����	�
�� ��� �� ���(� α�� - � α��) ����(β��) ����(β��) +
������	�� ��� �� ���(α�� - � α��) ���(β��) ����(β��) ����(β��) -
������	�� ��� �� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) -
������	�� ��� �� ���(α�� - � α��) ���(β��) ����(β��) ����(β��) +
������	�� ��� �� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) +
���
�� ��� �� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�� ��� �� ���(� α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� ��� �� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� ��� �� ���(α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) -
���
�� ��� �� ���(� α�� - α��) ���(β��) ���(β��) ���(β��) ����(β��) +
���
�� ��� �� ���(α�� + α��) ���(β��) ���(β��) ���(β��) ����(β��) +
�����	�
�� �� ��� ���(� α��) ����(β��) ����(β��) -
�����	�
�� �� ��� ���(� (α�� - � α��)) ����(β��) ����(β��) -
������	�� �� ��� ���(� α�� - α��) ���(β��) ����(β��) ����(β��) +
������	�� �� ��� ���(� α�� - � α��) ���(β��) ����(β��) ����(β��) -
���
�� ��� �� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) +
���
�� ��� �� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) +
���
�� �� ��� ���(� (α�� - α��)) ����(β��) ����(β��) ����(β��) -
�����	���� �� �� �� ���(� (α�� - α�� - α��)) ����(β��) ����(β��) ����(β��) -
�����	���� �� �� �� ���(� (α�� + α�� - α��)) ����(β��) ����(β��) ����(β��) +
�����	�
�� �� �� �� ���(� (α�� - α�� + α��)) ����(β��) ����(β��) ����(β��) -
�������� ��� �� ���(� α�� - α��) ����(β��) ���(β��) ���(β��) ����(β��) +
�������� ��� �� ���(α��) ����(β��) ���(β��) ���(β��) ����(β��) +
��������� �� �� �� ���(� α�� - � α�� - α��) ���(β��) ����(β��) ���(β��) ����(β��) -
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2.2.7.3 FiMngs 
 
MAS rate dependence in two spin systems 
 

 
Figure 2.15 The eigenvalue |2⟩ (lem) of equa;on 29 and the |2⟩-|1⟩ transi;on frequency (right)as a func;on of wr for the 
second-order truncated average Hamiltonian, for the two spin systems example in Figure 2.2. Ωiso1 = 1490 Hz, Ωiso2 = 2980 Hz. 
The coupling in the PAF was set to A12 = 30 kHz. The Euler angles for the crystal to rotor frame transforma;on are: 
{𝛼!", 𝛽!", 𝛾!"} = {45°, 60°, 30°} 

 
 

 
Figure 2.16 The eigenvalue |2⟩ (lem) of equa;on 29 and the |2⟩-|1⟩ transi;on frequency (right)as a func;on of wr for the full 
to third order average Hamiltonian, for the two spin systems example in Figure 2.2. Ωiso1 = 1490 Hz, Ωiso2 = 2980 Hz. The coupling 
in the PAF was set to A12 = 30 kHz. The Euler angles for the crystal to rotor frame transforma;on are: {𝛼!", 𝛽!", 𝛾!"} =
{45°, 60°, 30°} 
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Figure 2.17 Fipng of the residual shims as a func;on of the MAS for the spectra simulated in Figure 2.2, with numerical 
simula;on (black dots). The fipng is done with the model obtained with the eigenvalues for the full average Hamiltonian.  

 

MAS rate dependence in two spin systems 
 

 
Figure 2.18 Fipng of the residual shims as a func;on of the chemical shim difference obtained in Figure 2.5, with numerical 
simula;on (black dots). The fipng is done with the model obtained with the eigenvalues for the full average Hamiltonian. The 
isotropic shim Ω1 was set to 1490 Hz, while Ω2 is varied. The residual shim evolu;on fits to a polynomial equa;on ΔR = ax2+ bx, 
with a R2 of 0.999. The linear term is dominant as predicted by AHT. 

 

 

Figure 2.19 Fipng of the residual shims as a func;on of the dipolar coupling obtained in Figure 2.6, with numerical simula;on 
(black dots). The residual shim evolu;on (blue line) fits to the model obtained with the eigenvalues for the full average 
Hamiltonian, with a R2 of 0.999.  
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ΔR in the slow to intermediate spinning regime 
 

 

Figure 2.20 Residual shim evolu;on in the slow to intermediate spinning regime. The isotropic shim Ω1 was set to 1490 Hz, 
while Ω2 is ini;ally set to 28823 Hz, in the isotropic spectrum (boQom). The Ω2 is then decreased. The dipolar coupling A12 was 
set to 30 kHz and the Euler angles to	{45°, 60°, 30°}. The Nakai parameter 𝜖 is equal to 28469 Hz. The spectra were simulated 
with SPINACH at 20 kHz MAS. The zoom on the right shows the Ω1 region and the corresponding residual shim. 

 

 

Figure 2.21 Residual shift evolution in the slow to intermediate spinning regime as a function of the MAS rate. 
The isotropic shift Ω1 was set to 1490 Hz, while Ω2 is set to 28823 Hz. The dipolar coupling A12 was set to 30 kHz 
and the Euler angles to	{45°, 60°, 30°}. The Nakai parameter 𝜖 is equal to 28469 Hz. The spectra were simulated 
with SPINACH from 16 to 22 kHz MAS, with steps of 2 kHz. The zoom on the right shows the Ω1 region and the 
corresponding residual shift. 
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MAS rate dependence in three spin systems 

 
Figure 2.22 Residual shim (DR) and residual coupling (DC) evolu;on as func;on of the MAS rate of the peak in the Ωiso2 region 
of a three spin system in a single orienta;on, with the parameters given in Figure 2.7. The blue line is the exact numerical 
simula;on, the red line represents the secular Hamiltonian un;l third order, the grey line represent the full Hamiltonian un;l 
second order and the dark blue lines are the full representa;on of the Hamiltonian un;l 3rd order, with the non-secular terms.  

 

 
Figure 2.23 Residual shim (DR) and residual coupling (DC) evolu;on as func;on of the MAS rate of the peak in the Ωiso3 region 
of a three spin system in a single orienta;on, with the parameters given in Figure 2.7. The blue line is the exact numerical 
simula;on, the red line represents the secular Hamiltonian un;l third order, the grey line represent the full Hamiltonian un;l 
second order and the dark blue lines are the full representa;on of the Hamiltonian un;l 3rd order, with the non-secular terms.  

 

 
Figure 2.24 Residual coupling (DC) as func;on of the MAS period (2 to 12 μs, corresponding to 90 -500 kHz MAS rates) for the 
Ω2 region of three-spin systems in a single orienta;on. The three isotropic chemical shims were: Ω1 = Ω2 = Ω3 = 200 Hz (black 
line); Ω1 = Ω2 = 200 Hz, Ω3 = 150 Hz (dark blue); Ω1 = 200 Hz, Ω2 = 250 Hz, Ω3 = 150 Hz (light blue); Ω1 = 200 Hz, Ω2 = 300 Hz, Ω3 

= 150 Hz (grey); Ω1 = 200 Hz, Ω2 = 400 Hz, Ω3 = 150 Hz (red); The couplings remained unchanged at A12 = 44.8 kHz, A13 = 8.9 
kHz and A23 = 5.8 kHz.  The corresponding Euler angles for the crystal to rotor frame transforma;on  are: {𝛼!", 𝛽!", 𝛾!"} =
{60°, 45°, 30°};{𝛼!&, 𝛽!&, 𝛾!&} = {45°, 60°, 60°}; {𝛼"&, 𝛽"&, 𝛾"&} = {30°, 36°, 30°}. °}. In this orienta;on, in the lab frame, the 
couplings correspond to 19.4 kHz, 3.8 kHz and 2.5 kHz. The spectra were calculated with SpinDynamica as detailed in SI. DC is 
measured as the difference in eigenvalues between the outer single-quantum allowed transi;ons in the “doublet of doublets” 
structure, and the fit parameters are given in Table 2.1. 
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Table 2.1 Fipng parameters for DC as func;on of the rotor period (τr) of Figure 2.24 

Ωiso DC R2 

Ω1=Ω2=Ω3= 200 Hz 2*109 τr
2+6.98*104 τr 0.9974 

Ω1=Ω2=200 Hz; Ω3= 150 Hz 7*109 τr
2+1.07*105 τr 0.991 

Ω1=250 Hz;Ω2=200 Hz; Ω3= 150 Hz 1*109 τr
2+1.01*105 τr 0.9907 

Ω1=300 Hz;Ω2=200 Hz; Ω3= 150 Hz 1*109 τr
2+7.2*104 τr 0.9919 

Ω1=400 Hz;Ω2=200 Hz; Ω3= 150 Hz 2*109 τr
2+151.45 τr 1 

 
Table 2.2 Fipng parameters for D as func;on of the rotor period (τr) of Figure 2.12 

Ωiso D R2 

Ω1 9*1010 τr
2+2.00*106 τr+40 0.9952 

Ω2 1*1011 τr
2+2.00*106 τr+40 0.9987 

Ω3 1*1011 τr
2+8.70*105 τr+40 0.9926 

 
Table 2.3 second rank reduced Wigner matrix elements 𝑑''*

(") (−𝛽) 

m 2 1 0 -1 -2 

2 cos8 �
𝛽
2  −

1
2 sin

(1 + cos𝛽) b3
8 sin

2 𝛽 
1
2 sin

(−1 + cos𝛽) sin8 �
𝛽
2  

1 1
2 sin

(1 + cos𝛽) 
1
2
(cos 𝛽 − 1)(cos 𝛽

+ 1) 
−b

3
2 sin𝛽 cos 𝛽 

1
2
(2 cos 𝛽

+ 1)(1 − cos𝛽) 

1
2 sin

(−1 + cos𝛽) 

0 
b3
8 sin

2 𝛽 b3
2 sin𝛽 cos 𝛽 

1
2
(3 cos2 𝛽 − 1) 

−b
3
2 sin𝛽 cos 𝛽 b3

8 sin
2 𝛽 

-1 1
2 sin

(−1 + cos𝛽) 
1
2
(2 cos 𝛽

+ 1)(1 − cos𝛽) 
b3
2 sin𝛽 cos 𝛽 

1
2
(cos 𝛽

− 1)(cos 𝛽 + 1) 
= −

1
2 sin

(1 + cos𝛽) 

-2 sin8 �
𝛽
2  −

1
2 sin

(−1 + cos𝛽) b3
8 sin

2 𝛽 
1
2 sin

(1 + cos𝛽) cos8 �
𝛽
2  

  



Chapter 2 – Understanding the residual broadening in 1H NMR spectra under MAS 
 

 58 

 

2.3 Conclusion and Perspec-ves 
 
In conclusion, we analy4cally integrated the average Hamiltonian up to third order of homonuclear two and 
three spin systems with different chemical shi[s in rota4ng solids. The two spin systems have been extensively 
studied103, 106, 108 (see SecAon 2.2.1) and our two spin simula4ons corroborate the previous findings, with a 
residual shi[ observed on the 1H spectrum caused by the higher order terms.  

For three spin, several studies have used AHT104-105, Floquet Theory107, 109, 111-112, 238 and numerical simula4ons 113, 

219 for a second moment approach to study the linewidth under MAS. Although the first studies 104-105 found a 
linear dependence on the rotor period on the 1H linewidth, recent publica4ons107, 112, 238  have found a polynomial 
behaviour which was supported by experiment. 

The third order terms from our average Hamiltonian have a wr
-2 dependence and they contribute to the 

descrip4on of the lineshape. The polynomial dependence is obtained when combined with the second order 
terms. The weight of the third order terms depends on the strength of the dipolar couplings and the chemical 
shi[ difference between the spins of the system.  

At the high spinning regime, these terms will become less important due to the quadra4c dependance and 
therefore a linear dependence will be more pronounced. This considera4on was also demonstrated in the study 
by Chavez et al..238 using Floquet Theory. 

Although the average Hamiltonian analysis only considered a single orienta4on, the numerical simula4ons on 
powder lineshapes also presented a MAS dependent residual shi[ and linewidth, in line with the single 
orienta4on results. 

These results considered the homonuclear dipolar couplings and the chemical shi[ as the main spin interac4ons 
in a three spin system to describe the 1H lineshape. Stronger coupled systems with a chemical shi[ difference 
will have higher order terms with a greater magnitude which will translate in a larger linewidth. As the spinning 
rate increases these residual terms will get more diminished, and every spin system will have a par4cular spinning 
rate where its homogeneous contribu4on will be essen4ally zero, depending on the magnitude of its dipolar 
couplings. 

However, there are s4ll some routes worth exploring on the theore4cal analysis as faster spinning rates are 
reached experimentally. The first one would be to include weaker spin interac4ons in the ini4al Hamiltonian, 
par4cularly homonuclear J couplings, to inves4gate its relevance at faster MAS rates. The effect on the lineshape 
caused by CSA in addi4on the homonuclear dipolar couplings was briefly studied with numerical simula4ons for 
both two and three spin systems. Early conclusions presented almost no effect on the residual shi[  for both two 
and three spins, and the residual splilng was only affected at very large values of CSA (> 40 ppm).  

Another path would be to inves4gate the on the lineshape by including a larger number of spins in the analy4cal 
integra4on. This approach could provide a clearer insight on the MAS dependence on the linewidth and the 
mul4spin effect.123  

Finally, it could be of interest to include the effect of inhomogeneous interac4ons, par4cularly anisotropic bulk 
magne4c suscep4bility239-240. This source of broadening is already the main contribu4on to the linewidth for 
many samples (see Chapter 5) and will be more dominant with the increase of spinning rates.
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Chapter 3 Improved 1H resolu;on combining MAS and 
mul;ple pulse sequences 
 

3.1 Introduc-on 
 
The previous chapter presented the residual average Hamiltonian terms that contribute to the 1H lineshape in 
the fast-spinning regime. They affect the spectral resolu4on and impede complete assignment with 1H solid state 
NMR. Only at infinite MAS rate would the residuals be totally removed. 

Today it is possible to spin at 100-150 kHz110, 116-119, and at the laboratory level rates up to 200 kHz have been 
achieved137, 241. However, the field has always needed bePer 1H resolu4on, even when spinning was much slower 
than the rates available today. Therefore, a lot of effort has been put into find alterna4ves that would achieve 
further homonuclear dipolar decoupling.  

In principle, this is possible with methods that combine sample rota4on and mu4-pulse spectroscopy (CRAMPS). 
The simultaneous applica4on of MAS and pulse sequences is designed to suppress homonuclear dipolar 
couplings while retaining isotropic chemical shi[s. The seminal work by Gerstein et. al.131 in 1977 introduced this 
idea with CaF2 single crystal and since then many decoupling schemes were developed242. Up to 65 kHz MAS, 
these techniques can produce narrower linewidths than the ones obtained with conven4onal MAS spectra132-134, 

136, 243.  

At faster MAS rates, no advantage has been reported so far with CRAMPS approaches, and the resolu4on 
obtained from conven4onal MAS experiments at 100 kHz is comparable to the ones obtained from CRAMPS at 
slower rates. 

Other strategies using delayed acquisi4on244-246 or constant-4me approaches have been reported to remove 
homogeneous broadening, but they have aPracted limited aPen4on so far. 

In Chapter 3.2, an alterna4ve method is presented to obtain narrower 1H spectra at 100 kHz MAS using the an4-
z COSY pulse sequence. This sequence originally introduced by Oschkinat et al..247 was implemented later for 
broadband homonuclear J decoupling in liquid state248. In the context of MAS, it is applied to remove the secular 
third order two spin terms of the average Hamiltonian249 (ΔC(3)secij IizIjz, Eq. 2.35 and Eq. 2.37 in Chapter 2.2.3). 
These ‘J-coupling like’ terms result in residual splilngs in the spectrum and therefore an4-z COSY can remove 
them, while retaining the residual third order shi[ (ΔR(3)seciIiz, Eq. 2.35 and Eq. 2.36 in Chapter 2.2.3). 

In Chapter 3.3, an adapta4on of an4-z COSY, named TAZ-COSY, is presented. This version of the experiment is 
based on the same theore4cal aspects but it tackles the main disadvantage of an4-z COSY: its experimental 4me. 
The pulse sequence is modified and combined with an affine transforma4on, the two-dimensional one pulse 
transforma4on (TOP) and it is able to achieve the same level of narrowing as the parent experiment. However 
instead of hours of experimental 4me with an4-z COSY, the TAZ COSY experiment is obtained in 20 min.  
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3.2 Homonuclear Decoupling in 1H NMR of Solids by Remote Correla-on 
 
This chapter has been adapted with permission from: Moutzouri, P.; Paruzzo, F. M.; Simões de Almeida, B.; 
Stevanato, G.; Emsley, L., Homonuclear Decoupling in 1H NMR of Solids by Remote Correla4on. Angew Chem Int 
Ed Engl 2020, 59 (15), 6235-6238. (post-print) 

My contribu4on was to help in applying the method and obtaining the spectra, and to analysing results. I 
par4cipated in the review and edi4ng process of the manuscript. 

 

3.2.1 Introduc-on 
 
This chapter shows how narrower 1H spectra are obtained from a simple 2D scheme that exclusively generates 
correla4ons in which the coupling partners have all flipped their spin states, i.e., correla4ons between so-called 
remote transi4ons. Specifically, we show that the residual broadening under MAS in a mul4-spin system with 
different chemical shi[s is due to a combina4on of second order shi[s and splilngs, and that these splilngs 
will be removed in a 45° projec4on of an an4-z-COSY spectrum.  

 

3.2.2 Methods 
 
The an4-z-COSY pulse sequence (Figure 3.1) was first introduced by Oschkinat et al.247 to probe correla4ons 
between connected and remote transi4ons, and then implemented by Pell et al.248 for broadband homonuclear 
J decoupling in liquid state NMR. The experiment produces phase-sensi4ve COSY like 2D spectra in which, in the 
limit where the pulse angle β tends to zero, the fine structure of the diagonal peaks only contains correla4ons 
between the remote transi4ons, i.e., transi4ons in which the passive spins (the coupling partners) have inverted 
their spin state between t1 and t2. These transi4ons lead to peaks that lie along an an4-diagonal posi4oned at 
the center of gravity of the splilng.  

 

 

Figure 3.1  (a) Anti-z-COSY pulse sequence and coherence transfer pathway, where β indicates a low flip angle pulse. (b) Echo-
detected spectrum (red) and a 45° projection of an anti-z-COSY spectrum with a flip angle of 5° (black) of thymol (I) acquired 
with 100 kHz MAS. Further details in Appendix II. 

 

3.2.3 Results & Discussion 
 
Figure 3.1 shows the one-dimensional 1H spectrum obtained from a 45° projec4on across the diagonal peaks in 
an an4-z-COSY experiment 247-248 on a sample of powdered thymol (I), in comparison to the conven4onal echo-
detected MAS experiment. Both spectra were obtained at 100 kHz MAS. The an4-z-COSY spectrum yields 
resonances that are narrower up to a factor two.  

The effect of MAS on dipolar coupled nuclear spins has been the subject of many studies. A review is out of the 
scope here, but most per4nent to our work are the ar4cles by Nakai and McDowell108 and LeviP et al..106 who 
both treated the case of two inequivalent dipolar coupled spins in the AB regime. They showed that, to second 
order, MAS leads to removal of the splilng caused by the dipolar coupling, but that there will be a residual shi[ 
(ΔR) in the posi4on of the resonances, away from the isotropic values. There are no residual splilngs. The shi[ 
depends on both the chemical shi[ and coupling tensors. This is illustrated in Figure 3.2 (a). 

The average Hamiltonian to third order for an arbitrary ABC spin system229 (see Appendix II for details) shows 
(Eq. 3.6) that now both Iz and two-spin IzIz terms survive MAS. The resul4ng spectrum consists of resonances 
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that are also shi[ed from the isotropic value by a shi[ (ΔR), and which are addi4onally now split in general into 
a doublet of doublets, as illustrated in Figure 3.2 (b). Both the residual shi[s and the splilngs depend on all the 
spin system parameters, and they are predicted to decrease with 1/ωr

2
 as shown in Figure 3.2 (c). 

The effect of the an4-z COSY pulse sequence on these spectra is to remove the residual splilngs, but to retain 
the residual shi[s, and this is the underlying cause of the narrowing observed experimentally in Figure 3.1. The 
above is supported by the numerical simula4ons for single orienta4ons shown in Figure3.2 (d)-(f), and by the 
powder simula4ons for 4 and 5 spin systems in Figures 3.11 and 3.12. The ra4o between the desired an4-diagonal 
peaks and the other peaks in the mul4plet should increase as β decreases.248 However, the overall intensity of 
the correla4ons also decreases with decreasing β. Usually an angle between 5° and 20° gives the best 
compromise between spectral resolu4on and sensi4vity.  

 

 

Figure 3.2 (a) The A part of the spectrum of an AB system, and (b) the A part of the spectrum of an ABC system, for a single 
orientation simulated using SPINACH231 for (top) a static sample, (middle) under MAS, and (bottom) only the isotropic shift. 
(c) The A part of the spectrum of an ABC system for two orientations as a function of the MAS rate. (d-f) Contour plots of the 
A diagonal peak region in the 2D spectra of an ABC system, for two different orientations (red and blue) for (d) ZQF-COSY, (e) 
z-COSY and (f) anti-z-COSY experiments. All the simulation methods and parameters are detailed in the Appendix II. 

 
Figure 3.3 (a)-(c) shows the difference in the 2D lineshapes observed experimentally for thymol in a ZQF-COSY 
(i.e. the 90° experiment), a z-COSY, and an an4-z-COSY experiment, and the strong flip-angle dependence is 
confirmed in Figure 3.3 (d)-(g) showing the linewidths for thymol for β angles from 90° to 3°. In the spectrum 
with β = 3° for H1, H2, H3, and H4 of thymol we measure linewidths of 208, 194, 245 and 218 Hz, as compared 
to 359, 336, 350, and 346 Hz in the β = 90° spectra. This corresponds to a factor of between 1.4 to 1.7 increase 
in resolu4on. 

 

2180 2160 2140

21
80

21
60

21
40

1H chemical shift / Hz
2180 2160 2140

21
80

21
60

21
40

1H chemical shift / Hz
2180 2160 2140

21
80

21
60

21
40

1H chemical shift / Hz

1 H
 c

he
m

ic
al

 s
hi

ft 
/ H

z

(e) (f)(d)

ZQF COSY z-COSY at 3° anti-z-COSY at 3° 
A part of an ABC system of a single crystal with two different orientations -10 kHz MAS

2200 2150 2100 Hz

isotropic shift

40 kHz MAS

20 kHz MAS

12 kHz MAS

10 kHz MAS

8 kHz MAS

(c)
A part of an ABC system of a single crystal
 with two different orientations 

(a)
A part of an AB system 
of a single crystal

isotropic
shift

static

(b)
A part of an ABC system 
of a single crystal

dΑΒ

ΔRΑΒ (θ,ωr,dΑΒ) 

0

0

 dAC

dAB

MAS ΔRΑΒC (θ,ωr,d) 

δ’(θ,ωr,d) 
δ’’(θ,ωr,d) 

Hz

HzHz102030

-2000 -40000 Hz1000 -5000

050100150

dAB

40

5000



Chapter 3- Improved 1H resolu-on combining MAS and mul-ple pulse sequences 
 

 62 

 

Figure 3.3 Contour plots of (a) ZQF COSY, (b) z-COSY, and (c) anti-z-COSY spectra of thymol acquired at a MAS rate of 100 kHz. 
(b) and (c) were obtained with β = 5°. (d-g) Measured full linewidths at half height of the resonances of protons H1-H4 from 
anti-z-COSY spectra of thymol as a function of β acquired at a MAS rate of 100 kHz. The dashed lines denote the proton 
linewidths measured in the conventional spin echo spectrum.  

 
The method is also demonstrated for microcrystalline powder samples of β-AspAla (II) and strychnine (III). Figure 
3.4 shows projec4ons extracted from an4-z-COSY spectra of β-AspAla which show the same decoupling effect as 
observed for thymol above. Again, in this sample the linewidths are reduced by almost a factor of two for most 
of the protons. Figure 3.5 shows the 1D spectrum for strychnine extracted from the 2D an4-z-COSY spectrum 
acquired with an 8° flip angle, which is again significantly narrowed. The narrowing factor will depend on the 
strength of the residual coupling of each nucleus in each sample and the absolute remaining linewidth will s4ll 
be broadened by residual homogenous shi[ and inhomogeneous contribu4ons. 
 

 

Figure 3.4 (a) Spectra of β-AspAla (II) obtained from integral projections of the 45° projection of the anti-z-COSY spectra 
acquired at 100 kHz MAS. The top spectrum was acquired with the conventional spin echo sequence at the same sample 
spinning rate. (b-i) Measured linewidth of protons H1-H8 as a function of β. The dashed lines denote the proton linewidths 
measured in the conventional spin echo spectrum. 

 

All three samples used here yield clean an4-z-COSY spectra. In solu4on, these experiments can be compromised 
by ar4facts due to the appearance of cross-peaks in the spectrum, as well as zero-quantum transfers within the 
diagonal peaks, and addi4onal measures are required to ac4vely suppress them.248, 250 However, we note that 
such unwanted peaks appear in an4-phase with respect to the couplings, and have no net integral. The numerous 
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couplings and the compara4vely broader lines expected in the solid-state mean that these unwanted peaks are 
likely to largely cancel themselves out, with no further ac4on required. Addi4onally, the orienta4on distribu4ons 
present in the powder leads to different sizes of the residual couplings, and might act in a similar manner to the 
ac4ve measures usually taken to suppress ar4facts. Indeed, the cross-peaks we observe here are weak in 
intensity (see Figure 3.7). 

We note that equivalent spins will behave differently. This is simulated for an A2B system in Appendix II. We see 
in Figure 3.10 that the 2D lineshape has some nega4ve intensity in the an4-z-COSY spectrum, that leads to small 
nega4ve dips in the 45° projec4on. This might correspond to the origin of the dips observed for the CH3 and NH3

+ 
peaks in Figures 3.1 and 3.4 for small β values.  

 

 

Figure 3.5 (a) Echo-detected 100 kHz MAS spectrum of strychnine (III). (b) 1D spectra extracted as an integral projection from 
a doubly sheared 2D anti-z-COSY spectrum acquired with a flip angle of β = 8° at 100 kHz MAS.  

For the an4-z-COSY concept to work properly it is important that the z magne4za4on should remain unchanged 
during the z-filter period. Therefore, any effect that changes any of the spin states during the mixing scheme will 
lead to reduc4on in resolu4on. Notably, spin diffusion during this period will induce spin flip-flops. While the fast 
spinning rate slows down homonuclear spin diffusion, it is important to keep the delay as short as possible. 
Addi4onally, any dipolar recoupling effects caused by the mixing pulses will also induce spin flips. Here we use a 
mixing 4me equal to a single rotor period. These effects and others leading to limi4ng resolu4on will be explored 
further in the future. We finally note that we expect this strategy to also lead to bePer resolu4on at lower 
spinning speeds. This is confirmed in Figure 3.13, where we show the results for thymol at a MAS rate of 62.5 
kHz. In this case we obtain a gain in resolu4on of a factor between 1.8 and 2.1.  

 

3.2.4 Conclusion 
 
In conclusion, the simple approach introduced here for achieving homonuclear decoupling in organic solids by 
genera4ng exclusively remote correla4ons, yields up to a factor of two gain in resolu4on as compared to 
conven4onal echo-detected MAS experiments. Smaller flip angles produce spectra with higher resolu4on, at the 
expense of reduced sensi4vity. The factor two gain in resolu4on achieved with the concept as introduced here 
in its most simple form is striking, with clear room for improvement through further development.  
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3.2.5 Appendix II 
 
3.2.5.1 Experimental details 
 
Bruker Avance Neo spectrometer equipped with a 0.7 mm triple resonance HCN CP-MAS probe. Data where 
acquired on three different samples. The powdered samples of thymol (2-Isopropyl-5-methylphenol), β-AspAla 
((2S)-2-amino-3-{[(1S)-1-carboxyethyl]carbamoypropanoic acid), and strychnine were purchased from 
AppliChem, Bachem, and Signal-Aldrich respec4vely and were used without further recrystalliza4on, a[er mild 
crushing with a mortar and a pestle. 

All data were acquired with rotor synchronized delays, at a sample spinning speed of 100 kHz. Presatura4on was 
applied on the 1H channel. For the thymol and β-AspAla spectra, a proton pulse with amplitude ν1=294 kHz was 
used, whereas for the strychnine data a ν1=278 kHz was used.  

All 2D spectra were acquired with the States-TPPI acquisi4on method. For the 2D ZQF COSY and z-COSY 
experiments a total of 256 t1 points were acquired with t2 acquisi4on 4mes of 10.2 ms and with a maximum t1 
delay of 12.8 ms. The recycle delay was 5 s and for each t1 increment 8 and 32 scans were acquired respec4vely. 
All an4-z-COSY spectra of thymol were acquired with 256 t1 increments and a maximum t1 delay of 10.2 ms, 
whereas the an4-z-COSY spectra of β-AspAla were acquired with 448 t1 increments and a maximum t1 delay of 
20.1 ms. For thymol, the t2 acquisi4on 4me was 10.2 ms and for β-AspAla 12.8 ms. When flip angles of 90°, 45°, 
20°, 15° were used, 8 scans were acquired, while for flip angles of 8°, 5°, and 3°, 16, 32 and 64 scans were 
acquired respec4vely. The 2D an4-z-COSY experiment of strychnine was acquired with 180 t1 points, a maximum 
t1 delay of 8.1 ms and a t2 acquisi4on 4me of 8 ms. The flip angle was set to 8°, 32 scans were acquired for each 
t1 point, and the recycle delay was 50 s. 

The 1D echo spectra of thymol and β-AspAla were acquired with 5 s recycle 4me, and 10 ms acquisi4on 4me. 
The spectrum of strychnine was acquired with 50 s recycle 4me, and 8 ms acquisi4on 4me.  

All processing was done either using the Bruker so[ware TopSpin 4.0.6, or with homemade MATLAB scripts. All 
2D an4-z-COSY spectra were double Fourier transformed, and sheared twice, once parallel to F1 with a shear 
factor of κt = -1 and once more parallel to the new F´2 dimension with a new shear factor of κt = +(1/2), where 
the shear factor κt is related to the shear angle 𝜃	according to the equa4on 𝑡𝑎𝑛𝜃 = 𝜅T. This was done at TopSpin 
using the ajp_share “au” program.{Pell, 2007 #185} A[er double shearing, an integral projec4on onto F2 of the 
F1 range spanned by the lineshape of the signals was taken.  1H chemical shi[s were reference according to 
literature. 45, 135  
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The experimental details are summarized in the following tables: 

 
Table 3.1 Experimental details of experiments acquired on a powdered sample of thymol.  

Experiment (wr/2π) 
/kHz 

(wRF/2π) 
/kHz 

Total 
exp. time 

t2 acquisition 
time / ms 

Maximum 
t1 

increment 
/ ms 

td2 
complex 

points 

td1 
complex 

points 
NS 

d1 
/s 

τz / 
μs 

echo 
detected 100 312.5 20 s 10.2 ms - 2048 - 4 5 10 

ZQF-COSY 100 294 2 h 52 
min 

10.2 ms 12.8 2048 128 8 5 10 

z-COSY (5°) 100 294 11 h 31 
min 10.2 ms 12.8 2048 128 32 5 10 

anti-z-COSY 
(90°) 

100 294 2 h 52 
min 

10.2 ms 12.8 2048 128 8 5 10 

anti-z-COSY 
(45°) 100 294 2 h 52 

min 10.2 ms 12.8 2048 128 8 5 10 

anti-z-COSY 
(20°) 

100 294 2 h 52 
min 

10.2 ms 12.8 2048 128 8 5 10 

anti-z-COSY 
(15°) 100 294 

2 h 52 
min 10.2 ms 12.8 2048 128 8 5 10 

anti-z-COSY 
(10°) 

100 294 2 h 52 
min 

10.2 ms 12.8 2048 128 8 5 10 

anti-z-COSY 
(8°) 100 294 

5 h 45 
min 10.2 ms 12.8 2048 128 16 5 10 

anti-z-COSY 
(5°) 

100 294 11 h 31 
min 

10.2 ms 12.8 2048 128 32 5 10 

anti-z-COSY 
(3°) 100 294 

23 h 2 
min 10.2 ms 12.8 2048 128 64 5 10 

Table 3.2 Experimental details of experiments acquired on a powdered sample of β-AspAla.  

Experiment (wr/2π) 
/kHz 

(wRF/2π) 
/kHz 

Total 
exp. time 

t2 acquisition 
time / ms 

Maximum 
t1 

increment 
/ ms 

td2 
complex 

points 

td1 
complex 

points 
NS 

d1 
/s 

τz / 
μs 

echo 
detected 100 294 20 s 10 - 2048 - 4 5 10 

anti-z-COSY 
(90°) 

100 294 5 h 2 min 12.8 20.1 2560 224 8 5 10 

anti-z-COSY 
(45°) 100 294 5 h 2 min 12.8 20.1 2560 224 8 5 10 

anti-z-COSY 
(20°) 

100 294 5 h 2 min 12.8 20.1 2560 224 8 5 10 

anti-z-COSY 
(15°) 100 294 5 h 2 min 12.8 20.1 2560 224 8 5 10 

anti-z-COSY 
(10°) 100 294 5 h 2 min 12.8 20.1 2560 224 8 5 10 

anti-z-COSY 
(8°) 100 294 

10 h 5 
min 12.8 20.1 2560 224 16 5 10 

anti-z-COSY 
(5°) 100 294 10 h 5 

min 12.8 20.1 2560 224 16 5 10 

anti-z-COSY 
(3°) 100 294 

20 h 11 
min 12.8 20.1 2560 224 32 5 10 

Table 3.3 Experimental details of experiments acquired on a powdered sample of β-AspAla.  

Experiment (wr/2π) 
/kHz 

(wRF/2π) 
/kHz 

Total 
exp. time 

t2 acquisition 
time / ms 

Maximum 
t1 

increment 
/ ms 

td2 
complex 

points 

td1 
complex 

points 
NS 

d1 
/s 

τz / 
μs 

echo 
detected 100 277.8 

3 min 20 
s 8 - 1600 - 4 50 10 

anti-z-COSY 
(8°) 100 277.8 3d 8 h 12 

min 8 8 1600 90 32 50 10 
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3.2.5.2 Processing of experimental data 

1) All 2D anti-z-COSY spectra were double Fourier transformed, zero filled to 8k and 1k points in F2 and F1 respectively, 
and then sheared twice, once parallel to F1 and once more parallel to the new F´2 dimension using the ajp_share 
“au” program written by A. J. Pell.248  

2) An integral projection onto F2 of the F1 range spanned by the lineshape of the signals was taken in order to avoid 
the addition of unnecessary noise in the extracted 1D spectrum. For thymol, H4 was chosen was a reference point, 
and for β-AspAla H7.  

3) Peak widths at half height were measured using the peakw command in topspin 4.0.6.  

3.2.5.3 Thymol data  

Spectra at different angles 

 

 

Figure 3.6 Spectra of thymol obtained as integral projec;ons from 45° sheared 2D an;-z-COSY spectra acquired with flip angles, 
β, of 90° 45°, 20°, 15°, 10°, 8°, 5°, and 3° at 100 kHz MAS. The top spectrum shows the result of the echo-detected experiment 
at the same spin rate.  
 
Linewidths at half height of thymol spectra 
 
Table 3.4 Linewidths of thymol spectra measured at half height 

Proton/β echo 90 45 20 15 10 8 5 3 
H1 418 359 336 294 279 249 252 232 208 
H2 386 336 304 269 262 246 233 229 194 
H3 394 350 325 291 283 255 238 234 245 
H4 388 346 323 294 275 256 255 239 218 

H5´* 752 649 627 564 533 524 521 516 501 
H5´´* 752 649 627 564 533 524 521 516 501 

H6 444 433 395 301 283 249 251 236 221 
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T2’ measurements of thymol 
 
Table 3.5 T2 relaxa;on measurements on a sample of thymol 

Proton Echo (measured 
linewidths in Hz) T2´ (ms) Δ (1/(π T2´) in Ηz) 

H1 417 2.71 121 
H2 393 3.59 89 
H3 409 2.64 118 
H4 391 2.79 114 

 
Linewidths at half height of echo-detected spectra acquired on the same day and at the same MAS rate were 
measured. 

 
2D contour plots of anF-z-COSY spectra 

 
Figure 3.7 a) and b) an;-z-COSY spectra of thymol acquired with flip angles of 90° and 5° respec;vely. c) and d) an;-z-COSY 
spectra of β-AspAla acquired with flip angles of 90° and 5° respec;vely. The contour levels are ploQed in a way that the peaks 
of H4 of thymol and H7 of β-ΑspAla have the same intensity in the 90° and 5° an;-z-COSY spectra.  
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3.2.5.4 β-AspAla data 
 
Linewidths at half height of β -AspAla spectra 
 
Table 3.6 Linewidths of β-AspAla spectra measured at half height. 

Proton/β echo 90 45 20 15 10 8 5 3 
H8 269 232 219 203 196 193 190 177 169 
H5 328 340 340 320 294 273 273 267 186 
H4 397 302 279 249 243 229 222 205 220 
H7 262 225 210 190 179 172 175 163 140 
H3 305 245 228 203 203 191 186 172 168 
H1 373 254 237 214 208 193 185 159 136 
H2 362 257 240 213 203 195 188 161 177 
H6 312 244 223 195 189 179 171 161 152 

 
T2’ measurements on β-AspAla 
 
Table 3.7 T2 relaxa;on measurements on a sample of β-AspAla 

Proton Echo (measured 
linewidths in Hz) T2´ (ms) Δ (1/(π T2´) in Ηz) 

H8 227 5.41 59 
H5 322 3.71 86 
H4 342 2.5 127 
H7 219 4.97 64 
H3 267 3.07 104 
H1 301 2.82 113 
H2 303 2.92 109 
H6 264 3.2 100 

 
Linewidths at half height of echo-detected MAS spectra acquired on the same day and at the same MAS rate 
were measured. 
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3.2.5.5 SPINACH simula.ons – single crystal 
 
Spectra were simulated using SPINACH231 which runs inside the MATLAB framework, and were processed on 
Topspin 4.0.6 similarly to the experimental data. The transfer of the data from MATLAB to Topspin was done 
using a homemade script wriPen by M. Foroozandeh. 

 
Spin systems in Figure 3.2: 
 
For the 3 spins simula4ons, the three chemical shi[s were all different and isotropic, and all spins were dipolar 
coupled. No scalar couplings were included in the spin system. All simula4ons were performed invoking magic 
angle sample spinning, and using a single crystal with a single orienta4on in figure 3.2b, and two different 
orienta4ons with the same weight in Figure 3.2c-f. A Gaussian line broadening of 8 Hz was applied in both 
dimensions of the 2D plots prior to Fourier transforma4on.   

 
Table 3.8 Spin system parameters for the spin system illustrated in Fig. 3.2. 

 Zeeman Eigenvalues 
(ppm) 

Dipolar Coupling 
Eigenvalues 

(Hz) 
Dipolar Coupling Euler Angles 

Figure 2a Ω1 = 9.0 
Ω2 = 15.0 D12 = 18000 Hz E12 = (π/5 π/7 π/20) 

Figure 2b 
Ω1 = 2.5 

Ω2 = 45.0 
Ω3 = 40.0 

D12 = 3600 Hz 
D13 = -24000 Hz 
D23 = -12500 Hz 

E12 = π*(0.0 170 0.0)/180 
E13 = π*(0.0 190 0.0)/180 E23 = 

π*(0.0 100 0.0)/180 

Figure 2c-f 
Ω1 = 4.0 
Ω2 = 3.6 

Ω3 = 12.0 

D12 = 4000 Hz 
D13 = 6600 Hz 
D23 = 4400 Hz 

E12 = (π/6 π/2 π/20) 
E13 = (π/4 π/2 π/3) 
E23 = (π/3 π/3 π/2) 

 
Orienta4ons File :  
 
α = [0 0.3142] 
β = [0 1.0472] 
γ = [0 3.491] 
weights = [1 1] 
 
Simula4on parameters : 
 
Table 3.9 Simula;on parameters for the spin system illustrated in Fig. 3.2. 

Magnetic field 14.0 T 
Spectral Width in F1 10000 Hz 
Spectral Width in F2 10000 Hz 

Number of complex points in F1 4096 
Number of complex points in F2 4096 

Spectral Offset 4801.04 Hz 
β angle 3° 

MAS rate variable 
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Figure 3.8 A part of an ABC spin system for a single crystal with two different orientations. ZQF and anti-z-COSY (β of 3°) 
simulations were performed at different MAS rates: 8, 10,12, and 20 kHz.  

 

 
Figure 3.9 a) One-dimensional 1H spectrum simulated with SPINACH for an ABC spin system of a single crystal with two 
different orientations. b) ZQF, z-COSY (β of 3°), and anti-z-COSY (β of 3°) simulations of the same system performed at 10 kHz 
MAS rate.
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A2B Equivalent spin system: 

A spin system of 2 equivalent and of an addi4onal non-equivalent spin was used. The chemical shi[s were 
isotropic and all spins shared dipolar couplings with one another. No scalar couplings were included in the spin 
system. All simula4ons were performed invoking magic angle sample spinning, and using a single crystal with a 
single orienta4on. A Gaussian line broadening of 8.5 Hz was applied in both dimensions of the 2D plots prior to 
Fourier transforma4on.  

 
Table 3.10 Spin system parameters for the the A2B spin system. 

 Zeeman Eigenvalues (ppm) Dipolar Coupling Eigenvalues 
(Hz) Dipolar Coupling Euler Angles 

Figure S5 
Ω1 = 2.6 
Ω2 = 4.0 
Ω3 = 4.0 

D12 = 4000 Hz 
D13 = 10000 Hz 
D23 = 10000 Hz 

E12 = (π/6 π/2 π/20) 
E13 = (π/4 π/2 π/3) 
E23 = (π/3 π/3 π/2) 

 
 

Simula4on parameters: 
 
Table 3.11 Simula;on parameters for the A2B spin system. 

Magnetic field 14.0 T 
Spectral Width in F1 2500 Hz 
Spectral Width in F2 2500 Hz 

Number of complex points in F1 512 
Number of complex points in F2 512 

Spectral Offset 2000 Hz 
β angle 3° 

MAS rate 20000 
 

 

 
Figure 3.10 The top part of the figure shows the 45° projections extracted from the ZQF COSY and anti-z-COSY (3°) simulations 
of the spin system described above. The lower part shows the diagonal peak regions of the 2D COSY spectra.  
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3.2.5.6 SPINACH simulations – powder pattern of 4 and 5 spins 

A spin system of 4 or 5 inequivalent spins was used. The chemical shi[s included chemical shi[ anisotropy, and 
all spins shared dipolar couplings with one another. Scalar couplings were also included (or not) in the spin 
system. All simula4ons were performed with magic angle spinning using either 42 (5 spins simula4ons) or 162 (4 
spins simula4ons) orienta4ons on an icosahedral grid. No line broadening was applied in the 2D plots.   
 
4 spin simulations 
 
Simula4on parameters: 
 
Table 3.12 SimulaRon parameters for the 4 spins powder average. 

Magnetic field 14.0 T 
Spectral Width in F1 10000 Hz 
Spectral Width in F2 10000 Hz 

Number of complex points in F1 256 
Number of complex points in F2 256 

Spectral Offset 3500 Hz 
β angle 3° 

MAS rate 60000 
 

Table 3.13 Simula;on parameters for the 4 spins powder average. 

 Zeeman Eigenvalues 
(ppm) 

Zeeman Euler 
Angles 

Dipolar Coupling 
Eigenvalues 

(Hz) 

Dipolar Coupling 
Euler Angles 

Scalar 
Coupling 

(Hz) 

Figure 
S6 

Ω1 = (1.6 2.6 0.6) 
Ω2 = (6.0 4.0 2.0) 
Ω3 = (7.5 6.5 8.0) 

Ω4 = (10.0 10.0 10.0) 

ZE1 = 
(π/7 π/6 π/11) 

ZE2 = 
(π/3 π/4 π/2) 

ZE3 = 
(π/20 π/10 π/7) 

ZE4 = 
(π/4 π/2 π/9) 

D12 = 32000 
D13 = 16600 

D14 = 56000 D23 = 
67200 

D24 = 24000 
D34 = 36800 

 

E12 = 
π*(0 130 0)/180 

E13 = 
π* (0 120 0) /180 

E14 = 
π* (0 140 0) /180 

E23 = 
π* (0 150 0) /180 

E24 = 
π* (0 160 0) /180 

E34 = 
π* (0 135 0) /180 

 

J12 = 10 
J13 = 9 
J14 = -5 
J23 =5 
J24 = 4 
J34 = 7 

 

 
Figure 3.11 45° projections extracted from the ZQF COSY and anti-z-COSY (3°) simulations of the 4 spin system described 
above simulated at a 60 kHz MAS rate. In the top part of the figure J couplings are included and in the bottom part they are 
omitted. We note that the choice of Euler angles has a fairly strong effect on the overall lineshape and line broadening 
observed in the simulations for limited numbers of spins. We do not expect them to reproduce the experimental spectra 
quantitatively. The parameter dependencies of these simulations will be explored more extensively in future work. 
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5 spin simulations 
 
Simula4on parameters: 
 
Table 3.14 Simula;on parameters for the 5 spin powder average. 

Magnetic field 14.0 T 
Spectral Width in F1 12000 Hz 
Spectral Width in F2 12000 Hz 

Number of complex points in F1 256 
Number of complex points in F2 256 

Spectral Offset 3500 Hz 
β angle 3° 

MAS rate 60000 
 

Table 3.15 Spin system parameters for the 5 spins powder average. 

 Zeeman Eigenvalues 
(ppm) 

Zeeman Euler 
Angles 

Dipolar Coupling 
Eigenvalues 

(Hz) 

Dipolar Coupling 
Euler Angles 

Scalar 
Coupling 

(Hz) 

Figure 
S6 

Ω1 = (1.6 2.6 0.6) 
Ω2 = (6.0 4.0 2.0) 
Ω3 = (7.5 6.5 8.0) 

Ω4 = (10.0 10.0 10.0) 
Ω5 = (12.2 12.1 12.3) 

ZE1 = 
(π/7 π/6 π/11) 

ZE2 = 
(π/3 π/4 π/2) 

ZE3 = 
(π/20 π/10 π/7) 

ZE4 = 
(π/4 π/2 π/9) 

ZE5 = 
(π/3 π/2 π/6) 

D12 = 32000 
D13 = 16600 
D14 = 56000 
D15 = 48000 
D23 = 67200 
D24 = 24000 
D25 = 14400 
D34 = 36800 
D35 = 46400 
D45 = 19200 

 

E12 = 
π*(0 130 0)/180 

E13 = 
π* (0 120 0) /180 

E14 = 
π* (0 140 0) /180 

E15 = 
π* (0 125 0) /180 

E23 = 
π* (0 150 0) /180 

E24 = 
π* (0 160 0) /180 

E25 = 
π* (0 170 0) /180 

E34 = 
π* (0 135 0) /180 

E35 = 
π* (0 145 0) /180 

E45 = 
π* (0 150 0) /180 

J12 = 10 
J13 = 9 
J14 = -5 
J15 = -3 
J23 =5 
J24 = 4 
J25 = 6 
J34 = 7 

J35 = 11 
J45 = 2 
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Figure 3.12 45° projections extracted from the ZQF COSY and anti-z-COSY (3°) simulations of the 5 spin system described 
above simulated at a 60 kHz MAS rate. We again note that the choice of Euler angles has a fairly strong effect on the overall 
lineshape and line broadening observed in the simulations for limited numbers of spins.  

 

3.2.5.7 Average Hamiltonians under MAS 

The effect of MAS on dipolar coupled nuclear spins has been the subject of many studies, both rela4ng to 
observed lineshapes70 112 107 and to spin diffusion103 251 222 252 253 226. A review is out of the scope here, but most 
per4nent to our work are the ar4cles by Nakai and McDowell108 and LeviP et al..106 who both treated the case 
of two inequivalent dipolar coupled spins. Both papers provide expression for the lineshapes to second order 
that predict that MAS leads to removal of the splilng caused by the dipolar coupling, but that there will be a 
residual shi[ (ΔR) in the posi4on of the resonances, away from the isotropic values, due to higher order Iz terms, 
and this shi[ will depend on both the chemical shi[ and coupling tensors. The higher-order shi[ is predicted to 
decrease as the spinning rate increases as 1/ω2

rot. This is illustrated in Figure 3.2 (a). 

The case of three inequivalent spins has been treated by Scholz et al..229, who presented the average Hamiltonian 
but who did not discuss the result in terms of spectral proper4es (since that ar4cle was focused on formalism 
and not applica4ons).  Malär et al..107 and Grommek et al..226 have presented the case of three equivalent spins. 
They also considered the inclusion of the effect of chemical shi[ differences on the lineshape invoking a weak 
coupling approxima4on. 

Here, we have reproduced the average Hamiltonian to third order for an arbitrary ABC spin system. The result 
(obtained using the symbolic package SpinDynamica230 within Mathema4ca) is given below. (An example 
Mathema4ca notebook is also included.) 

We see that in an ABC system both Iz and two-spin Iz Iz terms survive MAS at third order, and that the resul4ng 
spectrum consists of resonances for each spin that are again shi[ed from the isotropic value by a shi[ (ΔR), and 
which are also split into a doublet of doublets. Both the shi[ and the residual splilngs depend on all the spin 
system parameters. This is illustrated in Figure 3.2 (b). The higher-order shi[s and splilngs are predicted to 
decrease as the spinning speed is increased as 1/ω2

rot. The exact func4onal dependence of the higher-order shi[s 
and splilngs on the spin system parameters is beyond the current scope and will be presented and explored in 
further work.  

The effect of the an4-z COSY pulse sequence on these spectra is to remove the residual splilngs, but to retain 
the residual shi[s. This is illustrated in the SPINACH simula4ons shown in Figure 3.2 (d)-(f). 
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Second Order Average Hamiltonian in an AB spin system under MAS: 
 

 𝜢�𝑨𝑩 = 𝑯� (𝟏)𝑨𝑩 +	𝑯� (𝟐)𝑨𝑩 	+	𝑯� (𝟑)𝑨𝑩
 (3.1) 

 

 𝐻�(9)@~ = 𝜔9𝜤𝟏𝒛 +𝜔2𝜤𝟐𝒛	 (3.2) 

 

 𝐻�(2)@~ = 	0 (3.3) 

 

 
𝐻�(/)@~ = 9

U+$0/
𝐶1	(𝜤𝟐𝒛 −	𝜤𝟏𝒛) 

 
(3.4) 

 
where 𝜔9 and 𝜔2 are the isotropic chemical shi[s of spin 1 and spin 2 and C1 is a func4on of 𝜔9, 𝜔2, and d12 
which is the dipolar interac4on between spin 1 and spin 2, d12 = −��1

87
� ℏA%A/

:%/2
× 9

2
	(3 cos 𝜃922 − 1) .  

 

Second Order Average Hamiltonian in an ABC spin system under MAS: 
 

 𝜢�𝑨𝑩𝑪 = 𝑯� (𝟏)𝑨𝑩𝑪 +	𝑯� (𝟐)𝑨𝑩𝑪 +	𝑯� (𝟑)𝑨𝑩𝑪
 (3.5) 

 

 𝐻�(9)@~F  = 𝜔9𝜤𝟏𝒛 +𝜔2𝜤𝟐𝒛 +𝜔/𝜤𝟑𝒛 (3.6) 

 
where 𝜔9, 𝜔2, and 𝜔/ are the isotropic chemical shi[s of spins 1, 2, and 3 respec4vely.  
 

 𝐻�(2)@~F=	0 (3.7) 

 

 𝐻�(/)
@~F =

1
𝜔:=T2

(𝐶1	𝜤𝟏𝒛 + 	𝐶2	𝜤𝟐𝒛 + 	𝐶3	𝜤𝟑𝒛 + 	𝐶4	𝜤𝟏𝒛 ∙ 𝜤𝟐𝒛 + 	𝐶5	𝜤𝟏𝒛 ∙ 𝜤𝟑𝒛 + 	𝐶6	𝜤𝟐𝒛 ∙ 𝜤𝟑𝒛) (3.8) 

 

where C1-6 are func4ons of 𝜔9, 𝜔2, 𝜔/, d12, d13, and d23, and where dab is the dipolar coupling constant between 
spins a and b, dab = −��1

87
� ℏA3A4

:34
2 × 9

2
	(3 cos 𝜃'�2 − 1). 

 

The average Hamiltonians of equa4ons 3.3, 3.4, 3.7, and 3.8, show only the parts that are secular with respect 
to differences in the chemical shi[s.  
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3.2.5.8 Anti-z-COSY at 62.5 kHz MAS 

Experimental Details: 
 

Table 3.16 Experimental parameters for experiments acquired on a sample of thymol at 62.5 kHz MAS. 

Experiment (wr/2π) 
/kHz 

(wRF/2π) 
/kHz 

Total 
exp. 
time 

t2 
acquisition 
time / ms 

Maximum 
t1 

increment 
/ ms 

td2 
complex 

points 

td1 
complex 

points 
NS 

d1 
/s 

τz / 
μs 

ZQF COSY 62.5 444 
2 h 29 

min 10.2 24.6 2048 128 8 4.3 16 

anti-z-COSY 
(5°)_1 

62.5 444 9 h 58 
min 

10.2 24.6 2048 128 32 4.3 2 

anti-z-COSY 
(5°)_2 62.5 444 

9 h 58 
min 10.2 24.6 2048 128 32 4.3 16 

anti-z-COSY 
(5°)_3 

62.5 444 9 h 58 
min 

10.2 24.6 2048 128 32 4.3 80 

anti-z-COSY 
(5°)_4 

62.5 444 9 h 58 
min 

10.2 24.6 2048 128 32 4.3 160 

 

Spectra: 

 
Figure 3.13 Spectra of thymol at 62.5 kHz obtained as integral projec;ons from 45° sheared 2D ZQF and an;-z-COSY spectra 
(β of 5°) acquired with different mul;ples of the rotor period for the z-filter delay. On the right, the linewidths of H1, H2, H3, 
and H4 are ploQed as a func;on of the z-filter delay. 
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3.3 Fast Remote Correla-on Experiments for 1H Homonuclear Decoupling in 
Solids 
 
This chapter has been adapted with permission from: Moutzouri, P.; Simões de Almeida, B.; Emsley, L., Fast 
remote correla4on experiments for 1H homonuclear decoupling in solids. J Magn Reson 2020, 321, 106856. 
(post-print). 
 
My contribu4on was to help in developing and applying the method, obtaining the spectra, and analysing results. 
I par4cipated in the wri4ng, review and edi4ng process of the manuscript. 
 

3.3.1 Introduc-on 
 
The main drawback of An4-z-COSY is the need to record a two-dimensional spectrum with high resolu4on in 
both dimensions, which more o[en than not can be quite 4me-consuming. Typically, hundreds of points are 
required in t1, leading to acquisi4on 4mes of hours. Here, we show how a modifica4on of the pulse sequence 
and the acquisi4on scheme can offer iden4cal results in terms of spectral resolu4on but in a few minutes. We 
combine the an4-z-COSY experiment with an affine transforma4on254 255 256 257. This  enables the remapping of 
the data to allow narrow spectral widths to be acquired in the indirect dimension. This approach speeds up the 
acquisi4on 4mes of the an4-z-COSY experiment by a factor of 15 or more, while maintaining here peaks up to a 
factor 2.3 narrower than in the conven4onal one-pulse one-dimensional experiment at the same MAS rate.  
 

3.3.2 Methods 
 
3.3.2.1 Modifica.on of the an.-z-COSY pulse sequence 
 
As described in detail previously,213 247-248 the an4-z-COSY pulse sequence consists of an ini4al excita4on 90° pulse 
followed by an evolu4on period t1 and a mixing element of the form, 180°+β — τz — β, where β denotes a small 
flip angle, as shown in Figure 3.14 (a). The sequence of Figure 3.14 (b) is modified in order to maintain the criteria 
needed for the applica4on of the affine transforma4on and to allow whole echo acquisi4on in t1. 

258 259-261 The 
affine transforma4on which consists in a series of shearing transforma4ons will allow under-sampled spectra in 
t1 to inherit the spectral proper4es in t2 a[er transforma4on. This was first used in NMR in the context of Two-
dimensional One Pulse (TOP) experiments. 262 In the experiment of Figure 3.14 (b), the 180° pulse and the low 
flip angle z-filter, β - τz - β, are placed in the middle of the evolu4on period, t1. At this posi4on this element allows 
the pure chemical shi[ evolu4on to be sampled in the indirect dimension independently of the effects of 
homonuclear coupling. 

In the experiment of Figure 3.14 (b), the 180° pulse and the low flip angle z-filter, β - τz - β, are placed in the 
middle of the evolu4on period, t1. At this posi4on this element allows the pure chemical shi[ evolu4on to be 
sampled in the indirect dimension independently of the effects of homonuclear coupling. In analogy with 
approaches to pure shi[ spectroscopy in solu4on NMR,263 the small flip angle building block together with the 
180° pulse thus only yields correla4ons between remote transi4ons since any splilngs caused by homonuclear 
coupling to other spins are suppressed through the inversion of the spin state of their coupling partners by the 
180° pulse. 

 

Figure 3.14 (a) Anti-z-COSY pulse sequence and coherence pathway. (b,c) TAZ-COSY pulse sequence and coherence-transfer 
pathways for the acquisition of (a) the echo and (b) the anti-echo part of the signal. Here, β indicates a low-flip-angle pulse.  
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As illustrated in Figure 3.15 (a), the 4me domain of this experiment consists in pure chemical shi[s along t1 and 
the sum of shi[s and residual couplings in t2. Compared to the an4-z-COSY experiment, the shape of the diagonal 
peaks is no longer perpendicular to the diagonal of the spectrum but is now parallel to the direct dimension. A 
further modifica4on lies in the 2D scheme used for the acquisi4on of the two-dimensional absorp4ve phase-
sensi4ve spectrum. For the parent an4-z-COSY experiment a States-TPPI hypercomplex acquisi4on 264 is typically 
used, for which two different data sets with quadrature phases for the ini4al excita4on pulse are acquired.  

In the TAZ-COSY sequence, pure absorp4on mode lineshapes can be achieved simply by collec4ng the first half 
of the indirect increments with the sequence shown in Figure 3.14 (b), that records a posi4ve sense of evolu4on 
for the chemical shi[ interac4on, and the second half with the sequence shown in Figure 3.14 (c), that records 
respec4vely a nega4ve sense of evolu4on. This leads to whole echo acquisi4on in t1,258 259 260 261 and upon 2D 
Fourier transforma4on, absorp4on mode data are acquired without the necessity of an addi4onal z-filter at the 
end of the sequence scheme.  

 
3.3.2.1 Data processing: shearing and symmetriza.on  
 
This data structure allows the affine transforma4on to be applied in a similar way as in the 2D TOP-PASS 
experiment described by Davis et. al., 255 since the dataset as acquired separates the chemical shi[ evolu4on, 
which evolves along t1 from the evolu4on due to homonuclear couplings, which proceeds along the nega4ve 
diagonal, ε = – t1 / t2. This is illustrated in Figure 3.15 (a). The affine transforma4on remaps the data such that 
the two interac4ons, chemical shi[ and homonuclear couplings, lie along the horizontal and ver4cal axis 
respec4vely while simultaneously inheri4ng the sampling proper4es of the axis onto which they are transformed. 
255 Through this approach, it is possible to record data that are heavily under-sampled in the indirect dimension. 
This allows us to reduce the spectral width and number of increments in the indirect dimension, since it will only 
contain the residual dipolar broadening in the final spectrum. As a result, the peaks will be folded along t1 in the 
raw spectrum, and the affine transforma4on here consists in applying two sequen4al ac4ve shearing 
transforma4ons as shown in Figure 3.15 (b-e): 
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The scheme presented allows us to reduce the experimental 4me here by a factor of 16.5. Note that a similar 
shearing based approach was used in the ini4al an4-z-COSY ar4cle.  

 

 
Figure 3.15 (a) Representation of the time-domain data structure for an anti-z-COSY and a TAZ-COSY experiment. (b) 
Schematic representation of a folded spectrum between the +sw1/2 and — sw1/2 limits, where diagonal peaks are represented 
as solid red lines and cross peaks as blue boxes. (c) First shear parallel to F1 with a shearing rate of -1. (d) Second shear parallel 
to F2 with a shearing rate of +1. (e) Symmetrization of the spectrum shown in (d). (f) Exemplification of the shearing process 
and of the symmetrization with NMR data acquired with the sequences shown in Figure 3.14 (b) and (c) for L-Histidine 
monohydrochloride monohydrate. The processing scripts used here are provided in the Appendix III 
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As shown in Figure 3.15 (b), when the spectral width of the indirect dimension is reduced, the diagonal folds into 
parallel sec4ons, which remain 4lted at a 45° with respect to both of the axes of the 2D plot. The diagonal peak 
shapes all remain parallel to the direct axis. In the frequency domain the first shear, which is parallel to F1 and 
has a shearing factor of -1, leads to the spectrum shown in Figure 3.15 (c). Any sec4ons that ended up outside 
the original spectral window during the first shearing process have been wrapped back inside. Finally, in Figure 
3.15 (d), the second shear, which is parallel to the F2 dimension and has a shearing factor of +1, aligns the 
mul4plets to be parallel to F1. At this point a sum projec4on about the cross sec4on F1 = 0 can be taken and the 
extracted 1D spectrum is free from any broadening due to homonuclear couplings. Folding of the spectrum does 
not affect the diagonal peaks in the final spectrum, since in the 2D double-sheared spectrum they will be 
symmetrically distributed about the cross sec4on and centered at F1=0. However, as shown in Figure 3.15 (d), 
this will not be the case for the cross peaks, or anything else that is not a diagonal peak. (Weak cross peaks are 
some4mes observed in an4-z-COSY spectra of solids, as discussed in reference).213 In most cases, they will be 
folded/wrapped in posi4ons that are no longer symmetric with respect to their partners. We can therefore 
exploit this characteris4c to remove them from the final 2D spectrum by applying a symmetriza4on procedure 
perpendicular to ω2. This will remove all the cross peaks, unless by chance they have folded in symmetrical 
posi4ons. In cases where their final posi4on in the doubly-sheared spectrum coincides with a diagonal peak, 
symmetriza4on can perturb the intensity of the diagonal peak.  

(Note that the approach described above can be also applied for the acquisi4on of homonuclear J decoupled 
proton spectra in the liquid state. A sequence and some examples can be found in the Appendix III.) 

 

3.3.3 Results and Discussion 
 
Figure 3.16 shows the linewidths achieved with the pulse sequences of Figure 3.14 (b) and (c) and the processing 
described in Figure 3.15 for a powdered sample of L-His4dine monohydrochloride monohydrate, acquired at 298 
K and with a 100 kHz MAS rate. The pulse flip angles β tested range from 90° to 5°, and the bar chart of Figure 
3.16 (f) clearly shows the expected dependence of the 1H homonuclear decoupling efficiency on the β angle. At 
β = 5° we measured linewidths of 269, 164, 174, 189, 163, and 214 Hz for protons H1, H5, H6, H7, H8, and H9 
respec4vely as compared to 563, 380, 346, 408, 376, and 682 Hz in the 1D spectrum acquired with the 
conven4onal spin-echo experiment. The spectra were acquired with a highly reduced spectral window in F1, 
specifically a width of 2000 Hz was used and only 16 increments were acquired in the indirect dimension. As a 
result, the amount of experimental 4me needed to acquire the spectrum was reduced by a factor 8.25 compared 
to a conven4onal full an4-z-COSY spectrum. The span of the integral projec4on was taken according to the width 
of the narrowest peak in ω1. 

 

 
Figure 3.16 (a) Echo-detected 100 kHz MAS spectrum of powdered microcrystalline L-His;dine monohydrochloride 
monohydrate. (b-e) Spectra obtained from integral projec;ons of the TAZ-COSY spectrum acquired at 100 kHz MAS, with β 
angle of 90°, 45°, 20°, and 5°. (f) Measured linewidths of the spin-echo experiment and of the TAZ-COSY projec;ons as a 
func;on of β. The asterisks on H2 denotes overlapping resonance peaks. See Appendix III for full details. 
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In Figure 3.17 the spectra measured with the new TAZ-COSY sequence and the previously reported an4-z-COSY 
sequence (with a full spectral width in the indirect dimension) are compared. The comparison was performed 
for two different MAS spinning rates, at 50 and at 100 kHz. The 50 kHz MAS data were recorded with an indirect 
spectral width of 16.6 kHz, with 128 increments, 16 scans and a recycle delay of 5 s for the unfolded full an4-z-
COSY spectrum, and with an indirect spectral width  of 1.0 kHz, 16 increments, 16 scans and a recycle delay of 5 
s for the TAZ-COSY spectrum. The 100 kHz MAS data were recorded with an indirect spectral width of 16.6 kHz, 
122 increments, 32 scans and a recycle delay of 5 s for the unfolded full an4-z-COSY spectrum and with an indirect 
spectral width   of 1.0 kHz, 8 increments, 32 scans and a recycle delay of 5 s for the TAZ-COSY spectrum.  

 

 
Figure 3.17 (a) and (d) echo-detected 50 and 100 kHz MAS spectra of powdered microcrystalline L-Histidine 
monohydrochloride monohydrate. (b) and (e) 1D spectra obtained as integral projections of an anti-z-COSY spectrum acquired 
with a full spectral with in the indirect dimension and with a β of 5°. (c) and (f) 1D spectra obtained as integral projections 
from a TAZ-COSY spectrum acquired with an indirect spectral width of 1000 Hz and with a β of 5°. See Appendix III for full 
details.  
 
In both cases, the spectra extracted from the data acquired with either a full or a folded indirect spectral width   
look essen4ally iden4cal. The resolu4on enhancement obtained from an4-z-COSY is fully preserved in the TAZ-
COSY spectrum. (Table 3.20 provides a numerical comparison of the measured linewidths for each peak in the 
spectrum.) The key difference lies in the experimental 4me. With the TAZ-COSY we can acquire a high-resolu4on 
spectrum in only twenty minutes, which is 16.5 4mes faster than the full an4-z-COSY which took nearly 6 hours. 
We note that the water and alipha4c resonances in Fig. 3.17 (e) and (f) show minor lineshape distor4ons that 
we have previously seen in the an4-z-COSY experiments and which we aPribute to strong coupling effects. 213 

Prac4cal aspects concerning the set-up of a TAZ-COSY experiment include the selec4on of the correct indirect 
spectral width and the correct number of points to be recorded in the indirect dimension. The spectral width in 
t1 should be wide enough in order to fit the untruncated residual dipolar broadening. In most cases a spectral 
width between 500 and 2000 Hz should suffice. The number of increments should be sufficient to yield a t1max 
that avoids trunca4on of the residual dipolar broadening. Depending on the choice of indirect spectral width, a 
number of t1 increments between 4 and 16 should be appropriate. Finally, it should be noted that a reduced 
signal to noise ra4o is obtained in the rapid TAZ-COSY projec4ons, as compared to the full an4-z-COSY 
projec4ons, which simply due to the reduced 4me-averaging. The signal to noise ra4o per unit 4me should be 
equivalent (more details can be found in Table 3.21).  
 

3.3.4 Conclusion 
 
In summary, we have introduced a modified an4-z-COSY sequence that is compa4ble with the TOP transform 
and whole echo acquisi4on and which here results in a factor of 16.5 reduc4on in the experimental 4me required 
to obtain 1H remote correla4on spectra in solids. We use the resul4ng TAZ-COSY sequence to obtain spectra from 
powdered microcrystalline L-His4dine monohydrochloride monohydrate at both 50 and 100 kHz MAS rates, 
where we confirm that the method provides the highest 1H resolu4on available today in 1H MAS NMR of solids. 
We have also shown the applica4on of this methodology to liquid-state data with a suitably adapted sequence. 
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3.3.5 Appendix III 
 
3.3.5.1 Experimental details 
 
Room temperature solid-state NMR experiments were performed at room temperature on an 18.8 T Bruker 
Avance Neo spectrometer equipped with a 0.7 mm triple resonance HCN CP-MAS probe and on a 21.15 T Bruker 
Avance Neo spectrometer equipped with a 1.3 mm triple resonance HCN CP-MAS probe. Data where acquired 
on a powdered sample of L-his4dine monohydrochloride monohydrate purchased from Signal-Aldrich and used 
without further recrystalliza4on, a[er mild crushing with a mortar and a pestle. 

 
Table 3.17 Experimental parameters of the spectra displayed in Figure 3.16. 

Pulse Sequence TAZ 1D-Echo 

Recycle delay (s) 5 2 
MAS rate (kHz) 100 100 

Acquisition length (ms) 20.5 10.25 
Number of t2 points 4096 2048 

1H 90° pulse (μs) 0.865 0.865 
1H pulse power (W) 48.52 48.52 

z-filter delay (μs) 10 - 
F1 spectral width (Hz) 2000 - 
F2 spectral width (Hz) 100000 100000 

Number of t1 increments 16 - 
Cnst4 (sets pch1 in F1) 2521 - 

β angle* (cnst2) 90°,45°,20°,5° - 
 
*  8 scans were acquired for the 90°, 45°, and 20° experiments, and 32 scans for the 5° experiment.  

** 4 scans were acquired for the echo-detected experiment  

*** All data were acquired with pre-satura4on on the 1H channel (33 loops with an inter-pulse delay of 1.1 ms) 

 
Table 3.18 Experimental parameters of the spectra displayed in Figure 3.17. 

Pulse Sequence TAZ-5° Antiz-5° 1D-Echo TAZ-5° Antiz-5° 1D-Echo 

Recycle delay (s) 5 5 5 5 5 10 
MAS rate (kHz) 100 100 100 50 50 50 

Acquisition length (ms) 20.5 20.5 10.25 20.5 20.5 22.7 
Number of t2 points 4096 4096 2048 4096 4096 4544 

1H 90° pulse (μs) 0.865 0.865 0.865 2.2 2.2 2.2 
1H pulse power (W) 48.52 48.52 48.52 48.52 48.52 48.52 

z-filter delay (μs) 10 10 - 20 20 - 
F1 spectral width (Hz) 1000 16666 - 1000 16666 - 
F2 spectral width (kHz) 100 100 100 100 100 100 

Number of t1 increments 8 122 - 16 128 - 
Cnst4 (sets pch1 in F1) 1080 - - 2520 - - 

β angle (cnst2) 5° 5° - 5° 5° - 
Number of scans 32 32 4 16 16  

 
* All data were acquired with pre-satura4on on the 1H channel (33 loops with an inter-pulse delay of 1.1 ms) 
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3.3.5.2 Linewidth Measurements 
 
Table 3.19 Measured linewidths (in Hz) of proton peaks in Figure 3.16. 

Proton / β pulse 90° 45° 10° 5° 1D-Echo 

H1 364 287 266 269 563 
H2* 474 425 389 369 616 

H3,4* - - - - - 
H5 308 301 196 164 380 
H6 211 208 220 174 346 
H7 330 311 263 189 408 
H8 223 214 209 163 376 
H9 461 355 259 214 682 

*  The asterisks indicate overlapping resonance peaks.  
 
Table 3.20 Measured linewidths (in Hz) of proton peaks in Figure 3.17. 

Proton / β pulse TAZ-5° 
100kHz 

Antiz-5° 
100kHz 

1D-Echo 100 kHz TAZ-8° 
50 kHz 

Antiz-8° 
50 kHz 

1D-Echo 50 kHz 

H1 252 211 563 456 458 753 
H2* 333 348 616 593 546 1042 

H3,4* - - - - - - 
H5 125 141 380 320 367 507 
H6 152 136 346 332 321 544 
H7 252 244 408 335 356 485 
H8 213 158 376 375 368 547 
H9 246 127 682 574 414 664 

 
3.3.5.3 Processing 
 
All data we processed using TopSpin 4.0.6 using the following protocol: 

 

1. Set PHC1 in F1 equal to cnst4 calculated by the sequence. (The whole-echo acquisi4on shi[s the signal 
maximum in t1, and therefore a first order phase correc4on in the indirect dimension is needed.) 

2. Perform double FT (XFB command in topspin) and correct the zero-order phase in the direct dimension. 
3. Apply the au program: shearing_taz 
4. Apply the au program: ajp_sym 
5. Extract a sum projec4on of rows with the command “proj”  
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3.3.5.4 Liquid-State pulse sequence and example 
 

 
Figure 3.18 Pulse sequence and coherence transfer pathway for TOP-TSE-PSYCHE, to acquire (a) the echo and (b) the an;-echo 
pathway. Narrow rectangles are hard 90° pulses, trapezoids with single arrows denote unidirec;onal chirp pulses and 
trapezoids with double arrows are low-power sal;re chirp pulses of flip angle β. Half sine shapes indicate coherence transfer 
pathway gradient pulses, whereas all rectangular gradient pulses are weak and are applied during the frequency swept pulses. 
(c) Affine transforma;on performed as two consecu;ve ac;ve shear transforma;ons is depicted in 2D Fourier transformed 
liquid-state NMR data. 

 

 
Figure 3.19 (a) Proton liquid-state NMR spectrum of testosterone in DMSO-d6 (b) TSE-PSYCHE265 and (c) TOP-TSE-PSYCHE 
spectra acquired with an indirect spectral width of 100 Hz, 82 chunks/increments, 2 scans, β angle of 20°, and 2 s recycle delay. 
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3.4 Conclusion and Perspec-ves 
 
In conclusion, two new pulse sequences based on a previous liquid-state experiment designed for homonuclear 
J decoupling247-248 were presented to further improve the homonuclear dipolar coupling in the context of rota4ng 
solids. A[er acquisi4on, the obtained 2D generates correla4ons between remote transi4ons. A[er applying a 
shearing process, the 45° projec4on is extracted and the resolu4on can be up to a factor of two narrower than 
the conven4onal 1D spectrum. These methods were tested on four different organic solids. 

The resolu4on improves with smaller flip angle pulse, but the gain in the resolu4on is at the expense of reduced 
sensi4vity. Due to the necessity of high resolu4on acquisi4on of the indirect dimension for the an4-z COSY 
sequence, the TAZ COSY experiment combines a modified pulse sequence of the an4-z with the TOP262 
transforma4on. The same level of resolu4on is obtained but with a greatly reduced experimental 4me. 

These results presented the highest resolu4on in 1H spectrum of organic solids at the 4me. In contrast to 
CRAMPS, the an4-z COSY is applicable at faster MAS rates (> 65 kHz). The residual coupling removed in this 
experiment is supported by theory and simula4on (See Chapter 2).  

However, the residual shi[ term is s4ll present, therefore there is s4ll room for improvement and development 
of methods that are able to remove all second and third order terms caused by homonuclear dipolar coupling. 

All these terms being scaled by the spinning rate, the future availability of faster MAS rates will eventually reduce 
their contribu4on to a very small percentage on the lineshape. 

In the mean4me, one way to expand the u4lity of an4-z COSY would be to insert it in higher order experiments 
where 1H resolu4on is needed, for instance homonuclear or heteronuclear correla4on experiments. 

Alterna4vely, the path to follow is to develop other experiments that could remove all source of homogeneous 
broadening in the 1H spectrum. The following chapter describes a few aPempts on that strategy.
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Chapter 4 Improved 1H resolu;on exploi;ng error 
mapping 
 

4.1 Introduc-on 
 
The present chapter presents an alterna4ve strategy on the quest for higher resolu4on, which is different from 
the approaches described in the previous sec4ons. This chapter presents a strategy to extract the pure isotropic 
spectrum, free of any homogeneous broadening, by measuring the spectrum as a func4on of the MAS rate and 
parametrizing out the residual broadening. The previous strategies aim to remove as much broadening as 
possible in. a single experiment, such as the an4-z COSY experiment. However, the an4-z COSY experiment only 
removes part of the higher order terms (the coupling-like terms) from the average Hamiltonian, whereas Chapter 
2 showed that in the average Hamiltonian for three spins s4ll produce both residual shi[ and splilng and 
currently there is no single experiment that is able to remove both residual homogeneous shi[ and splilng. 
Therefore, the op4mal method should be able to remove all residual homogeneous sources of broadening, 
leaving only the first order terms, i.e. the isotropic chemical shi[s. 

All the higher order terms are scaled by the MAS rate, therefore the corresponding residual homogeneous 
broadening in the 1H spectrum has a precise MAS rate dependence which is dependent on the strength of spin 
interac4ons (chemical shi[ and homonuclear dipolar coupling). The parametriza4on of the residual broadening 
is the founda4on of the approach in the next sec4ons. The whole strategy is based on mapping the residual 
broadening and the isotropic shi[ interac4on in a 2D grid. 

The development of this mapping strategy has produced three outcomes with a different focus and perspec4ve 
on the 1H resolu4on improvement goal. 

In Chapter 4.2, the parametric mapping approach is explained to show how the isotropic spectrum can be 
retrieved from variable MAS data. Experimentally, a series of MAS spectra at increasing spinning rates are 
recorded and mapped into the 2D grid. The model to describe the general 1H lineshape is defined by the isotropic 
amplitudes and the linearly MAS dependent broadening and shi[ parameters. By filng the experimental MAS 
spectra series to these parameters, the isotropic spectrum (as well as the broadening and shi[ terms) is obtained 
for six organic solids, with a resolu4on improvement factor of up to 20. 

In Chapter 4.3, a deep learning approach to extract the isotropic spectrum from the same k-space is described. 
Deep learning overcomes the assump4ons and restric4ons inherent to a filng approach and provides an 
enhanced performance on the same experimental data as shown in 4.2. The architecture of the neural network 
is described and the results present the narrowest 1H resolu4on to date. 

In Chapter 4.4, the deep learning approach is extended to 2D 1H-1H correla4on experiments, which can also 
greatly benefit from improved resolu4on. Again, experimental 2D spectra are recorded as a func4on of spinning 
rate, before applying the neural network to obtain the isotropic spectrum. The method is demonstrated on two 
different samples, on both DQ/SQ and spin-diffusion experiments. Narrower linewidths are obtained in both 
dimensions, and the pure isotropic 2D dimensional spectrum is obtained. 
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4.2 Pure Isotropic Proton Solid State NMR (PIP) 
 
This chapter has been adapted with permission from: Moutzouri, P.; Simões de Almeida, B.; Torodii, D.; Emsley, 
L., Pure Isotropic Proton Solid State NMR. J Am Chem Soc 2021, 143 (26), 9834-9841. (post-print). 

 

My contribu4on was to be part of the development and applica4on of the method, acquisi4on of the data, and 
results analysis. I was part of the wri4ng, review and edi4ng process of the manuscript. 

 

4.2.1 Introduc-on 
 
The alterna4ve approach of pure isotropic proton (PIP) strategies consists of pulng aside any aPempts to design 
a single experiment with a coherent averaging scheme, and instead parametrically mapping the broadening in 
such a way they can be removed in a mul4-dimensional correla4on experiment. A series of MAS spectra recorded 
at different spinning rates can be mapped (at least in an abstract sense) into k-space by a comparison of the 
expected parametric behaviour of the intrinsic pure isotropic shi[ terms to the parametric behaviour of the 
residual broadening terms according to the predic4ons of Average Hamiltonian Theory. By mapping the spectra 
in k-space in this way we should then be able to extract the pure isotropic signal.  

We illustrate the approach on a series of organic solids where the model we use produces pure isotropic spectra 
that are significantly narrower than the fastest MAS spectrum we can record (100 kHz). In most cases the 
isotropic spectra extracted from a series of up to 40 MAS spectra recorded at rates between 20 and 100 kHz are 
typically a factor of 7 narrower than those observed in the 100 kHz MAS spectra. 

 

4.2.2 Methods 
 
4.2.2.1 Theory 
 
Any NMR spectrum can always be represented in a one- or mul4-dimensional reciprocal space, usually referred 
to as k-space. Indeed, most NMR experiments are today actually recorded in 4me domain, and the frequency 
domain spectrum is obtained by Fourier transforma4on.  

 

 𝑆c𝜔v , 𝜔we = 	RR 𝑠c𝑘v , 𝑘we
�

4�
𝑒45r5U5𝑒45r6U6𝑑𝑘v𝑑𝑘w  (4.1) 

 
where for example kx = t2 and ky = t1. 

 

In two-dimensional NMR spectroscopy experiments, there are usually two 4me periods that are independently 
sampled, and which are represented as two orthogonal direc4ons in k-space. They are usually sampled on a 
cartesian grid, and methods have been developed to sample the whole of k-space264 as shown schema4cally in 
Figure 4.1 (a).  

More generally, the k-vector can contain other terms, for example in magne4c resonance imaging experiments, 
where for example kx = Gxtx with Gx being the amplitude of the field gradient applied along the X direc4on and tx 

being the length of gradient pulse. By varying either t or the gradient direc4ons, other sampling schemes can be 
developed, for example the radial sampling scheme shown in Figure 4.1 (b). This kind of approach has led to 
single-shot 2D J-experiments in solu4on,266 experiments that correlate isotropic shi[s with chemical shi[ 
anisotropies in solids,267 two-dimensional one pulse (TOP) experiments in solids,262 or even to the single shot 
mul4-dimensional encoding schemes used in solu4on.268  

Here we suggest a poten4al k-space representa4on where one axis (e.g. ky), corresponds to the evolu4on of the 
desired pure interac4on in a coherent averaging experiment, and the other axis (or axes) (e.g. kx) corresponds to 
the evolu4on of the error terms, where the defini4on of an error term includes any errors generated by the 
imperfect coherent averaging of MAS. Errors generated from other sources, such as poor shimming or RF 
inhomogenei4es, will probably translate into broader isotropic distribu4ons. If the effec4ve Hamiltonian is 4me-
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independent, a given FID would then lie along a straight line in this two-dimensional k-space, at an angle φ to ky, 
where φ depends on the scaling factor of the error terms.

 

 𝑆c𝜔%::=: , 𝜔��:%e = RR 𝑠c𝑘v , 𝑘we
�

4�
𝑒45r5U7++$+𝑒45r6U!8+7𝑑𝑘v𝑑𝑘w  (4.2) 

 

 

Figure 4.1 General approaches to mapping time-domain NMR data in k-space for Cartesian (a) and radial (b) 
sampling schemes. Lines represent individual FIDs, and dots show sampling points. (c) Schematic representation 
of a series of NMR data acquired at different MAS rates in a k-space where kx = ∑ 𝐹&(𝜔"@.)& t and ky = t. The 
angles φmax and φmin indicate the maximum and minimum angle between the acquired FID and the pure shift term 
axis, ky. The FID at φst = 45° corresponds to a static sample. As the MAS rate increases, φ decreases. A pure isotropic 
FID lies along the vertical axes, shown in red. 

 
To illustrate this, consider a set of 1H MAS spectra acquired at different magic angle spinning rates 𝜔"@.. The 
average Hamiltonian for the system at any given spinning rate can be simplified to:  

 

 𝐻�&'<(𝜔"@.) = 	𝐻5<= +|𝐹&(𝜔"@.)
&

	𝐻�%::=:,&  (4.3) 

 

where 𝐻5<=  and 𝐻�%::=:,&  are the Hamiltonians describing the pure isotropic shi[ and the error terms 
respec4vely, and the 𝐹& are MAS rate dependent pre-factors. In an approxima4on where this Hamiltonian were 
to be secular, then the reciprocal space of Eq. 4.2 can be directly given using: 

 

 kx = ∑ 𝐹&(𝜔"@.)& t and ky = t (4.4) 

 

The FIDs would then be distributed in this k-space as shown schema4cally in Figure 4.1 (c), with angles varying 
from φmin for the fastest MAS rate, to φmax for the slowest MAS rate. The angle φ is given by the ra4o between 
the pre-factor of the error terms (including residual couplings and shi[s, due to imperfect averaging of dipolar 
couplings and chemical shi[ anisotropies that are responsible for the broadening in the spectra),103 106, 108, 221, 249 
and the pure isotropic terms (isotropic chemical shi[s). For a sta4c sample φst = 45° since ∑ 𝐹&(𝜔"@.)&  = 1. As 
the spinning speed is increased φ will decrease, since the error terms will be progressively reduced while the 
isotropic term is constant. Most importantly, we can, by defini4on, never actually acquire an experiment with φ 

= 0°, which would require ωMAS = ∞.  
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In this case, the angles should be available from the parametric dependence of the error terms on the spinning 
rate from theory. According to Average Hamiltonian Theory (AHT), in the fast-spinning regime for a three-spin 
dipolar coupled system up to third order, only the pure isotropic chemical shi[ terms lack any MAS dependence, 
whereas the rest of the terms describing the system have a dependence of the following sort:233 103 105-106, 108-109, 

111-113, 234, 249 

 

 𝐻�&'<(𝜔"@.) = 	𝐻5<= + |
1

𝜔"@.&

2

&O9

𝐻�%::=:,&  (4.5) 

 

Full expressions of the average Hamiltonian in different cases are given in references 103, 224, 225 and 239. For 
simplicity, if we assume that 𝐻�%::=:,9 >> 𝐻�%::=:,2 that the m = 2 term in Eq. 4.5 can be neglected, and neglec4ng 
any non-secular correc4on to the frequencies as a func4on of MAS, (these assump4ons are discussed further 
below), we can now choose kx = 𝟏

𝝎𝑴𝑨𝑺
t and the angle φ is then defined as (in the fast-spinning regime): 

 

 𝜑 =	 𝑡𝑎𝑛49 �
1

𝜔"@.
  (4.6) 

 

We note that at spinning rates of 20 to 100 kHz, and with the spinning rate expressed in Hz, this yields angles of 
0.00045° to 0.000092°. These apparently very small angles highlight the fact that fast MAS spinning spectra are 
“nearly isotropic,” with linewidths of 200-300 Hz, compared to about 20 kHz linewidths in the sta4c spectrum. 
However, this does not change the fact that the missing frac4on of a degree cannot be neglected as it encodes 
all the residual broadening.  

Because the k-space cannot be completely sampled (if we could sample along ky, there would be no need for 
this strategy), data processing is not as straighUorward as a simple 2D FT as normally applied in NMR. There has 
been intense research into transforming incomplete and non-uniformly sampled data, in par4cular because of 
the importance of MRI and CT scanning, where this is o[en the case, but also in high-resolu4on NMR 
applica4ons, where reducing acquisi4on 4mes is important.269-273 We also note that correc4ons to the 
frequencies due to non-secular terms in Eq. (4.5) will make ωerror dependent on kx, which will introduce an error 
in the mapping (though this will be small in the fast MAS regime). It is possible that higher order expansions of 
the k-space could be used to take this into account. 

There are probably many ways to approach the detailed mapping and transforma4on of the data to obtain the 
pure isotropic spectrum, and we expect this to be the subject of detailed future study. Here we demonstrate the 
method with a parametric filng approach informed by Average Hamiltonian Theory. 233 103 105-106, 108-109, 111-113, 

234, 249  

 
4.2.2.2 Model 
 
So far, we have made no assump4ons about the nature of the spectra. Since we cannot yet see a way to simply 
map the data into the conceptual k-space described above, nor to do the data transforma4on on the truncated 
data set, in the following we will use a model in which we make no assump4ons about the shape of the isotropic 
spectrum, but we will assume that in MAS spectra of powders the error terms lead to a MAS rate dependent 
broadening, with a shape that is a sum of Gaussian and Lorentzian components, and that they also lead to a MAS 
rate dependent shi[ in the peak posi4ons. These proper4es are all predicted by average Hamiltonian analysis 
and numerical simula4ons.103-109, 111-113, 219, 234, 249, 274. This leads to the following model:  
 

 𝑆(𝜔"@.) = 	|R𝐴(𝑒5U<,"#$T𝑒5U#>"?0T𝑒4�@T
/𝑒4�*T 𝑑𝑡

(

9

 (4.7) 

 
with 
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 𝜆�,G =	
𝛾�,G
𝜔"@.

 (4.8) 

 
and  

 

 𝜔<x5�T =	
𝛾<x5�T
𝜔"@.

 (4.9) 

 
where S is the frequency-domain signal of each MAS spectrum, n is the number of points in the spectrum and 
where the ωn,iso is the isotropic frequency of the nth point, 

 

 𝜔(,5<= =	
𝑛	𝛥𝜔
𝑁  (4.10) 

 
where Δω is the spectral width and N is the total number of points in the spectrum, and γG,L are the widths of 
the Gaussian and Lorentzian broadening. γshiK defines a MAS dependent shi[ from the isotropic posi4on.  

A corresponds to the vector of amplitudes of the pure isotropic spectrum. The model is summarized 
schema4cally in Figure 4.2 (a). 

In order to extract the pure isotropic spectrum A, we can fit the set of MAS spectra acquired at different spinning 
speeds (that we refer to as VS data) to [An], the two broadening parameters and the shi[. This is demonstrated 
in Figure 4.2 (b) with a synthe4c VS dataset generated by convolu4on of the arbitrary isotropic spectrum shown 
in red in Figure 4.2 (a) with the broadening func4on shown in orange. Here we fit 128 points for the spectral 
amplitudes [An], and the process extracts the pure isotropic spectrum shown in Figure 4.2 (b), which accurately 
reproduces the original input func4on shown in Figure 4.2 (a). 

It should be noted that there is no assump4on made about the nature of the isotropic profile, neither in terms 
of isotropic peak posi4ons, the number of isotropic shi[s, or the intrinsic distribu4ons or lineshapes. In principle 
A can have any shape, and the example in Figure 4.2 includes narrow and broad, Gaussian, triangular and square 
isotropic distribu4ons as examples. Some other examples of distribu4ons are shown in Figures 4.10-4.12. 

 

 

Figure 4.2 (a) Schematic representation of the model described in Eq.s 4.7-4.10 according to which each MAS 
spectrum (blue) can be described by the convolution of a constant pure isotropic spectrum (red) with a MAS rate 
dependent broadening function (orange) (b) Performance of the model in fitting synthetic VS data, where the pure 
isotropic spectrum shown in red on the right is obtained, together with the broadening factors γG, and γL, that lead 
to the linewidths shown in orange. The shift factor, γshift , is also extracted by the model fitting (not shown). 
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4.2.3 Results and Discussion 
 
4.2.3.1 Samples and Data Acquisi.on 
 
This new approach is applied to six different micro-crystalline organic solids: L-tyrosine hydrochloride, β-AspAla, 
L-his4dine hydrochloride monohydrate, thymol, flutamide, and ampicillin (Figure 4.3). The 1H MAS spectra 
recorded at 100 kHz were assigned either according to literature135 46, 54, 275-277 or by two-dimensional 1H-13C 
correla4on experiments (see Appendix IV for details). For each sample a set of spectra was acquired at MAS rates 
ranging from 20 to 100 kHz, in steps of 2 kHz, using a Bruker 0.7 mm room temperature HCN CP-MAS probe at a 
magne4c field of 18.8 T corresponding to a 1H frequency of 800 MHz. The choice of 2 kHz was made in order to 
balance between experimental 4me efficiency and a high-density sampling scheme. The magic angle was set for 
each sample by maximizing the T2’ of the proton signals at the fastest MAS rate, the 90° pulse width was 
op4mized, and the data were acquired with ac4ve temperature regula4on to maintain the sample temperature 
at about 295 K across the range of spinning rates and to avoid any spectral changes related to mobile protons or 
strongly temperature dependent chemical shi[s. The thymol data were acquired at a constant VT temperature 
of 275 K because of its low mel4ng point. A simple one rotor period rotor-synchronised spin echo for background 
suppression was used for acquisi4on. 

 
4.2.3.2 FiMng procedure and results 
 
To both reduce the computa4onal requirements associated with mul4-parameter filng of the N points in the 
spectrum, the filng was done by subregions containing one or more peaks, chosen for each sample according 
to the proximity and linewidths of the resonances in the fastest MAS spectrum. The subregions each contained 
between N = 27 and 121 points. For each region, a single shi[ parameter, a single Gaussian and a single 
Lorentzian broadening are determined together with the pure isotropic spectrum. To avoid any amplitude 
varia4ons due to experimental imperfec4ons or due to signal losses from centerbands to sidebands at the lowest 
rates, prior to filng the spectral regions are inverse Fourier transformed and scaled in order to give spectra with 
constant integrals a[er back Fourier transforma4on.  

The filng of each region was repeated ten 4mes using random star4ng points for the broadening and shi[ 
parameters. The 100 kHz MAS spectrum is used as the ini4al guess for A, but the same results are obtained with 
A = 0 as the star4ng point (in more 4me). The χ2 residual for each fit is calculated as a percentage per point. 
Typical good fits here yield χ2 of 1.5-3% per point. (The fits for each of the six samples are shown in Figures 4.13-
4.18). Outliers were excluded using the following condi4on:  

 

 𝜒2 <	 �̅�2 + 0.25 ∗ 𝜎(𝜒2) (4.11) 

 
More details of the filng process and the MATLAB scripts are given in Appendix IV. 

Figure 4.3(a-f) shows the pure isotropic spectra obtained with this process in comparison to the fastest MAS 
spectrum, acquired at 100 kHz MAS, for each sample.  

The resul4ng pure isotropic spectra are spectacular, with all the spectra showing excep4onally high resolu4on. 
Not only do we see narrow resonances for many peaks, but we also clearly resolve peaks where the 100 kHz 
MAS spectrum is broad.  

For all the micro-crystalline samples studied here the narrowing effect leads to linewidths being reduced by 
factors es4mated between 1.2 and 20, with an average of a factor of 7. The narrowest lines in the spectra, seen 
repeatedly across the samples, are 48 Hz broad. This corresponds to the digital resolu4on limit here. (Tables 4.8-
4.13 gives the full linewidths at half-height for all the observed resonances).  
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Figure 4.3 100 kHz MAS spectra (blue) and the average pure isotropic proton spectra (red) extracted from VS data using the 
model of equa;ons 7-10 for powdered samples of (a) L-tyrosine hydrochloride, (b) β-AspAla, (c) L-his;dine hydrochloride 
monohydrate, (d) thymol, (e) flutamide, and (f) ampicillin. The assignments of the spectra are also indicated. Each point is the 
average of ten fits, and the error-bars correspond to the standard devia;on of the ten different fits. Signal referencing was 
done according to literature. 

The resolving power is apparent when we look at, for example, the region of the spectrum of thymol between 0 
and 3 ppm, where pure isotropic spectra reveal very clearly the presence of signals from the three methyl groups, 
H5, H5’, and H6. A similar effect is seen for the region between 4 and 6 ppm in the spectrum of L-tyrosine 
hydrochloride, and perhaps most dram4cally in the region between 3 to 8 ppm in the spectrum of ampicillin. All 
of the resolved peaks in these spectra correspond to the expecta4ons from 1H-13C HETCOR spectra (shown in 
Appendix IV). 

Importantly, that this process is not just filng the data to narrow lines is apparent when we consider the 
distribu4on of lineshapes in some of the pure isotropic spectra. For example, in L-his4dine hydrochloride 
monohydrate the region containing protons H6, H8, and H9 was fit as one sec4on and leads to narrow lines for 
protons H6 and H8, but to a broader distribu4on for H9. This may be explained by the fact that H9 belongs to an 
amino-proton, and the isotropic peak is mo4onally broadened. A similar effect is seen for the H10 proton in L-
tyrosine hydrochloride, which is also in an NH3

+ group. For flutamide the pure isotropic spectrum shows very 
narrow lines in the alipha4c region, and rela4vely broader lines in the aroma4c part of the spectrum, which 
might again reflect some degree of mo4on or sta4c disorder in the structure. Finally, we have previously noted 
that the isotropic shi[s are not necessarily at the center of gravity of the peaks in the fast-MAS spectrum, since 
there is a MAS rate dependent shi[ contained in the error terms. 278 This effect is small but no4ceable here for 
several of the peaks in the pure-isotropic spectra. These shi[s are clearly visible in some of the datasets here as 
shown in Table 4.8. It is important to note that the shi[s seen in the experimental spectra might also be due to 
temperature effects, although we have taken care to try to maintain a constant temperature across all the 
spinning speeds. We note that the resolu4on of the narrowest peaks (48 Hz) is limited by the digital resolu4on 
we achieve here. The determina4on of the isotropic profile is computa4onally demanding, since we are filng 
up to 124 independent variables, and filng a given region from a spectrum with a total of 4k points typically 
takes ~2 h on a desktop computer using our current unop4mized code. We see that for some peaks the resolu4on 
plateaus as the number of points in increased from 1k to 2k to 4k points in the spectrum (e.g. H9 in L-his4dine 
hydrochloride monohydrate), but that for others the resolu4on con4nues to increase with the digi4za4on in the 
fit. A detailed explora4on of the limi4ng resolu4on will be the subject of further study.  
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Figure 4.4 Expansions of selected regions of the 100 kHz MAS spectra (blue) and the average pure isotropic proton spectra 
(red) extracted from VS data for powdered samples of (a) L-tyrosine and (b) ampicillin. The regions between 4 and 9 ppm and 
3.5 and 8.5 ppm are shown respectively for the two samples to provide a clearer view of the resolved peaks and of the error-
bars that correspond to the standard deviation of the ten different fits, and which indicate the uncertainty of the fit for each 
point.  

 
Figure 4.4 shows an expansion of the most interes4ng spectral regions for the samples of L-tyrosine 
hydrochloride and ampicillin. Notably, the figure allows a clearer view of the highly resolved peaks, but also of 
the variance in the peak intensi4es between the ten different fits.  

Although it is difficult to assess the fidelity of the chemical shi[s in the pure isotropic spectra, since they are 
unknown and since the peak posi4ons in the 100 kHz MAS spectra are not necessarily at the isotropic chemical 
shi[s, 108 249 Figures 4.5 and 4.6 show the correla4on between the proton shi[s measured from 100 kHz MAS or 
HETCOR spectra and the proton shi[s from the pure isotropic proton spectra. We see that the correla4on has an 
RMSE of 0.11 ppm with an R2 of 0.9992. 

 

 
Figure 4.5 Pure isotropic proton shims (red) and the experimentally measured shims (blue) at 100 kHz MAS reported in the 
tables above for samples of (a) L-tyrosine hydrochloride, (b) β-AspAla, 8c) L-his;dine hydrochloride monohydrate, (d) thymol, 
(e) flutamide, and (f) ampicillin. Note that we do not expect the spectra to be completely coincident, because of the MAS 
dependent frequency shim present in the 100 kHz MAS spectra. 
 

In addi4on to the expected peaks, there are a small number of minor peaks that are probably ar4facts. These 
are seen at 0.95 ppm in the spectrum of flutamide, 4.1 and 7.9 ppm in the spectrum of L-tyrosine hydrochloride, 
and in the 0-1 ppm region and at 5.9 ppm in the spectrum of ampicillin. These are most likely caused by the 
approxima4ons in the model failing slightly to fully explain the data. While broad lines are not unexpected, an 
alterna4ve explana4on for the broader lines discussed above could in some cases also be that the model is failing 
for these peaks. Notably, if the lineshapes are not fully symmetric, if the MAS dependence of the broadening is 
not purely 1/ωMAS, or if within a given fit region the peak posi4ons shi[ with different MAS dependencies, all of 
which might happen according to the predic4on of AHT, 108 249 then ar4facts might appear. An example of this is 
shown in Figure 4.33 for an asymmetric lineshape, producing minor peaks that look similar to some of those 
observed in the spectra of Figure 4.3. Ar4facts could also poten4ally be introduced by baseline or phasing errors 
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since these could also translate into lineshape asymmetries or amplitude varia4ons. AHT predicts error terms 
with both 1/ωMAS and 1/ωMAS

2 dependence. We have tried to include a second 1/ωMAS
2 term in the model, but 

this has not so far led to any sta4s4cally significant improvement in the fit, or to any changes in the fiPed spectra. 
The apparent dominance of the first term in the series observed here is also in line with previous observa4ons 
for proton linewidths.104, 107, 109-111, 113, 274 The model used here can probably be improved in the future, for 
example in order to include effects where mo4on could interfere with MAS leading to broader spectra at higher 
MAS rates, and this will be a topic of further inves4ga4on and development. 

 

 

Figure 4.6. Correlation plot of PIP shifts versus experimentally measured shifts at 100 kHz MAS for all samples. The R-squared 
and RMSE values are also given. It is important to note, as discussed in the text, that the peak positions in the 100 kHz MAS 
spectra are not necessarily exactly at the isotropic shifts, and the errors due to shift effects that are not included in the model 
(e.g., a parasitic temperature dependence of the intrinsic chemical shift) could lead to infidelities in the PIP shifts. Therefore, 
the source of the RMSE observed here can originate on both axes. 

 

4.2.4 Conclusions 
 
In conclusion we have introduced a new approach to error reduc4on in NMR spectroscopy based on a k-space 
descrip4on, in which the error terms are separated from the desired pure interac4ons by exploi4ng differences 
in the parametric dependence of the errors and the pure interac4ons in a mul4-dimensional dataset.  

Here we have illustrated the approach by addressing the residual broadening due to incomplete coherent 
averaging in fast 1H MAS spectra. By exploi4ng the varia4on of the errors in a set of spectra recorded at different 
MAS rates, we were here able to determine pure isotropic 1H spectra with linewidths down to 48 Hz. The results 
shown for six different organic samples show on average 7-fold increase in resolu4on, and up to a factor of 20, 
as compared with spectra acquired at 100 kHz MAS. 

The resolu4on and chemical shi[ fidelity that can be obtained in the pure isotropic spectra may now be limited 
by several factors. As discussed above, some are intrinsic to the samples and their structures or chemistry, such 
as any degree of structural disorder or intermediate dynamics, or magne4c suscep4bility broadening. Others are 
due to the experimental parameters, such as MAS rate instabili4es, that might lead to imperfect removal of the 
errors, which could lead to shi[s or line shape distor4ons. These also include the digital resolu4on that we can 
obtain in the filng procedure, the accuracy of the assump4ons made in the model, the quality of the spectra 
and any experimental imperfec4ons, baseline or phase errors introduced by processing, the size of the VS data 
set, or the maximum spinning speed aPainable. It should be noted that the maximum spinning speed used here 
is not a prerequisite and similar results can be aPained with lower maximum speeds, as showin in Figure S30 for 
a sample of L-tyrosine hydrochloride extracted by using rates between 30 and 64 kHz. 
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One addi4onal limita4on to address from this first PIP approach is assuming a common linear MAS dependent 
broadening and shi[ factors for all points within the same sub region of the spectrum. The overlap of different 
resonances does not mean that they have the same residual broadening and shi[. Therefore, the PIP linewidths 
and shi[s in regions with overlap are associated with greater uncertainty than the regions with a single isolated 
peak.   

These factors will all be inves4gated in the future, and, in principle at least, the experimental factors can all be 
addressed through improved approaches to extrac4ng the pure isotropic spectrum from the k-space 
representa4ons, improved filng models, or simply more computa4onal power.  

Even given these current limita4ons, the par4cular model used here as a first example can efficiently extract the 
pure isotropic spectra in all the samples without any prior knowledge. We expect that further developments will 
lead to even bePer 1H resolu4on in the future, and we an4cipate that the same underlying principle for removing 
errors introduced here can be extended to mul4-dimensional experiments and also applied to other problems 
in NMR spectroscopy. 
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4.2.5 Appendix IV 
 
4.2.5.1 Experimental 
 
All solid state NMR experiments were performed with a 18.8 T Bruker Avance Neo spectrometer equipped with 
a 0.7 mm triple resonance HCN CP-MAS probe. All spectra were acquired using a rotor synchronized spin echo 
sequence and were processed in TopSpin 4.0.6 where they were zero-filled once and carefully phase and baseline 
corrected. No weigh4ng func4on was applied prior to Fourier transforma4on. The samples of β-AspAla, L-
his4dine hydrochloride monohydrate, ampicillin, and L-tyrosine hydrochloride were purchased from Sigma 
Aldrich. The samples of thymol and flutamide were purchased from Carl Roth and Tokyo Chemical Industry 
respec4vely. All the samples were used without further recrystalliza4on, a[er mild crushing with a mortar and a 
pestle. 
Table 4.1  Experimental details of all VS datasets used in this study. 

Sample 
MAS 
range 
(kHz) 

Step 
Size 

(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 
d1(s) Number of 

FID points 
SW 

(kHz) 

Size of real 
spectrum used 

in the fits 

L-tyrosine 
hydrochloride 100 -30 2000 275-

295 294 5 2048 100 4096 

β-AspAla 100 -26 2000 275-
295 277 6 2048 100 4096 

L-histidine 
hydrochloride 
monohydrate 

100 -20 2000 275-
295 289 30 2048 100 4096 

Thymol 100 -42 2000 275 277 6 1024 100 4096 

Flutamide 100 -20 2000 275-
295 286 18 2048 100 2048 

Ampicillin 100 -20 2000 275-
295 286 3 4096 100 4096 

 
4.2.5.2 Spectral Assignment and Referencing 
 
L-tyrosine hydrochloride 

 
Figure 4.7 (a) One-bond 1H/13C HETCOR and b) long range 1H/13C HCH for a sample of L-tyrosine hydrochloride. (c) Rows and 
columns extracted from HETCOR and HCH at the cross sec;ons indicated by the red and green doQed lines.  
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Table 4.2 Proton experimental chemical shims of L-tyrosine hydrochloride measured from the HETCOR experiment of Figure 
4.5 and referenced according to reference275  

Nuclei δ (ppm) 
H1 12.49 
H2 4.65 
Η3 4.50, 2.40 
Η5 5.40 
Η6 6.66 
Η7 7.44 
Η8 
Η9 

H10 

5.14 
10.0 
7.68 

β-Aspala 
 

Table 4.3 Proton experimental chemical shifts of β-AspAla according to reference135  

Nuclei δ (ppm) 
H1 12.64 
H2 4.85 
Η3 7.92 
Η5 2.73 
Η5’ 2.10 
Η6 3.97 
Η7 0.86 
H8 7.37 

L-His4dine hydrochloride monohydrate 
 

 
Figure 4.8 (a) One-bond 1H/13C HCH for a sample of L-his;dine hydrochloride monohydrate. 

Table 4.4 Proton experimental chemical shifts of L-histidine hydrochloride monohydrate measured from the HETCOR 
experiment of Figure 4.6 and referenced according to references276-277 

Nuclei δ (ppm) 
H1 5.14 
H2 2.72 
Η3 3.10 
Η5 17.0 
Η6 7.52 
Η7 12.41 
Η8 8.94 
H9 8.23 
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Thymol 

Table 4.5 : Proton experimental chemical shifts of thymol according to reference54  
Nuclei δ (ppm) 

H1 5.40 
H2 6.19 
Η3 7.08 
Η4 3.38 
Η5 1.45 
Η5’ 1.05 
Η6 0.42 
H7 9.34 

Flutamide 
 
Table 4.6 Proton experimental chemical shims of flutamide according to reference46 

Nuclei δ (ppm) 
H3 7.9 
H5 9.9 
Η6 7.1 
Η8 8.0 

Η10 2.3 
Η11 1.3 
H11’ 1.3 

Ampicillin 

 
Figure 4.9 (a) One-bond 1H/13C one-bond HCH for a sample of ampicillin at 100 kHz MAS. 

Table 4.7 Proton experimental chemical shifts of ampicillin according to reference46  
Nuclei δ (ppm) 

H2 4.0 
H4 5.2 
Η5 6.6 
Η8 4.8 
Ar 5.4, ~7.1-7.3, 7.6 

H15 10.0 
H16 7.5 
H17 0.6 
H18 1.6 
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4.2.5.3 RAW VS DATA SETS 
 

 

Figure 4.10 Raw VS datasets for the samples of (a) ampicillin, (b) L-histidine hydrochloride monohydrate, (c) flutamide, (d) β-
AspAla, (e) thymol, and (f) L-tyrosine hydrochloride acquired at variable MAS rates with the parameters and spinning rates 
described above. 

 
4.2.5.4 MODEL FITTING PROCEDURE 
 
The filng was performed in Matlab R2021a using homemade scripts. The following procedure was applied: 

Data were Fourier transformed in TopSpin 4.0.6 and zero filled as stated in table 4.1. This yields a digital resolu4on 
in all the spectra of 49 Hz. All spectra were carefully phase and baseline corrected. This step is important, as the 
pure isotropic spectra are constrained to posi4ve values. 

The VS spectra were then imported into Matlab R2021a using homemade scripts. 

To reduce the computa4onal requirements, the fits for each spectrum were done region by region (this also 
allows each region to have different shi[ and broadening proper4es). Each spectrum was broken down as shown 
into the dis4nct spectral regions shown in Figure 4.9, containing between 27 and 121 points (as specified in the 
cap4on to Figure 4.11). Each region was then first normalized to a maximum intensity of 2500 and then inverse 
Fourier transformed and scaled in order to give a set of spectra with constant integrals over all spinning rates 
a[er back Fourier transforma4on.  

A set of predicted VS data were then generated from a trial A, where A corresponds to the vector of amplitudes 
of the pure isotropic spectrum, broadened by a trial Gaussian MAS rate dependent component, γG, and a trial 
Lorentzian MAS rate dependent component, γL. The synthe4c data were also given a trial MAS dependent shi[ 
component, γshiK, from the isotropic posi4on. Here, the fastest MAS spectrum was chosen as the ini4al trial A. 
The same results are obtained, but in more computa4onal 4me if the ini4al trial A is set to zero everywhere. 

Then, the difference between the predicted VS data and the set of experimental spectra was minimized by 
varying the individual elements of A together with γG, γL and γshiK, using the fmincon rou4ne in Matlab R2021a. 
The algorithm of interior-point was used and 10.000 itera4ons were allowed. 

Lower and upper bounds were set for the minimiza4on. The extracted pure isotropic spectrum, A, and the γL,G 
were restricted to posi4ve amplitudes whereas the γshiK was allowed to vary between -150 and 150. 

Defini4on of χ2: 

 

 𝜒2 = 100	
∑ ∑ 𝑎𝑏𝑠(𝑉𝑆𝑒𝑥𝑝p,5	 −	𝑉𝑆𝑝𝑟𝑒p,5(

5O9
!
pO9 )

	𝑛	𝑁	max	(𝑆9,,r�1)
 (4.12) 
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d)
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where N is the number of experimental spectra in the VS dataset and n is the number of points in each spectrum. 
As VSexp we define the experimental dataset and as VSpre the VS dataset predicted by the model. The χ2 is 
normalized by the maximum intensity of the VSexp data set (which by defini4on depends on the maximum 
intensity of the spectrum recorded at the highest MAS rate) and is given as a percentage per point. 

 

 
Figure 4.11 Display of the spectral regions used for the fipng for L-tyrosine hydrochloride (a), β-AspAla (b), L-his;dine 
hydrochloride monohydrate (c), thymol (d), flutamide (e), and ampicillin (f). For L-tyrosine hydrochloride the spectral regions 
R1-R5 consist of 51, 51, 101, 76, and 56 points, respec;vely. For β-AspAla the spectral regions R1-R5 consist of 41, 76, 71, 59, 
and 49 points, respec;vely. For L-his;dine hydrochloride monohydrate the spectral regions R1-R5 consist of 46, 39, 101, 46, 
and 81 points, respec;vely. For thymol the spectral regions R1-R4 consist of 81, 121, 61, and 121 points, respec;vely. For 
flutamide the spectral regions R1-R4 consist of 35, 27, 31, and 51 points, respec;vely. For ampicillin the spectral regions R1-
R4 consist of 101, 86, 74, and 111 points, respec;vely. 
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4.2.5.5 FITS TO SYNTHETIC ISOTROPIC PROFILES 
 

 

Figure 4.12 (a) Schematic representation of the model described in Eq. 4.7-4.10 of the manuscript according to which each 
MAS spectrum (blue) can be described by the convolution of a constant pure isotropic spectrum (red) with a MAS rate 
dependent broadening function (yellow). In this case the isotropic spectrum (128 points) consists of two narrow lines with 
lineshapes that are a mix of Gaussian and Lorentzian components. (b) Performance of the model in fitting synthetic VS data, 
where the pure isotropic spectrum shown on the right is obtained, together the broadening factors γG, and γL, that lead to the 
linewidths shown in yellow. The shift parameter γshift is also extracted. 

 

 

Figure 4.13 (a) Schematic representation of the model described in Eq. 4.7-4.10 of the manuscript according to which each 
MAS spectrum (blue) can be described by the convolution of a constant pure isotropic spectrum (red) with a MAS rate 
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dependent broadening function (yellow). In this case the isotropic spectrum (128 points) consists of a single broad shape that 
mimics the case of chemical shift distribution. (b) Performance of the model in fitting synthetic VS data, where the pure 
isotropic spectrum shown on the right is obtained, together with the broadening factors γG, and γL, that lead to the linewidths 
shown in yellow. The shift parameter γshift is also extracted. 

 

 

Figure 4.14 (a) Schematic representation of the model described in Eq. 4.7-4.10 of the manuscript according to which each 
MAS spectrum (blue) can be described by the convolution of a constant pure isotropic spectrum (red) with a MAS rate 
dependent broadening function (yellow). In this case the isotropic spectrum (128 points) consists of a single pake shape. (b) 
Performance of the model in fitting synthetic VS data, where the pure isotropic spectrum shown on the right is obtained, 
together with the broadening factors γG, and γL, that lead to the linewidths shown in yellow. The shift parameter γshift is also 
extracted. 
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4.2.5.6 FITS 
 
The filng of each region was repeated ten 4mes using random star4ng points for the broadening and shi[ 
parameters. The 100 kHz MAS spectrum is used as the ini4al guess for A. 

 

 

Figure 4.15 The results for the pure isotropic spectra obtained for ten fits of the five separate regions of a sample of L-tyrosine 
hydrochloride varying randomly the starting values for γG, γL, and γshift. The χ2 values are also listed. The hits are depicted in 
black and the outliers are in magenta. 
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Figure 4.16 Ten fitting attempts of the five separate regions of a sample of β-ΑspAla varying randomly γG, γL, and γshift. The χ2 
values are also listed. The hits are depicted in black and the outliers are in magenta. 
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Figure 4.17 Ten fitting attempts of the five separate regions of a sample of L-histidine hydrochloride monohydrate varying 
randomly γG, γL, and γshift. The χ2 values are also listed. The hits are depicted in black and the outliers are in magenta. 
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Figure 4.18 Ten fitting attempts of the four separate regions of a sample of thymol varying randomly γG, γL, and γshift. The χ2 
values are also listed. The hits are depicted in black and the outliers are in magenta. 
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Figure 4.19 Ten fitting attempts of the four separate regions of a sample of flutamide varying randomly γG, γL, and γshift. The 
χ2 values are also listed. The hits are depicted in black and the outliers are in magenta. 
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Figure 4.20 Ten fitting attempts of the four separate regions of a sample of ampicillin varying randomly γG, γL, and γshift. The 
χ2 values are also listed. The hits are depicted in black and the outliers are in magenta. 
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4.2.5.7 QUALITY OF FITTING FOR THE AVERAGE OF THE SUCCESSFUL HITS 
 

 

Figure 4.21 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of L-tyrosine hydrochloride. (a)-(e) depict the regions R1-R5 shown in Figure 4.9 
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Figure 4.22 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of β-AspAla. (a)-(e) depict the regions R1-R5 shown in Figure 4.9. 
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Figure 4.23 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of L-histidine hydrochloride monohydrate. a)-e) depict the regions R1-R5 shown in Figure 4.9. 
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Figure 4.24 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of thymol. a)-d) depict the regions R1-R4 shown in Figure 4.9. 
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Figure 4.25 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of flutamide. a)-d) depict the regions R1-R4 shown in Figure 4.9. 
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Figure 4.26 Experimental VS data (in solid blue lines) and predicted VS data (in red dotted lines) for the five separate fitting 
regions of a sample of ampicillin. a)-d) depict the regions R1-R4 shown in Figure 4.9. 
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4.2.5.8 PREDICTED GAMMAS AND SHIFTS 

 

Figure 4.27 Predicted γG, γL, and γshift for the successful fits of the five separate fitting regions (a-e) of a sample of 
L-tyrosine hydrochloride. 

 

Figure 4.28 Predicted γG, γL, and γshift for the successful fits of the five separate fitting regions (a-e) of β-AspAla. 
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Figure 4.29 Predicted γG, γL, and γshi6 for the successful fits of the five separate fipng regions (a-e) of L-his;dine hydrochloride 
monohydrate. 

 

 

Figure 4.30 Predicted γG, γL, and γshift for the successful fits of the four separate fitting regions (a-d) of thymol. 
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Figure 4.31 Predicted γG, γL, and γshift for the successful fits of the four separate fitting regions (a-d) of flutamide. 

 

Figure 4.32 Predicted γG, γL, and γshift for the successful fits of the four separate fitting regions (a-d) of ampicillin. 
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4.2.5.9 ORIGIN OF ARTEFACTS 
 

 

Figure 4.33 Performance of the model in fitting synthetic VS data (128 points) of (a) a single, symmetric Gaussian lineshape 
and of (b) a single asymmetric Gaussian lineshape. In both cases the isotropic spectrum should be represented by a delta 
function. However, in case (b) the model predicts the presence of a minor peak that looks similar to some of those observed 
in the spectra of Figure 5.3. 

 
4.2.5.10 RATES UP TO 64 KHZ 

 

Figure 4.34 Performance of the model in fitting VS data of a sample of L-tyrosine hydrochloride (2k real points) using only 
MAS rates between 30 and 64 kHz. 
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4.2.5.11 MEASURED LINEWIDTHS 
 
All linewidths measured are considered to be es4mates and therefore do not possess error bars, which are 
es4mated to be at the order of ± 50 Hz. 

 
Table 4.8 Peak widths of L-tyrosine hydrochloride measured for the spectrum acquired at 100 kHz MAS and for the pure 
isotropic spectrum. Asterisks indicate signal overlap. 

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H1 270 48 
H2 455* 48 
Η3 455*, 400 48,48 
Η5 575* 48 
Η6 358 48 
Η7 513* 48 
Η8 
Η9 

H10 

575* 
285 

513* 

48 
73 
48 

 

Table 4.9 Peak widths of β-AspAla measured for the spectrum acquired at 100 kHz MAS and for the pure isotropic spectrum. 
Asterisks indicate signal overlap.  

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H1 
Η2 

240 
230 

98 
48 

Η3 330 48 
Η5 332 48 
Η5’ 326 48 
Η6 278 48 
Η7 287 48 
H8 377 48 

 
Table 4.10 Peak widths of L-his;dine hydrochloride monohydrate measured for the spectrum acquired at 100 kHz MAS and 
for the pure isotropic spectrum. Asterisks indicate signal overlap. 

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H1 
Η2 

408 
743* 

48 
73 

Η3 743* 48 
Η5 341 122 
Η6 363 48 
Η7 339 219 
Η8 318 73 
H9 468 - 
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Table 4.11 Peak widths of thymol measured for the spectrum acquired at 100 kHz MAS and for the pure isotropic spectrum. 
Asterisks indicate signal overlap.  

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H1 
Η2 

337 
326 

122 
146 

Η3 335 122 
Η4 323 73 
Η5 764* 48 
Η5’ 764* 48 
Η6 440 48 
H7 770 48 

 

Table 4.12 Peak widths of flutamide measured for the spectrum acquired at 100 kHz MAS and for the pure isotropic spectrum. 
Asterisks indicate signal overlap.  

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H3 
Η5 

471* 
396 

98 
98 

Η6 408 341 
Η8 471* 98 

Η10 431 98 
Η11 559* 98 
H11’ 599* 98 

 

Table 4.13 Peak widths of ampicillin measured for the spectrum acquired at 100 kHz MAS and for the pure isotropic spectrum. 
Asterisks indicate signal overlap.  

Nuclei Δexp 
(FWHM Hz) 

Δiso 
(FWHM Hz) 

H2 
Η4 

474 
805* 

48 
98 

Η5 972* 98 
Η8 805* 98 
Ar 805*, 972* 98, 98,98 

H15 580 73 
H16 972* 48 
H17 488 73 
H18 527 98 
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4.3 Pure Isotropic Proton NMR Spectra in Solids using Deep Learning 
 
This chapter has been adapted with permission from: Cordova, M.; Moutzouri, P.; Simões de Almeida, B.; Torodii, 
D.; Emsley, L., Pure Isotropic Proton NMR Spectra in Solids using Deep Learning. Angew Chem Int Ed Engl 2023, 
62 (8), e202216607. (post-print) 
 
My contribu4on was to be part of the applica4on of the method, data acquisi4on, and results analysis. 
Concerning the manuscript, I was part of the review and edi4ng process. 
 

4.3.1 Introduc-on 
 

Although the PIP concept was built on a parameter filng approach, the PIP concept can also be constructed 
with a deep learning (DL) approach. Deep learning (DL) has made significant advances in many areas of science 
and technology over the last decade, thanks to the ability of deep neural networks (NNs) to learn complex 
func4ons in an automated manner.279-280 In par4cular, convolu4onal neural networks (CNNs) are popular models 
to extract informa4on from images or spectral data281-283 and have been used in the context of NMR to denoise 
or deconvolute spectra, to reconstruct under-sampled spectra, to virtually decouple spectra, and to perform 
automated peak picking.284 285-289 Recurrent neural networks (RNNs) are a class of neural network developed to 
process 4me series data. The “long short-term memory” (LSTM) architecture has been shown to outperform 
other types of RNNs in many applica4ons, including language modelling. 290-293 294In NMR, models based on the 
LSTM architecture have been used to reconstruct under-sampled free induc4on decays (FIDs).294  

Here, by encoding two-dimensional dataset of MAS spectra recorded at different spinning rates as a series, we 
infer the isotropic 1H NMR spectrum (i.e., the spectrum that would be obtained at infinite rate) using a modified 
convolu4onal LSTM neural network trained on millions of synthe4c datasets. The model, dubbed PIPNet, yields 
isotropic spectra that display linewidths in the 50 – 400 Hz range, in line with expecta4ons, from experimental 
sets of MAS spectra for eight molecular solids, β-aspartylalanine (β-AspAla), flutamide, thymol, L-tyrosine 
hydrochloride, ampicillin, L-his4dine hydrochloride monohydrate, ±-N,α,-Dimethyl-3,4-
methylenedioxyphenethylamine hydrochloride (MDMA) hydrochloride and molnupiravir. The model bypasses 
assump4ons about the MAS-dependent broadening and shi[ parameters of neighboring peaks, suppresses 
ar4facts arising from inconsistencies between spectra acquired at different MAS rates, and inferences of full 
spectra can be performed in seconds. 

 

4.3.2 Results and Discussion 
 
Training deep neural networks requires substan4al amounts of data. Given the rela4vely low number of available 
experimental datasets of 1H MAS spectra recorded at different spinning rates, and the lack of any method to 
independently acquire the target isotropic spectra, synthe4c data were used to train the model. Figure 4.35 
shows an example set of eight synthe4c MAS spectra and the associated isotropic spectrum, allowing the training 
of the model on millions of sets of synthe4c variable MAS spectra that include all the possible parameter 
varia4ons in peaks posi4ons, peak shapes, MAS dependences, phase and intensity errors, and noise as described 
in detail in the Experimental sec4on of Appendix V.  

The architecture of the LSTM cell used here is described in Fig. 4.35 (B) (and is described in detail in the 
Experimental sec4on of Appendix V). The two main differences compared to the original descrip4on of LSTM290 
are the use of CNN layers to process the inputs and the removal of the output gate. The former allows the 
processing of spectral data without the need for fixed input size and independently of the par4cular frequencies 
of peaks observed, while presence of the laPer was found to be unnecessary since the isotropic spectrum is 
directly encoded into the memory of the LSTM network Ct and Ht, and does not require decoding that depends 
on the last MAS spectrum fed to the network (see Fig. 4.43). 

Figure 4.35 (C) shows the complete processing pipeline performed by PIPNet in order to obtain the predicted 
isotropic spectrum from the set of MAS spectra shown in Fig. 4.35 (A). At each step, another MAS spectrum from 
the set with a different rate is used as input to the network to update the state vectors of the LSTM cells. The 
spectra are fed into the process in order of increasing MAS rate, un4l all the spectra in the set (8 in Fig. 4.35 A, 
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but 24 in the actual model training process) have been input. A[er each step, the state vector 𝐻T of the final 
layer is processed by a final CNN layer to yield the predicted isotropic spectrum. 

In order to obtain the uncertainty of the predicted isotropic spectra, PIPNet is a commiPee model made up of 
16 neural networks with iden4cal architectures, but each trained on completely independent synthe4c data. At 
inference, the mean over the 16 predic4ons yields the predicted isotropic spectrum, and the standard devia4on 
gives an indica4on of the uncertainty associated to the predic4on at each point in the spectrum. Notably, 
uncertainty on the order of the predicted intensity highlights regions where the predicted spectrum is unreliable. 

 

 
Figure 4.35 Data genera;on and signal processing. (A) Example of generated isotropic (black) and variable-rate MAS (blue) 
spectra. Here the top and boQom-most MAS spectra correspond to MAS rates of 30 and 100 kHz, respec;vely. (B) Convolu;onal 
LSTM cell used to process a spectrum, according to the overall scheme shown in (C) which describes the complete processing 
of the M = 8 MAS spectra each containing n points in (A) with N LSTM layers to obtain predicted isotropic spectra. The ini;al 
cell state vectors H0 and C0 are described in the text. MAS spectra are encoded as vectors with two channels, the first one 
being the real part of the spectrum and the second one containing the MAS rate at each point. Amer the last layer, the hidden 
state Ht is processed with a CNN with sigmoidal ac;va;on func;on (blue square) to produce the predic;on at each step (red 
spectra). When training, the predic;ons at each step are compared with the target isotropic spectrum (black spectrum), as 
indicated by the double arrow lines. 

Figure 4.36 (A) shows the evolu4on of the loss func4on, corresponding to the mean absolute error (MAE) 
between the predicted and ground-truth isotropic spectra, during the model training. The significant changes of 
scale in the loss a[er 320,000 and 800,000 training samples per model reflects the change in the weigh4ng of 
the loss func4on (see Methods sec4on in Appendix V). This was performed in order to promote the detec4on of 
peaks at the beginning of the training by decreasing the importance of the predic4on in empty regions of the 
isotropic spectra. Figure 4.36 (B) shows the comparison of the predic4ons obtained a[er training each model on 
16,000, 800,000, 1,600,000, 2,400,000, 3,200,000 and 4,000,000 sets of MAS spectra. Significant improvement 
of the predic4ons can be seen un4l 1,600,000 training samples, a[er which the model was considered to have 
converged. This is reflected both by the plateau in the loss func4on in Fig. .4.36 (A) and by the obtained 
predic4ons for the example shown in Fig. 4.36 (B), where the five peaks between 3500 and 5000 Hz were found 
to be captured by the model only a[er 1,600,000 training samples (although with different intensi4es). A[er 
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that point, the isotropic spectra obtained did not display any significant change with increased amounts of 
training data. Nonetheless, we selected the final model at the end of the full training process, i.e., a[er 4,000,000 
training samples per model.  

 

 

Figure 4.36 Model training. (A) Evolution of the loss function during model training. The large changes after 320,000 and 
800,000 training samples per model correspond to the changes in loss function applied as described in the methods section. 
(B) Synthetic 100 kHz MAS spectrum (blue) and its associated ground-truth (GT) isotropic spectrum (black) compared to 
predictions of the model trained on 16,000, 800,000, 1,600,000, 2,400,000, 3,200,000 and 4,000,000 samples (red). The 
shaded areas in the predicted spectra indicates the standard deviation between the 16 neural networks making up the 
committee model. 

Figure 4.37 displays the behavior of the model with different numbers of isotropic peaks, MAS dependences and 
levels of noise. The model was found to be robust to the number of peaks, with each peak resul4ng in a similar 
increase of the MAE between predicted and ground-truth isotropic spectra (see Fig. 4.37 (A)). As seen in Fig. 4.37 
(D), the number of peaks is generally correctly captured both for sparse and more crowded spectra. In instances 
where different peaks are not captured, they are typically found to coalesce into a single, broader peak. Figures 
4.37 (B) and 4.37 (E) highlight the ability of the model to capture both first- and second-order MAS dependence 
of linewidths and shi[s in MAS spectra, as well as combined first- and second-order dependence. A purely 
second-order MAS dependence was found to slightly raise the error between inferred and ground-truth isotropic 
spectra. In addi4on, using a set of iden4cal spectra with different MAS rates (no MAS dependence) was found to 
result in only very marginal amounts of unexpected sharpening of peaks arising from overfilng of the model, 
seen in the region around 8000 Hz in Fig. 4.37 (E). This indicates that PIPNet is robust to different MAS 
dependences. Figures 4.37 (C) and 4.37 (F) show the robustness with respect to the level of noise in the MAS 
spectra. The MAE between inferred and ground-truth isotropic spectra was found to increase with noise levels 
of 10-3 and above, corresponding to a signal-to-noise ra4o (SNR) of 1,000 and below in 100 kHz MAS spectra. We 
find that the predicted spectra visually display no significant perturba4ons down to a SNR of 100, below which 
some noise and uncertain4es start to appear in the inferred spectra. Importantly, the model is s4ll able to 
correctly iden4fy the regions containing signals from pure noise down to a SNR of 10. Experimental fast MAS 
spectra of pure organic solids typically have SNR ~1000. Ar4facts are thus expected to appear only with low 
signal-to-noise ra4o spectra, and would typically be associated with a high uncertainty (see Fig. 4.37 (F). We 
found that the false posi4ve rate in predicted spectra was under 1% up to a noise level of 10-3 (SNR down to 
100), and was found to be 22% with a noise level of 10-2 (SNR of 10) (see Figure 4.44).  

The model was also found to be robust to perturba4ons in the MAS-dependent linewidth, shi[, number of MAS 
spectra and range of MAS rates selected (see Fig. 4.44 and 4.45). 
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Figure 4.37 Model evalua;on. (A), (B), (C) MAE between predic;ons and ground-truth isotropic spectra for 1,024 samples and 
(D), (E), (F), illustra;ve comparisons of predicted (red) and ground-truth (black) isotropic spectra with various (A), (D) number 
of peaks, (B), (E) MAS dependences (w1: first-order, w2: second-order), and (C), (F) noise levels. The MAE in (A) is normalized 
by the number of peaks. The typical range of signal-to-noise ra;o (SNR) in 100 kHz MAS spectra corresponding to each level 
of noise is indicated in (F). 

Figure 4.38 shows the isotropic spectra obtained from eight experimental sets of variable rate MAS spectra 
recorded on different compounds (detailed in the Experimental in Appendix V) in comparison to the 
corresponding 100 kHz MAS spectra. We note that the spectra obtained using PIPNet from these two-
dimensional datasets were found to be similar to the parametrically fiPed isotropic spectra, while notably 
displaying fewer ar4facts (see Fig. 4.46).  

The samples are microcrystalline forms of b-AspAla, flutamide, thymol, L-tyrosine hydrochloride, ampicillin, L-
his4dine hydrochloride monohydrate, MDMA hydrochloride and molnupiravir. The assignment and MAS datasets 
of β-AspAla, flutamide, thymol, L-tyrosine hydrochloride and ampicillin have already been reported previously.46, 

54, 135, 275, 295-296  

The 1H and 13C assignment of MDMA hydrochloride and molnupiravir are done here as described in the 
Experimental, based on the acquisi4on of 100 kHz 0.7 mm 1D 13C CPMAS and 1H MAS spectra, 2D 1H-13C hCH175 
and 13C-13C INADEQUATE spectra, 297-298  DFT chemical shi[ calcula4ons for MDMA and the probabilis4c 
assignment approach of Cordova et al.{Cordova, 2021 #261} (see Fig. 4.41). A DNP enhanced INADEQUATE 
spectrum297-298 was recoded for MDMA (Fig. 4.41) at 9.4 T in a 3.2 mm DNP probe at 100 K. 

If we look at the case of L-tyrosine hydrochloride (Fig. 4.38 D) as a representa4ve example, the expected number 
of peaks is retrieved and the peak posi4ons match expecta4ons from assignments carried out using 2D methods 
(see Experimental in Appendix V). The observed linewidths in the isotropic spectrum are very significantly 
narrower than the 100 kHz MAS spectrum, with full widths at half maximum (FWHM) between 62 and 250 Hz 
(0.08 and 0.32 ppm). 

We note that while the obtained isotropic spectra generally display sharper lineshapes than those measured at 
the highest MAS rates, finite linewidths are s4ll an4cipated, as we expect distribu4ons of the isotropic shi[s due 
to the presence of more or less structural disorder in the sample. Isotropic shi[ distribu4ons will also be caused 
by anisotropic bulk magne4c suscep4bility (ABMS) effects, 239-240  or as a result of imperfect B0 homogeneity. 

Importantly, no significant ar4facts are seen in the isotropic spectra obtained. This behavior is seen in general 
across all eight samples in Fig. 4.38. The linewidths observed in the isotopic spectrum are in line with 
expecta4ons from a previous analysis of the MAS dependence of the measured linewidths of the resolved peaks 
(1 and 3’) given in Fig. 2.14249. It is especially notable that the isotropic spectrum predicted from the variable 
MAS dataset correctly iden4fies the 7 peaks present in the crowded spectral between 3 and 9 ppm, that are not 
resolved in the 100 kHz MAS spectrum. 
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It is important to note that PIPNet is not just iden4fying poten4al peaks and replacing them with uniformly 
narrow lines. We notably see in the cases of flutamide (Fig. 4.38 (B)) that there is only minor narrowing in the 
isotropic spectrum as compared to the 100 kHz MAS spectrum (see Table 4.18 for a list of resolved linewidths 
measured in both the 100 kHz MAS spectra and the isotropic spectra, for all eight compounds). Similar behavior 
was also observed using the parametric filng approach (Fig. 4.46), and we thus conclude that these peaks are 
dominated by chemical shi[ broadening and not MAS dependent dipolar broadening. We note that for ampicillin 
we also see only limited narrowing in the isotropic spectrum from PIPNet. In this case this in contrast with the 
parametric filng approach, which produced narrower lines (Fig. 4.46, Table 4.18). Here we suspect that the 
parametric filng approach might be overfilng, and this is a good example of the more general and robust 
nature of the PIPNet model. 

In addi4on to the six compounds previously reported,295 here we have obtained isotropic spectra for two 
addi4onal molecular solids, MDMA hydrochloride and molnupiravir (Fig. 4.38 F and 4.38 G, respec4vely). For 
MDMA hydrochloride, the expected peaks were clearly iden4fied, except poten4ally for one in the aroma4c 
(protons 7-12) regions of the spectrum. However, as seen in the HETCOR spectrum of the compound (Fig. 4.41 
and dashed ver4cal lines in Fig. 4.38 (G)), protons 10 and 11 display very similar chemical shi[s, sugges4ng that 
the peaks might overlap in the isotropic spectrum. The isotropic spectrum of molnupiravir displayed all expected 
peaks. In par4cular, the two peaks in the region between 2 and 3 ppm are clearly iden4fied from the PIPNet 
spectrum, while the fiPed isotropic spectrum predicts only one broader peak (Fig. 4.46). This highlights one 
limita4on of the fiPed model, as the presence of two isotropic peaks can be seen from the increasing asymmetry 
of the corresponding peak in the set of MAS spectra with increasing rate (Fig. 4.42 (H)), which corresponds to 
the two underlying isotropic peaks having different MAS-dependent shi[s and/or broadenings. Considering 
mul4ple different MAS-dependent shi[s in a single spectral region is thus cri4cal here in order to correctly 
describe the experimental spectra as a func4on of MAS rate. While this is not captured by the fiPed model due 
to the assump4on that only one MAS-dependent shi[ is assigned to each fiPed region, PIPNet makes no such 
assump4on and thus is able to iden4fy the two dis4nct resonances. 

In summary, the isotropic spectra inferred by PIPNet from the experimental variable rate MAS datasets were 
found to display the expected number of peaks, without any prior informa4on given about the sample measured. 
No significant ar4facts were iden4fied in the inferred spectra, highligh4ng the increased generality and 
robustness of the deep learning model compared to the previous fiPed approach. 

 

 

Figure 4.38 Predic;ons on experimental data. Experimental 100 kHz MAS spectra (blue) and isotropic spectra (red) of (A) b-
AspAla, (B) flutamide, (C) thymol, (D) L-tyrosine hydrochloride, (E) ampicillin, (F) L-his;dine hydrochloride monohydrate, (G) 
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MDMA hydrochloride and (H) molnupiravir. The isotropic spectra were obtained for each compound from a set of between 31 
and 41 MAS spectra recorded at rates between 20 and 100 kHz (as detailed in the Methods in Appendix V) using the model 
presented here. The assignment of the 100 kHz spectra, based on two-dimensional experiments (see Experimental in Appendix 
V), is indicated with ver;cal dashed black lines and blue numbers. In (H), the assignment of protons 1 and 2 is ambiguous. 

 
Figure 4.39 shows the comparison between the chemical shi[s of 32 selected peaks from the compounds studied 
here, and Fig. 4.47 compares the linewidths obtained, using the deep learning approach presented here with the 
posi4ons observed at 100 kHz MAS, and with the fiPed approach. We find strong correla4ons between the 
observed peak posi4ons with the three methods, with a root-mean-square error of 0.060 ppm (~50 Hz) and a R2 
coefficient above 0.999. We note that this is not a direct metric of the accuracy of our model, as the 100 kHz 
MAS peak posi4ons are not at exactly the isotropic shi[s,106, 108, 213, 238, 249 and the filng approach also suffers 
from shortcomings as men4oned above. The consistency between the three results does however strongly 
suggest that the method allows measurement of resolved isotropic shi[s to within an error of 0.060 ppm. In Fig. 
4.39 B, differences appear at discrete values in steps of ~0.03 ppm, corresponding to the spectral resolu4on. If 
needed, more accurate peak maxima could be obtained or by increasing the spectral resolu4on through zero-
padding before running the predic4on, or by applying more peak picking approaches to the isotropic 
spectrum.289  

Figure 4.47 and Table 4.18 suggests that linewidths are generally predicted to be broader using PIPNet than with 
the filng approach. Because the model was found able to predict linewidths as low as 57 Hz (0.07 ppm)(see 
Table 4.19), we expect these differences to arise from approxima4ons present in the fiPed approach leading to 
a degree of overfilng, and not from incomplete removal of MAS-dependent broadening by the machine 
learning model. 

As seen in Fig. 4.48, the rela4ve integrals of different spectral regions are retained in the predicted isotropic 
spectra compared to the experimental 100 kHz MAS spectra, with a devia4on of less than ~5% of the total 
integral for all compounds. 289 

 

 

Figure 4.39 Predicted peak positions. (A) Comparison of the position of selected isolated peaks in the 100 kHz MAS and those 
in the isotropic spectra. (B) Difference in position of the peaks shown in (A). The black lines indicate perfect correlation. 

 
An addi4onal useful feature of the model presented here is the ability to predict spectra with linewidths 
comparable to high MAS rates (above 100 kHz) using only the lower MAS rate experimental spectra recorded. As 
shown in Fig. 4.40, using only experimental spectra measured between 30 and 40-50 kHz, the model was found 
to generate a spectrum that is sharper than the experimental 100 kHz MAS spectra of L-tyrosine hydrochloride 
and b-AspAla. Similar examples for the other 6 compounds are shown in Fig. 4.49. This highlights an alterna4ve 
use of the model to obtain resolved spectra without the hardware needed to perform experiments at the highest 
MAS rates. In par4cular, this opens up the possibility to combine higher sensi4vity of NMR experiments 
performed on samples prepared in, e.g., 1.3 mm or 1.9 mm diameter rotors with resolu4on corresponding to 
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100 kHz MAS, which is only currently aPainable using smaller 0.7 mm diameter rotors. An example for L-his4dine 
hydrochloride monohydrate obtained on a 1.3 mm MAS probe with 16 rates from 30 to 60 kHz is shown in Fig. 
4.50. Figure 4.40 shows that adding faster MAS spectra consistently leads to increased resolu4on of the predicted 
isotropic spectra un4l 80 kHz, a[er which the predic4ons were generally found to converge here. (It will be 
interes4ng to see what happens at even higher experimental MAS rates in the future). 

 

 

Figure 4.40 Isotropic spectra from different ranges of experimental MAS rates collected in 2 kHz increments. 100 kHz MAS 
spectra (blue) and isotropic spectra (red) obtained from different ranges of MAS rates for (A) L-tyrosine hydrochloride and (B) 
b-AspAla. The range of MAS rates used is indicated next to each isotropic spectrum. 

Figure 4.51 suggests that using a lower number of experimental spectra while retaining the range of MAS rates 
used (40 to 100 kHz in Fig. 4.51) leads to only marginal changes in the isotropic spectra obtained, up to 
increments of 10 kHz between measured MAS spectra. In light of this result and those shown in Fig. 4.40 and 
Fig. 4.49, we consider that converged isotropic spectra can typically be obtained using spectra from 30 to at least 
80 kHz MAS rate, in increments of up to 10 kHz. We note that, in general, a minimum of 5 spectra are typically 
required to obtain meaningful isotropic spectra (see Fig. 4.43). The quality of the isotropic spectra obtained is 
nonetheless expected to be higher using a larger range of MAS rates and a higher number of MAS spectra. 

 

4.3.3 Conclusion 
 
Here we have developed PIPNet, a deep learning approach to predict isotropic 1H NMR spectra of solids from a 
two-dimensional dataset of variable rate MAS spectra, using a convolu4onal recurrent deep neural network with 
modified convolu4onal LSTM layers. The model is able to reliably predict linewidths on par with a previously 
introduced filng approach, while bypassing several limita4ons of the laPer approach and at a frac4on of the 
computa4onal cost, leading to faster and improved predic4ons. The model was applied to sets of MAS spectra 
for eight molecular solids and showed marked resolu4on improvements compared to the highest MAS rates 
available, with linewidths down to 57 Hz. In addi4on, even using only rela4vely low MAS rates (30-50 kHz) as 
input for the model led to predic4ons with linewidths comparable to fast MAS (>100 kHz), which opens up the 
possibility to obtain well-resolved 1H spectra for molecular solids from experimental data recorded at spinning 
rates accessible on less specialized hardware, such as, e.g., 1.3 mm MAS probes. 

The spectra obtained using the PIPNet model from complete sets of variable rate MAS data up to 100 kHz MAS 
yield the best resolved 1H spectra of molecular solids recorded to date, and we an4cipate that access to even 
faster spinning rates in the future will further improve the robustness of this method. The model is freely 
available at hPps://github.com/manucordova/PIPNet. 
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4.3.4 Appendix V 
 
4.3.4.1 Experimental: Theory and Methods 
 
Previous approach 
 
Moutzouri et al..236 proposed a method to obtain the isotropic spectrum from a two-dimensional dataset of MAS 
spectra measured at different rates. To transform these data they assumed, based on predic4ons from average 
Hamiltonian theory,103, 111, 233, 238, 249 that the lineshape of a peak in a 1H MAS spectrum can be described as a 
convolu4on of the intrinsic (isotropic) lineshape of the peak, subject to a MAS-dependent frequency shi[, with 
a MAS-dependent broadening func4on. Assuming an inverse linear MAS dependence of the shi[ and 
broadening, they op4mized a vector of amplitudes (the isotropic spectrum), as well as the MAS-dependent shi[ 
and widths of Lorentzian and Gaussian broadening func4ons, such that the difference between the resul4ng 
simulated MAS spectra and experiment was minimized. 

This approach to transforming the data involves assump4ons and restric4ons that limit its performance. Notably, 
there is an assump4on that the MAS dependent part of the lineshape is the same across the whole spectrum. 
Because of this, the spectrum is broken down into a series of resolved regions, in order to minimize its impact. 
Further, the number of variables to fit (the amplitude vector and the MAS-dependent broadening and shi[), 
usually ranges between 50 and 300 for each separate region, resul4ng in intensive computa4ons to obtain the 
isotropic spectrum, typically taking several CPU hours. Separa4ng the spectra into regions can introduce ar4facts 
in the isotropic spectra arising from inconsistent integrals between the spectra recorded at different MAS speeds 
due to trunca4on of the spectra within the selected regions at low MAS rates. Finally, with the large number of 
points used, convergence can be an issue, which thus requires to perform several fits with different star4ng 
guesses, which increases the robustness of the method but at the cost of performing the filng several 4mes.  

 

Data generaFon 

 

Due to the substan4al amount of data required to train deep neural networks and the impossibility to record 
isotropic spectra of solids experimentally to use as targets for the predic4ons, synthe4c isotropic and variable 
MAS rate spectra were generated according to a theore4cal descrip4on of the dependence of the spectra on the 
MAS rate. Here, to maintain the highest level of generality, a MAS spectrum is composed of a sum of peaks, 
where each peak 𝐼U+(𝜈)  is described as a convolu4on between the corresponding (Gaussian) peak in the 
isotropic spectrum 𝐼�(𝜈) and a Gaussian-Lorentzian sum (GLS) func4on: 299  

 

 𝐺𝐿𝑆(𝜈;𝑤, 𝑝,𝑚) = (1 −𝑚)exp E−
4 ln(2) (𝜈 − 𝑝)"

𝑤" H +
𝑚

1 + 4 (𝜈 − 𝑝)
"

𝑤"

 (4.13) 

 

where w is the width of the GLS func4on, p is the peak posi4on of the GLS, here always set to the middle of the 
spectrum, such that convolu4ng the GLS with the isotropic spectrum does not affect the posi4on of the peak, 
and m is the mixing factor describing the lineshape of the func4on. A mixing of 0 corresponds to a pure Gaussian 
func4on, while a mixing of 1 corresponds to a pure Lorentzian func4on. The ranges of possible mixing and width 
of the GLS were set based on observed MAS dependence of the lineshape. This func4on is par4cularly well suited 
to describe 1H MAS broadening, where the expecta4on is that the lineshape is a mixture of Gaussian and 
Lorentzian components, and where the mixture for each spin is a func4on of both the MAS rate and the local 
dipolar coupling network.70, 109  

In addi4on, a MAS-dependent shi[ of the frequency of the peak 𝑠U+  was added to capture the residual shi[ 
observed in MAS spectra.106, 108, 213, 238, 249 The genera4on of a peak in an MAS spectrum is thus described as: 

 

 𝐼U+(𝜈) = FT�𝐼�(𝑡) ⋅ 𝑒527<A+� ∗ 𝐺𝐿𝑆c𝜈;𝑤U+ , 𝑝,𝑚U+e (4.14) 
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where FT[⋅] is the Fourier transform and ∗ denotes the convolu4on opera4on. The mul4plica4on of the isotropic 
FID 𝐼�(𝑡) with a complex exponen4al shi[s the frequency of the corresponding peak a[er the Fourier transform, 
which is then convoluted with the MAS-dependent GLS func4on. Spectra made up of 512 points with a 4me-
domain sampling frequency of 12.8 kHz were generated, corresponding to a frequency domain resolu4on of 25 
Hz. 

Isotropic spectra were generated as the sum of between 1 and 15 peaks made up of one Gaussian func4on each, 
with a linewidth sampled from a uniform distribu4on between 50 and 200 Hz (70% probability), between 100 
and 500 Hz (20% probability), or between 100 and 1000 Hz (10% probability). This was done to ensure the 
representa4on of both sharp and broad isotropic peaks in the training spectra. The sharpest linewidth (50 Hz) 
was selected to be twice the frequency domain resolu4on (25 Hz), as we observed that sharper linewidths led 
to ar4facts seen as nega4ve points in the isotropic spectra. To ensure all isotropic spectra are posi4ve, we set 
any points of nega4ve intensity to zero. In order to allow different intrinsic intensi4es to be represented, we 
rescaled each isotropic peak by a random factor sampled from a uniform distribu4on in the range [0.5, 1]. The 
intensity of the obtained isotropic spectra was then divided by 256 in order to obtain peak intensi4es roughly 
between 0.1 and 1. Genera4ng spectra in this way by summing a series of Gaussian peaks with different isotropic 
widths and frequencies, we can include both well resolved spectra and more complex isotropic lineshapes that 
result from superposi4ons.  

Twenty-four MAS rates were then selected randomly between 30 and 100 kHz, and the corresponding MAS 
spectra were constructed by shi[ing and convolu4ng each peak with a GLS func4on with parameters 𝑠U+, 𝑤U+  
and 𝑚U+  following a second-order inverse MAS dependence subject to noise.  

 

 𝑤U+ =
𝑤9
𝜔:

+
𝑤2
𝜔:2

+ ∆𝑤 (4.15) 

 

 𝑠U+ =
𝑠9
𝜔:

+
𝑠2
𝜔:2

+ ∆𝑠 (4.16) 

 

 𝑚U+ =
𝑚9

𝜔:
+
𝑚2

𝜔:2
 (4.17) 

 
For each peak, the value of w1 in Eq. 3 was drawn from a uniform distribu4on in the range [107, 5⋅107] Hz2 with 
80% probability, and in the range [5⋅107, 108] Hz2 otherwise (corresponding to a contribu4on of 100 to 1,000 Hz 
to the width of the GLS at an MAS rate of 100 kHz), w2 was set to be either 0 with a 50% probability, or a random 
value between 1011 and 5⋅1011 Hz3 (contribu4ng to the width of the GLS by 10 to 50 Hz at an MAS rate of 100 
kHz). In addi4on, for each MAS rate the GLS width 𝑤U+  was randomly perturbed by a value drawn from a normal 
distribu4on Δ𝑤 ∼ 𝒩(0, 𝜎�) Hz where 𝜎� was set to be 5% of the range of widths generated between the lowest 
and highest MAS rates with the selected values of w1 and w2. The value of s1 in Eq. 4.16 was randomly sampled 
between -107 and 107 Hz2 (introducing a shi[ contribu4on between -100 and 100 Hz at 100 kHz MAS), and s2 
was set to zero with an 80% probability, or to a random value between -2⋅1010 and 2⋅1010 Hz3 (corresponding to 
a shi[ between -2 and 2 Hz at 100 kHz MAS). ∆𝑠 was randomly drawn from a normal distribu4on ∆𝑠 ∼ 𝒩(0, 25) 
Hz for each peak and each MAS rate. The GLS width and frequency shi[ applied to a peak in an MAS rate is 
described in Eqs. 4.15-4.16. The mixing 𝑚U+  was set to follow the inverse MAS dependence described in Eq. 4.17 
with a probability of 50% and with the value of m1 set to zero with a 10% probability or randomly sampled from 
a uniform distribu4on in the range [0, 104] Hz with 10% probability, or in the range [104, 5⋅104] Hz, and with m2 
set to zero with an 80% probability or randomly sampled between 108 and 5⋅108 Hz2. Resul4ng values of 𝑚U+  
above one were capped to one. Otherwise, the mixing 𝑚U+  was set to be either constant, monotonously 
increasing with random values between 0 and 1, or monotonously decreasing with random values between 0 
and 1 with increasing MAS rate. These three dependences were considered with equal probabili4es.  

For each peak and each MAS rate, a random phase is drawn from a normal distribu4on 𝒩(0, 0.05) and used to 
distort that peak in the corresponding MAS spectrum with a probability of 50%. Addi4onally, each isotropic peak 
was assigned a 10% chance to have a decreasing intensity in MAS spectra with increasing rate by mul4plying the 
intensity of the corresponding peak in each MAS spectrum by a value linearly decreasing between 1 and a final 
value sampled uniformly in the range [0.3, 0.7]. 
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A[er genera4ng the MAS spectra as described in Eq. 4.14, the intensity of the spectra was divided by 64 in order 
to obtain peak intensi4es roughly between 0.1 and 1. The ten le[most and rightmost points of the obtained 
spectra were linearly smoothed to a value of zero 
 
Deep convoluFonal LSTM model 

 

The model used to encode isotropic spectra from the set of variable rate MAS spectra is a recurrent neural 
network with six convolu4onal LSTM layers adapted from a model used for precipita4on nowcas4ng.300 In 
par4cular, the output gate was found to be unnecessary and was removed from the LSTM cells. The vectors 𝐶, 
and 𝐻, describing the ini4al state of the cell are ini4alized as zero-filled vectors of the length of the spectra and 
with 64 channels. In each layer and for each step in the recurrent process, the previous hidden state 𝐻T49 of the 
LSTM cell is combined with the input 𝑋T, which is the next MAS spectrum in the series, and fed into two one-
dimensional CNN layers with a sigmoidal (𝜎) ac4va4on func4on to yield the forget and input gates 𝑓T and 𝑖T, 
respec4vely, as well as into a CNN layer with a hyperbolic tangent (tanh) ac4va4on func4on to yield the vector 
of new candidate values 𝐺T to add to the state. The previous state vector 𝐶T49 is first weighted element-wise by 
𝑓T before the vector of candidate values 𝐺T, weighted element-wise by 𝑖T, is added to form the updated cell state 
𝐶T. Taking the hyperbolic tangent of 𝐶T then yields 𝐻T, which is used as the input for the next LSTM layer. The 
process is summarized in Eq. 4.18 where ∗  and ∘  indicate convolu4ons and element-wise mul4plica4on, 
respec4vely.  

 

 

𝑖T = 𝜎(𝑊v5 ∗ 𝑋T +𝑊x5 ∗ 𝐻T49 + 𝑏5) 
𝑓T = 𝜎c𝑊v� ∗ 𝑋T +𝑊x� ∗ 𝐻T49 + 𝑏�e 

𝐺T = tanhc𝑊v� ∗ 𝑋T +𝑊x� ∗ 𝐻T49 + 𝑏�e 𝐶T = 𝑓T ∘ 𝐶T49 + 𝑖T ∘ 𝐺T	
𝐻T = tanh(𝐶T) 

(4.18) 

 
Each CNN layer corresponds to convolu4ng a matrix of weights W with the input and the previous hidden state, 
adding a bias b, and applying the ac4va4on func4on. We used a kernel size of 5 for all convolu4onal layers. A[er 
the final layer, the resul4ng hidden cell state 𝐻T a[er each step is fed into a CNN layer with a kernel size of 5 and 
a sigmoidal ac4va4on func4on to yield the predic4on of the isotropic spectrum. 

MAS spectra are encoded as vectors with two channels, the first being the real part of the spectrum and the 
second being a constant pseudo-spectrum containing the MAS rate divided by 100 kHz in each element. At each 
step, a new spectrum 𝑋T	is fed into the network, in order of increasing MAS rate. 

 

Model training 
 
We trained a commiPee of 16 models with the same architecture on different generated data in order to evaluate 
the confidence of predic4ons. Each model was trained for a total of 250,000 batches of 16 different samples, 
each comprising one isotropic spectrum and 24 corresponding MAS spectra at different simulated MAS rates. 
A[er every 1,000 batches (16,000 training samples), the model was evaluated on 200 batches of 16 isotropic 
spectra. The model was trained by minimizing the mean absolute error (MAE) between the output of the model 
𝐼/�(𝜈) and the ground-truth isotropic spectrum 𝐼�(𝜈).  
Due to the sparsity of isotropic spectra, we ini4ally convoluted the whole of each target isotropic spectrum with 
a Gaussian func4on (𝐺ℒ) in order to increase the propor4on of spectra containing signal and prevent the network 
from ini4ally predic4ng spectra containing no signal. In addi4on, we introduced a weight to the loss func4on for 
each frequency 𝜈5 in the isotropic spectrum to be the maximum between 1 and k 4mes the value at frequency 
𝜈5 in the isotropic spectrum (a[er convolu4on with the Gaussian func4on) in order to bias the training towards 
correctly predic4ng regions that contain signal. The resul4ng loss func4on is: 

 

 ℒ =
1
𝑁|Ã𝐼/�(νY) − (𝐼� ∗ 𝐺ℒ)(𝜈5)Ã ⋅ maxc1, 𝑘 ⋅ (𝐼� ∗ 𝐺ℒ)(𝜈5)e

5

 (4.19) 

 



Chapter 4- Improved 1H resolu-on exploi-ng error mapping 
 

 125 

We set the width of 𝐺ℒ to 75 Hz and k to 100 during the first 320,000 training samples, then reduced the width 
of 𝐺ℒ to 25 Hz and k to 10 for 480,000 addi4onal training samples, before removing the convolu4on with 𝐺ℒ 
completely and selng k to zero for the rest of the training.  

Random noise was introduced in the generated MAS spectra such as to match the typical signal to noise ra4o 
observed in experimental 1H MAS spectra (between 100 and 1,000 for the most intense peak at 100 kHz). The 
predic4ons were compared to the generated isotropic spectra a[er each step. The final predic4ons were 
obtained as the mean over the 16 models, and the uncertain4es were es4mated as the standard devia4on of 
the predic4on of each model. 

 

Model evaluaAon 
 
The model was evaluated by compu4ng the MAE between synthe4c ground-truth and predicted isotropic spectra 
for batches of 1,024 samples generated with different parameters. We inves4gated the effect of the number of 
peaks in the isotropic spectra, different MAS dependences (first-order only, first- and second-order, second-order 
only, or independent) of the linewidth and MAS-dependent shi[, the range of MAS rates generated, the number 
of MAS spectra used, as well as the amount of noise introduced in the spectra themselves and in the linewidth 
and shi[ dependences. 

The propensity of PIPNet to produce false posi4ve signals was evaluated for the spectra generated with different 
noise levels by compu4ng the false posi4ve rate, defined here as the percentage of points containing signal in 
the inferred isotropic spectra but not containing signal in the corresponding ground-truth spectra, among all the 
points in the predicted isotropic spectra iden4fied as containing signal (Figure 4.44). A point is considered to 
contain signal if its value is at least 1% of the maximum intensity in the whole spectrum. False posi4ves are thus 
the points containing signal in the predicted isotropic spectrum but not in the ground-truth. In prac4ce, to 
prevent considering lineshapes that are predicted to be broader or at a slightly different frequency with respect 
to the ground-truth as false posi4ves, we only consider points containing signal in the predicted isotropic spectra 
as false posi4ves if they are further than 250 Hz away from any point containing signal in the ground-truth. 

 
ApplicaFon to experimental spectra 
 
The digital resolu4on of all experimental spectra (acquired as described below) was set to about 25 Hz by zero-
padding the end of the FID to match the spectral resolu4on of the training spectra. A[er phasing and correc4ng 
the baseline of the recorded spectra, the spectral range between 20 and -5 ppm was extracted. All spectra were 
normalized by integral and scaled to a maximum amplitude of the most intense spectrum set to 0.5 in order to 
reproduce intensi4es present in the generated training spectra. Spectra with MAS rates of 30 kHz and above 
were used. Predic4ons were subsequently performed in the same manner as for synthe4c spectra.  

 

NMR experiments 
 
The method was applied to eight different microcrystalline organic solids: b-AspAla, flutamide, thymol, L-tyrosine 
hydrochloride, ampicillin, L-his4dine hydrochloride monohydrate, MDMA hydrochloride and molnupiravir. The 
assignment and MAS datasets of b-AspAla, flutamide, thymol, L-tyrosine hydrochloride and ampicillin have 
already been reported previously.46, 54, 135, 236, 275, 296 The samples of MDMA hydrochloride and molnupiravir were 
purchased from Lipomed AG and MedChemExpress, respec4vely. 

 
Assignment 
 
Here we report the 1H and 13C assignment of MDMA hydrochloride and molnupiravir based on the acquisi4on of 
100 kHz 0.7 mm 1D 13C CPMAS and 1H MAS spectra, 2D 1H-13C hCH175 and 1H-13C INADEQUATE spectra, 297 DFT 
chemical shi[ calcula4ons for MDMA and the probabilis4c assignment approach of Cordova et al.{Cordova, 2021 

 #261} (see Fig. 4.41). The assignments of b-AspAla, flutamide, thymol, L-tyrosine hydrochloride, ampicillin and 
L-his4dine hydrochloride monohydrate have been previously reported. }46, 54, 135, 275, 296  A DNP enhanced 
INADEQUATE spectrum, 297 was recoded for MDMA (Fig. 4.41) at 9.4 T in a 3.2 mm DNP probe at 100 K. The 
spectra of MDMA hydrochloride were referenced by selng the 1H chemical shi[ of proton 17 of ampicillin to 
0.6 ppm and the 13C chemical shi[s of MDMA hydrochloride according to ref.301. The spectra of molnupiravir 



Chapter 4- Improved 1H resolu-on exploi-ng error mapping 
 

 126 

were referenced by selng the 1H chemical shi[ of proton 1 of L-tyrosine hydrochloride to 12.4 ppm and the 13C 
chemical shi[ of carbon 6 of ampicillin to 175 ppm. 

For MDMA, quaternary carbons were first iden4fied by their absence in the short range hCH spectrum, and then 
further assigned by comparison to predic4ons of DFT shi[s (Table 4.20). This led to no significant ambiguity, 
except for carbons labelled 8 and 9 in MDMA hydrochloride. The INADEQUATE spectrum shown in Fig. 4.41 E 
was used to fully assign the aroma4c carbons of MDMA hydrochloride without ambiguity. The alipha4c carbon-
proton pairs in MDMA hydrochloride were then assigned by comparison of the observed joint 1H and 13C shi[s 
to DFT shi[s (Table 4.20). The remaining protons were assigned using the 1H-13C hCH spectrum (Fig. 4.41 C). 

For molnupiravir, quaternary carbons were first iden4fied by their absence in the short range hCH spectrum, and 
then further assigned by comparison to probabilis4c distribu4ons (Fig. 4.41 F-G) {Cordova, 2021 #261} without 
ambiguity. Carbon 13 was assigned based on its correla4on with two dis4nct protons (Fig. 4.41 D). The remaining 
carbon-proton pairs were assigned based on the most probable assignment given by Fig. 4.41 G. Protons 9 and 
10 were assigned based on long-range correla4ons to carbons 8 and 11, respec4vely, observed in the hCH 
spectrum (Fig. 4.41 D, inset). The assignment of protons 1 and 2 was not resolved. 

 
Variable rate MAS spectra 
 
For each sample, spectra were acquired with a Bruker 0.7 mm room temperature HCN CP-MAS probe on an 18.81 
T Bruker Avance Neo spectrometer corresponding to a 1H frequency of 800 MHz, except for L-his4dine 
hydrochloride monohydrate and molnupiravir which were acquired on a 21.14 T Bruker Avance Neo 
spectrometer (900 MHz 1H frequency). The spectra of ampicillin, flutamide, L-his4dine hydrochloride 
monohydrate, b-AspAla, L-tyrosine hydrochloride and thymol were recorded at MAS rates between 30 and 100 
kHz. The spectra of MDMA hydrochloride and molnupiravir were measured from 40 to 100 kHz MAS rates. All 
spectra were measured in steps of 2 kHz. The magic angle was set for each sample by maximizing the T2’ of the 
proton signal at 100 kHz, the 90° pulse width was op4mized, and the data was recorded with ac4ve temperature 
regula4on to keep the sample temperature at about 295 K across the range of MAS rates. The thymol and 
molnupiravir data were acquired at a constant VT temperature of 275 K. The pulse sequence used was a rotor 
synchronized spin echo for background suppression. The echo delay was equal to one rotor period for all samples 
except for molnupiravir, for which two rotor periods were used. For L-his4dine hydrochloride monohydrate, an 
addi4onal dataset of 1H MAS spectra was recorded using a Bruker 1.3 mm room temperature HDCN CP-MAS 
probe on a 21.14 T Bruker Avance Neo spectrometer (900 MHz 1H frequency). All the acquisi4on parameters and 
raw NMR data are available in Tables S1-S4. The spectra of ampicillin, flutamide, b-AspAla, L-tyrosine 
hydrochloride and thymol used are those already reported in ref. 236. The two-dimensional datasets of MAS 
spectra recorded at different MAS rates for all compounds are shown in Fig. 4.42.  

 
GIPAW DFT computaFon of chemical shiZs of MDMA hydrochloride 
 
All DFT computa4ons were performed using the plane-wave DFT so[ware Quantum ESPRESSO version 6.5.302-303  
Atomic posi4ons of the crystal structure of MDMA (Refcode: NEDMIS)304 were first op4mized at the PBE305 level 
of theory using Grimme D2 dispersion correc4on306 and ultraso[ pseudopoten4als obtained from the PSLibrary 
version 1.0.0.307 Wavefunc4on and charge density energy cutoffs were set to 160 and 1,280 Rydberg, 
respec4vely. A 2x2x1 Monkhorst-pack grid of k-points was used.308 Shielding computa4on was subsequently 
performed using the GIPAW method. 309-310 The computed shieldings were converted to chemical shi[ by linear 
regression against experimentally measured shi[s.  
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4.3.4.2 Supplementary Tables 
 
Table 4.14 Experimental details of all spectra datasets used in this study. Raw data is available at the link given above. The data 
for b-AspAla, flutamide, thymol, L-tyrosine hydrochloride and ampicillin are the same as previously reported.236  

Sample 
MAS 
range 
(kHz) 

Step Size 
(kHz) VT (K) 

90° RF 
amplitude 

(kHz) 
d1(s) Number of 

FID points 
SW 

(kHz) 

β-AspAla 100 -30 2 275-
295 277 6 2048 100 

Flutamide 100 -30 2 275-
295 286 18 2048 100 

Thymol 100 -30 2 275 277 6 1024 100 
L-tyrosine 

hydrochloride 100 -30 2 275-
295 294 5 2048 100 

Ampicillin 100 -30 2 275-
295 286 3 4096 100 

L-histidine 
hydrochloride 
monohydrate 

100 -30 2 285-
295 305 16 4096 227 

MDMA 
hydrochloride 100 -40 2 275-

295 277 7 2048 100 

Molnupiravir 100 -40 2 275 333 30 4096 227 
L-histidine 

hydrochloride 
monohydrate 

(1.3mm probe) 

60 -30 2 265-
290 114 13.5 2048 100 

 

Table 4.15 Experimental details of 13C CP spectra of MDMA hydrochloride and molnupiravir. Exponential line broadening of 
100 Hz was applied prior to Fourier transform of MDMA hydrochloride 13C CP spectrum. 

Sample 
B0 

field 
(MHz) 

MAS 
rate 
(kHz) 

VT 
(K) d1(s) 

Number 
of 

FID 
points 

1H-13C CP 
contact 

time (ms) 

Acquisition 
time (ms) 

1H decoupling 
during 

acquisition 

Size of 
real 

spectrum 

MDMA 
hydrochloride 900 100 295 8 2776 3 10 Waltz16 

(10 kHz) 16384 

Molnupiravir 900 100 275 15 2776 3 10 
Waltz16 
(10 kHz) 16384 

 

Table 4.16 Experimental details of hCH spectra of MDMA hydrochloride and molnupiravir. Exponential line broadening of 50 
Hz was applied in the direct dimension prior to Fourier transform of MDMA hydrochloride hCH. Exponential line broadening 
of 50 and 500 Hz was applied in the direct and indirect dimension, respectively, prior to Fourier transform of molnupiravir 
hCH. 

Sample 

B0 
field 
(MHz

) 

MAS 
rate 
(kHz

) 

VT 
(K) 

d1(s
) 

Number 
of FID 
points 

(F2; F1) 

1H-13C 
CP 

contac
t time 
(ms) 

1H-13C 
back 
CP 

contac
t time 
(ms) 

1H 
decouplin

g 
during t1 

13C 
decouplin

g 
during t2 

Size of 
real 

spectru
m 

Acquisitio
n 

time (ms) 

MDMA 
hydrochlorid

e 
800 100 

27
5 7 

1638 
/128 2.5 0.5 

Waltz16 
(10 kHz) - 

8192/51
2 

1 in F2 
10 in F1 

Molnupiravir 900 100 27
5 

15 4096/12
8 

3 1.5 Waltz16 
(10 kHz) 

Waltz16 
(6 kHz) 

8192 
/256 

1 in F2 
22.5 in F1 
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Table 4.17 Experimental details of 13C INADEQUATE spectrum of MDMA hydrochloride impregnated with AMUPOL in DNP 
juice. Exponential line broadening of 300 Hz was applied both in the direct and indirect dimension prior to Fourier transform. 

Sample 
B0 

field 
(MHz) 

MAS 
rate 
(kHz) 

VT 
(K) 

d1(s) 
Number 

of 
FID points 

1H-13C CP 
contact 

time (ms) 

1H decoupling 
during t1 and 

t2 

Acquisition 
time (ms) 

Size of 
real 

spectrum 
MDMA 

hydrochloride 
400 10 100 2.2 1024/50 2 Spinal64 

(100 kHz) 
5 in F2 

0.75 in F1 
8192 /1024 

 
Table 4.18 Measured frequencies and linewidths of selected isolated peaks. Comparison of the posi;on and linewidth (FWHM) 
of selected isolated peaks in experimentally measured 100 kHz MAS spectra, PIPNet predicted isotropic spectra, and spectra 
predicted using the previous fipng approach (PIP). The 100 kHz spectra for b-AspAla, flutamide, thymol, L-tyrosine 
hydrochloride and ampicillin are the same as previously reported236 

Compound Label Peak position [ppm] Linewidth (FWHM) [ppm / Hz] 
100 kHz MAS PIPNet PIP 100 kHz MAS PIPNet PIP 

Ampicillin 
18 0.57 0.54 0.46 0.66 / 529 0.38 / 307 0.16 / 128 
17 1.57 1.51 1.47 0.60 / 480 0.34 / 275 0.11 / 92 
15 10.03 9.90 9.98 0.72 / 579 0.44 / 355 0.11 / 90 

b-AspAla 

7 0.86 0.86 0.79 0.34 / 268 0.16 / 129 0.07 / 52 
5’ 2.14 2.14 2.01 0.39 / 308 0.11 / 90 0.06 / 48 
5 2.72 2.66 2.68 0.39 / 309 0.09 / 73 0.03 / 27 
6 3.97 3.91 3.87 0.34 / 270 0.14 / 110 0.08 / 66 
2 4.86 4.83 4.75 0.28 / 224 0.15 / 122 0.04 / 31 
8 7.39 7.27 7.26 0.44 / 355 0.17 / 135 0.07 / 59 
1 12.64 12.61 12.54 0.29 / 229 0.15 / 123 0.11 / 89 

Flutamide 

11’/11” 1.21 1.12 1.11 0.70 / 559 0.38 / 301 0.11 / 90 
6 7.13 7.10 7.17 0.51 / 407 0.41 / 326 0.08 / 67 

3/8 7.99 7.93 7.84 0.58 / 461 0.46 / 368 0.08 / 62 
5 9.91 9.85 9.91 0.49 / 393 0.37 / 295 0.40 / 319 

L-histidine 
hydrochloride 
monohydrate 

1 5.13 5.10 5.10 0.52 / 472 0.29 / 256 0.07 / 65 
9 8.21 8.21 8.21 0.65 / 588 0.30 / 270 0.23 / 210 
7 12.44 12.40 12.40 0.46 / 412 0.34 / 308 0.35 / 316 
5 17.00 16.97 16.97 0.49 / 444 0.31 / 278 0.32 / 287 

Thymol 

4 3.39 3.36 3.31 0.42 / 333 0.20 / 161 0.15 / 122 
1 5.41 5.37 5.23 0.43 / 340 0.27 / 216 0.27 / 215 
2 6.20 6.20 6.11 0.39 / 315 0.27 / 212 0.23 / 183 
3 7.05 7.02 6.91 0.41 / 330 0.20 / 159 0.26 / 211 
7 9.34 9.31 9.29 0.94 / 749 0.14 / 112 0.08 / 62 

L-tyrosine 
hydrochloride 

3’ 2.51 2.54 2.47 0.50 / 396 0.08 / 62 0.08 / 68 
6 6.66 6.57 6.49 0.44 / 353 0.18 / 147 0.03 / 25 
9 10.05 9.93 9.88 0.35 / 282 0.17 / 139 0.07 / 58 
1 12.52 12.40 12.32 0.33 / 264 0.17 / 132 0.07 / 53 

MDMA hydrochloride 4 1.14 1.08 1.04 0.43 / 341 0.19 / 151 0.07 / 59 

Molnupiravir 

13/14 1.20 1.23 1.18 0.31 / 277 0.20 / 180 0.04 / 36 
4 6.75 6.69 6.64 0.43 / 387 0.10 / 89 0.07 / 63 

1/2 9.52 9.52 9.51 0.35 / 318 0.19 / 173 0.20 / 179 
2/1 10.72 10.69 10.65 0.42 / 380 0.33 / 295 0.46 / 414 
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Table 4.19 Additional frequencies and linewidths of selected isolated peaks in isotropic spectra. Position and linewidth 
(FWHM) of selected isolated peaks in PIPNet predicted isotropic spectra, excluding peaks already present in Table 4.18. 

Compound Label Peak position [ppm] Linewidth (FWHM) [ppm / Hz] 

Ampicillin 2 3.89 0.36 / 290 
b-AspAla 3 7.97 0.30 / 238 
Flutamide 10 2.04 0.28 / 226 

L-histidine hydrochloride monohydrate 
6 7.50 0.25 / 203 
8 8.92 0.25 / 201 

Thymol 6 0.46 0.28 / 225 

L-tyrosine hydrochloride 
8 5.05 0.09 / 71 
5 5.35 0.12 / 98 

10 7.61 0.32 / 252 

MDMA hydrochloride 

3 1.94 0.12 / 98 
5’ 2.21 0.10 / 76 
1 2.82 0.22 / 173 
5 3.49 0.07 / 58 

12 6.02 0.07 / 57 
10/11 6.21 0.08 / 61 

7 6.64 0.14 / 112 
2’ 9.23 0.08 / 65 
2 9.75 0.08 / 62 

Molnupiravir 13’ 3.73 0.09 / 71 
7 5.48 0.14 / 109 

 

Table 4.20 Chemical shift assignment of MDMA hydrochloride. Assignment of 1H and 13C chemical shifts of MDMA 
hydrochloride. 

Label 1H exp. [ppm] 13C exp. [ppm] 1H DFT [ppm] 13C DFT [ppm] 
1 2.8 34 3.1 28 
2 9.5, 10.0 - 9.9, 10.6 - 
3 2.2 60 2.2 59 
4 1.1 21 1.2 14 
5 2.4, 3.8 38 2.5, 3.8 32 
6 - 132 - 129 
7 6.8 112 7.2 109 
8 - 149 - 151 
9 - 148 - 149 

10 6.3 110 7.4 106 
11 6.2 125 6.5 122 
12 6.0 105 7.3, 7.9 110 
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Table 4.21 Chemical shift assignment of MDMA hydrochloride. Assignment of 1H and 13C chemical shifts of molnupiravir. A 
slash “/” indicates ambiguous assignments. 

Label 1H chemical shift [ppm] 13C chemical shift [ppm] 
1 9.5 / 10.7 - 
2 10.7 / 9.5 - 
3 - 140 
4 5.5 104 
5 6.8 128 
6 - 154 
7 5.4 86 
8 4.5 70 
9 2.7 - 

10 5.4 - 
11 4.2 68 
12 10.0 80 
13 3.7, 4.7 63 
14 - 176 
15 2.6 34 
16 1.2 19 / 20 
17 1.2 20 / 19 
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4.3.4.3 Supplementary Figures 
 

 

Figure 4.41 NMR experiments used for assignment. 100 kHz MAS (A), (B) 13C CPMAS and (C), (D) 1H-13C hCH spectra of (A), (C) 
MDMA hydrochloride (18.8 T) and (B), (D) molnupiravir (21.1 T). (E) 13C-13C INADEQUATE spectrum of the aromatic region 
of MDMA hydrochloride. (F) Statistical distributions of 13C chemical shifts obtained from the bonding environment of each 
carbon in molnupiravir and compared to the experimentally measured shifts (black vertical lines). (G) Probabilistic assignment 
of 13C chemical shifts of quaternary and CH carbons of molnupiravir. Complete parameter sets and pulse sequences used to 
obtain the spectra are available with the raw data at the link given above. Blue numbers and red lines indicate the assignments 
obtained. 
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Figure 4.42 Experimental sets of variable-rate MAS spectra recorded for (A) b -AspAla, (B) flutamide, (C) thymol, (D) L-tyrosine 
hydrochloride, (E) ampicillin, (F) L-histidine hydrochloride monohydrate, (G) MDMA hydrochloride and (H) molnupiravir. The 
insert in (H) shows the 2-4 ppm region of every other spectrum recorded for molnupiravir, displaying the increasing asymmetry 
of the peak observed with increasing MAS rate. The data for (A-E) are the same as previously reported. 
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Figure 4.43 Model optimization. MAE between predictions and ground-truth isotropic spectra for 1,024 samples with various 
numbers of peaks obtained with models trained with different (A) encoding of MAS spectra and with LSTM cells containing 
the output gate (green line), (B) number of layers, (C) number of hidden channels, (D) kernel sizes in the LSTM cells, (E) kernel 
sizes to convert the state vector of the last layer to the inferred isotropic spectra, and (F) numbers of spectra fed to the 
network at each step. In (A), “baseline” (blue line) corresponds to the encoding described in the Experimental. “Imaginary” 
(orange line) corresponds to the addition of the imaginary part of the MAS spectra as an additional channel to the input vector. 
“Output gate” (green line) corresponds to the original convolutional LSTM cell with an output gate. “Inverse wr” (red line) 
corresponds to encoding the inverse of the MAS rate instead of the (normalized) MAS rate as described in the methods section. 

 
Figure 4.44 Model evalua;on: MAS dependencies, number of spectra and false posi;ve rate. (A), (B), (C), (D) MAE between 
predic;ons and ground-truth isotropic spectra for 1,024 samples and (E), (F), (G), (H) illustra;ve comparisons of predicted (red) 
and ground-truth (black) isotropic spectra with various (A), (E) levels of noise in the MAS-dependent width (see Eq. 3), (B), (F) 
levels of noise in the MAS-dependent shim parameter (see Eq. 4), (C), (G) shim dependences and (D), (H) numbers of MAS 
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spectra fed to the network. (I) False posi;ve signal rate (as defined above) observed in the isotropic spectra predicted from 
synthe;c MAS spectra as a func;on of the noise level. 

 

Figure 4.45 Model evaluation: MAS rate ranges. (A), (B), (C), (D) MAE between predictions and ground-truth isotropic spectra 
for 1,024 samples and (E), (F), (G), (H) illustrative comparisons of predicted (red) and ground-truth (black) isotropic spectra 
obtained from MAS datasets containing various (A), (B), (E), (F) lower bounds for the MAS rate while keeping the higher bound 
to 100 kHz and (C), (D), (G), (H) higher bounds for the MAS rate while keeping the lower bound to 30 kHz. In (A), (C), (E) and 
(G) the number of MAS spectra generated was set such that there are on average between 3 and 4 spectra per 10 kHz MAS 
rate range. In (B), (D), (F) and (H), the number of MAS spectra generated was set to 24 regardless of the range of MAS rates 
considered. 
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Figure 4.46 Comparison with the previous approach. 100 kHz MAS spectra (blue) and isotropic spectra of (A) b-AspAla, (B) 
flutamide, (C) thymol, (D) L-tyrosine hydrochloride, (E) ampicillin, (F) L-his;dine hydrochloride monohydrate, (G) MDMA 
hydrochloride and (H) molnupiravir obtained using PIPNet (red) and the previous approach (black). 

 

 

Figure 4.47 Linewidth comparison. Comparison of the linewidth of selected isolated peaks in 100 kHz MAS spectra (blue) and 
isotropic spectra obtained using PIPNet (red) and the previous fitting approach (orange). Black lines indicate the linewidths 
obtained from extrapolation of the linewidths in MAS spectra, assuming a first-order inverse MAS dependence . 
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Figure 4.48 . Relative integrals. Comparison of the integral of separate regions from the 100 kHz MAS spectra (blue) and 
predicted isotropic spectra (red). The mean absolute error on the percentage of total integral of regions for each compound 
is indicated at the top of each panel. 

 

 

Figure 4.49 Isotropic spectra from different ranges of experimental MAS rates collected in 2 kHz increments. 100 kHz MAS 
spectra (blue) and isotropic spectra (red) obtained from different ranges of MAS rates for (A) ampicillin, (B) flutamide, (C) 
thymol, (D) L-histidine hydrochloride monohydrate, (E) MDMA hydrochloride and (F) molnupiravir. The range of MAS rates 
used is indicated next to each isotropic spectrum. 
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Figure 4.50 60 kHz MAS spectrum (blue) and isotropic spectrum (red) obtained from a dataset of 16 MAS spectra of L-histidine 
hydrochloride obtained using a 1.3 mm rotor. 

 

 

Figure 4.51 Isotropic spectra from different increments of experimental MAS rates measured between 40 and 100 kHz. 100 
kHz MAS spectra (blue) and isotropic spectra (red) obtained from different MAS rate increments for (A) b-AspAla, (B) flutamide, 
(C) thymol, (D) L-tyrosine hydrochloride, (E) ampicillin, (F) L-histidine hydrochloride monohydrate, (G) MDMA hydrochloride 
and (H) molnupiravir. The MAS rate increment used is indicated next to each isotropic spectrum.  
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4.4 Two -dimensional Pure Isotropic Proton Solid State NMR 
 
This chapter has been adapted with permission from: Moutzouri, P.; Cordova, M.; Simões de Almeida, B.; Torodii, 
D.; Emsley, L., Two-dimensional Pure Isotropic Proton Solid State NMR. Angew Chem Int Ed Engl 2023, 62 (21), 
e202301963. (post-print) 

 

My contribu4on was to be part of the applica4on of the method, data acquisi4on, and results analysis. 
Concerning the manuscript, I was part of the review and edi4ng process. 

 

4.4.1 Introduc-on  
 

Although high-resolu4on one-dimensional spectra are useful, most applica4ons of NMR spectroscopy today 
require two-dimensional correla4on experiments. In this respect, the possibility of measuring ultrahigh-
resolu4on 1H–1H correla4ons is especially aPrac4ve, as it enables both structure determina4on and assignment. 

Here, we extend the PIP approach to a second dimension in order to obtain ultra-high resolu4on 1H–1H double-
quantum/single-quantum192 (DQ/SQ) dipolar correla4on spectra and 1H–1H spin-diffusion311 (PSD) spectra. We 
illustrate the method on L-tyrosine hydrochloride and ampicillin, where we obtain two-dimensional spectra with 
significantly higher resolu4on as compared to corresponding spectra acquired at 100 kHz MAS. The spectral 
resolu4on is very significantly increased in both dimensions, allowing the iden4fica4on of resolved isotropic 
correla4on peaks that were overlapped in the 100 kHz MAS spectra. 

In the previous sec4ons, the PIP strategy was applied on one-dimensional spectra from a two-dimensional set of 
MAS spectra recorded at variable spinning rates (VMAS), either using a parameter filng or a deep learning 
approach. 215, 236 Both approaches, yield isotropic spectra that display linewidths in the 50 – 400 Hz range for 
crystalline molecular solids. The robustness of the deep learning method opens the possibility to expand the PIP 
strategy to higher order spectra that could also benefit from improved resolu4on. 

Here, we use three-dimensional datasets made up of two-dimensional DQ/SQ or spin-diffusion spectra acquired 
at different MAS rates to obtain two-dimensional 1H-1H DQ/SQ or 1H-1H PSD correla4on spectra with pure 
isotropic lineshapes in both dimensions by transforming the data with a suitable deep learning predic4on 
network, dubbed PIPNet2D.  

 

4.4.2 Results and Discussion 
 
In the absence of any extensive experimental databases of NMR spectra, training machine learning models on 
synthe4c datasets (of shi[s or spectra) has been to shown to be an efficient way forward.286, 294, 312-317 318 319 320-

322 323 289 284-285, 287-288, 324 Here, the genera4on of synthe4c three-dimensional datasets used to train a LSTM neural 
network was based on a protocol analogous to that used previously for two-dimensional VMAS datasets.215 The 
overall approach is illustrated schema4cally in Figure 4.52. Specifically, synthe4c two-dimensional pure isotropic 
spectra (ground truth) were generated as the outer product of two randomly generated one-dimensional 
isotropic spectra. The component one- dimensional isotropic spectra and associated VMAS spectra were 
generated assuming that the dipolar couplings lead to a MAS rate dependent broadening, with a shape that is a 
sum of Gaussian and Lorentzian components, and that they also lead to a MAS rate dependent shi[ in the peak 
posi4ons.249 236 We also include random parameter varia4ons in peak posi4ons, peak shapes, MAS dependences, 
phase and intensity errors, and noise, as described previously in reference215 but with an increased probability 
to generate broad isotropic peaks in order to promote diversity in the two-dimensional isotropic lineshapes.  

The corresponding synthe4c three-dimensional datasets of two-dimensional spectra at variable MAS rates were 
generated by the outer product of the 2D VMAS datasets. To mimic varying degrees of correla4on in the 2D 
lineshapes, the sets of isotropic and associated MAS spectra were then rotated with a probability of 50% by a 
random angle uniformly sampled between 0 and 90°, in order to produce lineshapes with elongated shapes 
along different orienta4ons in the 2D spectra. (Examples are shown in Figure 4.41). Each three-dimensional 
dataset generated contained 12 MAS spectra, each of which generated with a random MAS rate sampled from a 
uniform distribu4on between 50 and 100 kHz. Complete details about the data genera4on are given in Appendix 
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VI. An example of a synthe4c MAS dataset and its isotropic counterpart typically used for the training of the 
model is shown in Figure 4.52. 

Note that the synthe4c spectra generated here do not actually make any assump4ons or follow any par4cular 
rules associated with a type of experimental 2D correla4on spectrum. That is, they do not correspond to, e.g., 
COSY, or DQ/SQ spectra, with diagonal and/or cross peaks in well-defined posi4ons. The synthe4c spectra only 
consist of a set of two-dimensional peaks in randomized posi4ons in the spectra, and with lineshapes that obey 
the rules described above. As such, the model could be applied to any 2D correla4on spectrum. 

 

 
Figure 4.52 Representa;ve example of a synthe;c isotropic (red) two-dimensional spectrum (a) before and (b) amer rota;on 
and (c) a three-dimensional dataset (blue) that consists of two-dimensional spectra at different MAS rates. In (a) the one-
dimensional isotropic spectra whose outer product leads to this two-dimensional isotropic spectrum and their corresponding 
variable MAS rate spectra are also shown. Here the full dataset contains 12 spectra at different MAS rates but only six selected 
spectra are shown. The rota;on angle applied here during the data genera;on process was 61.5°. 

Several approaches to using machine learning in NMR related problems have been proposed recently. 215 286, 294, 

312-317 318 319 320-322 323 289 280, 284-285, 287-288, 324-325 These range from deep and convolu4onal neural networks to 
predict chemical shi[s in liquids,320-322 to CNN models for reconstruc4on of two-dimensional spectra from 
undersampled data,286-287, 294, 323 denoising of low signal-to-noise spectra,313 performing deconvolu4on and deep 
learning-based peak picking289, 312 and virtual decoupling.284, 288 In the problem at hand, the LSTM type of network 
appears suitable since it has been shown to outperform other recurrent neural networks in processing 4me 
series,290 and since it was shown to work well to predict 1D isotropic spectra.215 The only changes used here with 
respect to the model to predict 1D spectra is the use of two-dimensional convolu4onal layers, using 4 layers 
instead of 6, and the use of only one model instead of a commiPee of 16 models. The laPer being done in order 
to reduce the computa4onal requirement at inference. The model was trained on a total of 1,000,000 datasets, 
corresponding to 12,000,000 spectra. To process each three-dimensional dataset of MAS spectra in order to 
obtain the isotropic 2D spectrum, the network is incrementally given the next MAS spectrum in the series in 
order of increasing MAS rate, and produces an output a[er each step, as described previously.215 The model was 
trained by minimizing the mean absolute error (MAE) between the predic4on a[er each step and the ground-
truth two-dimensional isotropic spectrum. 

As before, due to the sparsity of signal in the two-dimensional isotropic spectra, we ini4ally convoluted the en4re 
target isotropic spectrum with a 2D Gaussian func4on with a width of 25 Hz and weighted the loss func4on by 
the maximum between 1 and 10 4mes the value of the target isotropic spectrum (a[er convolu4on with the 
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Gaussian) in order to promote the iden4fica4on of signal in the spectra. A[er 200,000 sets of spectra, this 
convolu4on and weigh4ng were removed for the rest of the training. Random noise was also introduced into the 
generated MAS two-dimensional spectra following the typical signal-to-noise ra4os observed in experimental 
1H-1H correla4on spectra (between 10 and 100 for the most intense peak at 100 kHz). Figure 4.53 (a) shows the 
evolu4on of the loss func4on during the model training.  

 
 

 
Figure 4.53 (a) EvoluRon of the loss funcRon during model training. (b)-(d) MAE between predicRons and ground-
truth isotropic spectra for 1024 samples of isotropic spectra with various (b) numbers of peaks, (c) MAS 
dependence (w1: first-order, w2: second-order), and (d) noise levels. 

 
The model was evaluated by compu4ng the MAE between the synthe4c ground truth and the predicted isotropic 
spectra for samples generated with different parameters. We inves4gated the effect of (i) the number of peaks 
in the two-dimensional isotropic spectra, (ii) different MAS dependencies of the linewidths and MAS-dependent 
shi[ (first-order, second-order, mixed first- and second-order, or MAS independent), the range of MAS rates 
generated, the number of MAS spectra used, as well as the amount of noise introduced into the spectra 
themselves and into the linewidth and shi[ dependences. Mean absolute errors between predic4ons and 
ground-truth isotropic spectra for 1024 samples of isotropic spectra with various numbers of peaks, MAS 
dependences (first order, second order, combined, or constant), and noise levels are shown in Figure 4.53 (b-d) 
and some selected examples are shown in Figure 4.54 (more details and examples (Figure 4.58) are given in the 
Appendix VI) in order to provide a more visual apprecia4on of the expected changes in the spectra corresponding 
to the changes in MAE in Figure 4.53. 

 

 
Figure 4.54 (a)-(c) IllustraRve comparisons of syntheRc highest MAS rate spectra (blue), predicted isotropic (red), 
and ground-truth isotropic (black) spectra with (a) the example of the syntheRc dataset shown in Figure 1, (b) a 
MAS independent syntheRc dataset, and (c) a syntheRc dataset with a high noise level. In this example the spectra 
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are made up of 128 x 128 points, that would correspond to a frequency range of 3 kHz with about 24 Hz/point 
digital resoluRon. 

Figure 4.55 shows the 1D and 2D isotropic spectra obtained from two experimental sets of variable MAS 1D and 
2D spectra recorded on two small organic micro-crystalline samples of L-tyrosine hydrochloride and ampicillin 
The isotropic spectra of ritonavir are presented in Fig 4.56, but without spectral assignment. Figures 4.55 (a) and 
4.55 (b) show the performance of the PIPNet2D model on sheared three-dimensional VMAS datasets for both 
compounds, consis4ng of two-dimensional BABA spectra recorded at 9 (ampicillin) and 11 (L-tyrosine 
hydrochloride) rates between 50 and 100 kHz MAS. The sheared SQ/SQ representa4on is exactly equivalent to 
the DQ/SQ but gives an easier to visualize rendi4on of the two-dimensional lineshapes.326 Full details are given 
in the Appendix VI. 

In Figures 4.55 (c) and 4.55 (d) and 4.56 (b), the marked increase in resolu4on achieved in both dimensions of 
the pure isotropic 2D spectra, as compared with that obtained in the corresponding spectra at 100 kHz MAS, is 
clearly visible. This increase is most prominent in the crowded spectral regions between 4 and 8 ppm both for L-
tyrosine hydrochloride and ampicillin (expansions of these regions in both the pure isotropic and corresponding 
100 kHz MAS 2D spectra are shown in Figures 4.55 (e) to 4.55 (h)).  

We note in par4cular that, as discussed above, the model was not specifically trained to recognize sheared 
DQ/SQ spectra, so that, for example, the inferred spectra are not constrained to have any par4cular symmetry. 
Furthermore, the model can be equally well applied to the unsheared DQ/SQ spectra, and very similar results 
are obtained as shown in Figures 4.64 and 4.65. Rows from the pure-isotropic and the 100 kHz MAS spectra are 
also shown in Figure 4.64 for comparison. 

The two-dimensional pure isotropic spectra were found to retain the expected number of peaks from the known 
assignments, without displaying any significant ar4facts or any addi4onal peaks in unexpected regions of the 
spectra. This is impressive, especially if we consider the reduced quality of the datasets used here as compared 
to typical 1D MAS spectra. Compared with the one-dimensional data used before, here the 2D spectra have much 
lower signal-to-noise ra4os and display t1 noise, and baseline and cross-peak intensity distor4ons across the 
range of MAS rates. (Note for example that since the BABA mixing 4me is rotor synchronized, the mixing 4me 
systema4cally decreases as the MAS rate increases, which will lead to varia4ons in cross-peak intensi4es.) 
Another important point is that the isotropic two-dimensional peaks in the inferred spectra seem to retain the 
lineshape characteris4cs present in the 100 kHz MAS spectra, arising possibly from inhomogeneous 
contribu4ons, correlated two-dimensional lineshapes,327-333 or magne4c suscep4bility effects.239-240, 334-335  

PIPNet2D is therefore not simply iden4fying poten4al peaks and replacing them with uniformly narrow shapes. 
This can be clearly seen for protons H2 and H17/H18 of ampicillin as well as the labile protons of L-tyrosine 
hydrochloride. The MAS independent inhomogeneous sources of broadening are dominant for some samples at 
fast MAS. For this reason, PIPNET2D was as applied to two addi4onal samples: hexamethylbenzene (HMB), 
known to have an important contribu4on to the linewidth from anisotropic bulk magne4c suscep4bility (ABMS), 
and polystyrene (PS) in the form of beads, which is an amorphous sample and therefore its corresponding 
spectrum has severe broadening due to chemical shi[ disorder. The spectra are presented in Figure 4.57 and the 
experimental details are found in the Appendix of Chapter 5, where the inhomogeneous contribu4ons to the 
linewidth are detailed. For HMB (Figure 4.57(a),(c) and (e)), the 100 kHz MAS and isotropic projec4on have 
essen4ally the same linewidth. The DQ/SQ peak is 4lted along the diagonal, which is characteris4c of ABMS. The 
isotropic row is slightly narrower than the 100 kHz row. Concerning polystyrene, the isotropic linewidths are 
narrower than the 100 kHz, but the remaining linewidth is s4ll several hundred of Hz broad due to the disorder 
of the sample. The difference in linewidth between row and projec4ons and the detail of the inhomogeneous 
contribu4on is detailed in Chapter 5. 

Overall, the spectra obtained using the 1D PIPNet model and PIPNet2D were found to be coherent, with good 
agreement between the 1D isotropic spectra obtained from a set of 1D MAS spectra using PIPNet and the 
projec4on of the 2D isotropic spectra obtained here for L-tyrosine hydrochloride and ampicillin, respec4vely. We 
do note that the 2D model does not yield the same degree of line narrowing in the projec4ons of Figures 4.64 
and 4.65 as compared to the 1D model. This is not surprising given the increased sources of errors discussed 
above in the 2D datasets, and it clearly indicates that further progress can be made in the future. 
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Figure 4.55 Spectra obtained from microcrystalline powdered samples of L-tyrosine hydrochloride (lem) and ampicillin (right). 
(a) and (b) 100 kHz MAS spectra (blue) and isotropic spectra (red) inferred with the PIPNet model from a VMAS dataset of 1D 
spectra recorded at 36 rates between 30 and 100 kHz. (c) and (d) corresponding 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectra 
(blue) and pure isotropic 2D 1H-1H DQ/SQ BABA spectra (red) inferred with the PINet2D model from a VMAS dataset of 11 and 
9 2D spectra recorded at the MAS rates between 50 and 100 kHz, both amer shearing to an SQ/SQ representa;on, for samples 
of L-tyrosine hydrochloride and ampicillin, respec;vely, and acquired with one rotor period of DQ recoupling. (e) and (f) 
expansions of the pure isotropic 2D spectra, and (g) and (h) expansions of the 100 kHz 2D spectra. In (e) to (h) the ver;cal 
doQed lines indicate the previously assigned proton shims at 100 kHz MAS, the blue doQed line the diagonal of the spectrum, 
and the green solid lines the observed double quantum correla;ons.  

Figures 4.58 shows the performance of the PIPNet2D model on a three-dimensional PSD VMAS dataset for L-
tyrosine hydrochloride (Figure 4.63), consis4ng of two-dimensional 1H-1H spin-diffusion spectra recorded at 6 
MAS rates between 50 and 100 kHz MAS. In Figure 4.58 (d) the resolu4on achieved in both dimensions of the 
pure isotropic 2D spectrum is evident and allows the clear iden4fica4on of correla4ons between, for example, 
H6 and H10 or H2 and H5, that were difficult to clearly observe in the corresponding PSD spectrum at 100 kHz 
MAS, shown in Figure 4.58 (c).  

 

 
Figure 4.56 Spectra obtained from ritonavir form II. (a) 100 kHz MAS spectrum (blue) and isotropic spectrum (red) inferred 
with the PIPNet model from a VMAS dataset of 1D spectra recorded at 8 rates between 40 and 100 kHz. (b) 100 kHz MAS 2D 
1H-1H DQ/SQ BABA spectrum (blue) and pure isotropic 2D 1H-1H DQ/SQ BABA spectra (red) inferred with the PINet2D model 
from a VMAS dataset of 8 2D spectra recorded at the MAS rates between 40 and 100 kHz, acquired with one rotor period of 
DQ recoupling. 

 

The horizontal cross sec4ons shown in Figure 4.58 (e-h) are an addi4onal direct illustra4on of the enhanced 
resolu4on of the pure isotropic 2D spectrum over the corresponding 100 kHz MAS 2D spectrum. PIPNet2D is 
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expected to perform best for the cross peaks, as compared to the diagonal peaks, since the integral normaliza4on 
of the 3D dataset was done with respect to a selected cross peak intensity.  

In the VMAS experiments, the PSD mixing 4me was varied from 5 to 10 ms as the spinning rate was increased in 
order to compensate for slower spin diffusion at faster MAS rates and to maintain similar cross-peak intensi4es 
across the dataset (as described in Appendix VI). Since the spin diffusion rates between different spin pairs will 
have slightly different MAS rate dependencies,224 this procedure cannot be perfect and will introduce a source 
of error. 

 

 
Figure 4.57 Spectra obtained from HMB and PS. (a,c) HMB 100 kHz MAS row and projec;on (blue) and isotropic spectrum 
(red) inferred with the PIPNet2D model; (e) HMB 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectrum (blue) and pure isotropic 2D 
1H-1H DQ/SQ BABA spectra (red) inferred with the PINet2D model from a VMAS dataset of 14 2D spectra recorded at the MAS 
rates between 40 and 100 kHz, acquired with one rotor period of DQ recoupling. (b,d) PS 100 kHz MAS row and projec;on 
(blue) and isotropic spectrum (red) inferred with the PIPNet2D model; (f) PS 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectrum 
(blue) and pure isotropic 2D 1H-1H DQ/SQ BABA spectra (red) inferred with the PINet2D model from a VMAS dataset of 6 2D 
spectra recorded at the MAS rates between 50 and 100 kHz, acquired with one rotor period of DQ recoupling. 

That the model can be successfully directly applied to DQ/SQ (whether sheared or not) or to PSD datasets 
illustrates that the PIPNet2D model is quite robust and can be used quite generally to obtain two-dimensional 
1H-1H correla4on spectra with higher resolu4on in both dimensions from 3D VMAS datasets, and that it is not 
restricted to inferences for a specific type of two-dimensional spectra. 

Across the three sets of 2D spectra shown here, PIPNet2D reduced observed linewidths by a factor of 3.33 ± 0.10 
in both dimensions compared to 100 kHz MAS spectra (see Table 4.25). 
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Figure 4.58 Spectra obtained from microcrystalline powdered samples of L-tyrosine hydrochloride. (a) and (b) 100 kHz MAS 
2D 1H-1H spin-diffusion spectra (blue) and pure isotropic 2D 1H-1H spin-diffusion spectra (red) inferred with the PINet2D model 
from a VMAS dataset of 6 2D spectra recorded at the MAS rates between 50 and 100 kHz. In the VMAS experiments, the PSD 
mixing ;me was varied from 5 to 10 ms as the spinning rate was increased to maintain similar cross-peak intensi;es across the 
dataset (as described in Appendix VI). (c) and (d) expansions of the 100 kHz and pure isotropic 2D spectra. (e) to (f) horizontal 
cross sec;ons extracted for F1 SQ frequencies of 4.5, 5.5, 6.7, and 7.7 ppm. In (c) to (d) the ver;cal doQed lines indicate the 
previously assigned proton shims at 100 kHz MAS, the blue doQed line the diagonal of the spectrum, and the green squares 
the observed spin-diffusion correla;ons.  

 

4.4.3 Conclusion 
 
We have introduced PIPNet2D, a deep learning model to increase resolu4on in two-dimensional NMR 
spectroscopy by predic4ng pure isotopic two-dimensional correla4on spectra of solids from three-dimensional 
datasets of 2D spectra acquired at variable MAS rates. We have illustrated the method by obtaining isotropic 
spectra from experimental datasets on two different microcrystalline organic solids. The resolu4on obtained is 
very significantly improved compared with the 100 kHz MAS spectra. The residual linewidths or the quan4ta4ve 
character of the inferred spectra can in principle be limited by several factors. Some are intrinsic to the samples, 
such as structural disorder or magne4c suscep4bility broadening, and others might be due to experimental 
imperfec4ons such as MAS instabili4es or poor shimming, or limita4ons in the model, such as incomplete 
descrip4ons of the lineshape and MAS-dependence. All these factors will be the subject of future study.  

For example, we expect that the use of more robust pulse sequences for DQ/SQ type experiments, that might 
bePer remove some of the experimental imperfec4ons, should poten4ally improve the robustness of the model 
212, 336. Further improved results might also be obtained by training models specifically on a given type of 
correla4on experiment. 

In conclusion, the model presented here provides significant improvement in the resolu4on of 2D 1H-1H DQ/SQ 
and spin-diffusion spectra, and we expect that the approach can be used to develop models for other two-
dimensional correla4on experiments in the future.
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4.4.4 Appendix VI 
 
4.4.4.1 Experimental Details 
 
The pure isotropic 2D approach is applied here to experimental datasets from two micro-crystalline organic 
solids: L-tyrosine hydrochloride and ampicillin. For each sample a set of 2D BABA (Figure 4.59 and 4.60) or spin-
diffusion311  spectra (Figure 4.61) was acquired at MAS rates ranging from 50 to 100 kHz, using a Bruker 0.7 mm 
room temperature HCN CP-MAS probe at a magne4c field of 21.1 T corresponding to a 1H frequency of 900 MHz. 
For each sample, prior to acquisi4on the magic angle was set by maximizing the T2’ of the proton signals at the 
fastest MAS rate, and the 90° pulse width was op4mized. All the data were acquired with ac4ve temperature 
regula4on to maintain the sample temperature at about 295 K across the range of spinning rates. For each MAS 
rate, the BABA 2D experiments were rotor-synchronized in the indirect dimension and the number or increments 
was adjusted to achieve a t1

max of 2.5 and 2.4 ms for L-tyrosine hydrochloride and ampicillin, respec4vely. For L-
tyrosine hydrochloride the spin-diffusion 2D experiments were acquired with a t1

max of 14.6 ms and with a mixing 
4me chosen to produce cross peaks with similar intensi4es throughout the series. More specifically, as the 
spinning rate was increased, the PSD mixing 4me was varied was also increased in order to compensate for 
slower spin diffusion at faster MAS rates. A States-TPPI acquisi4on scheme was used to obtain phase-sensi4ve 
two-dimensional spectra. A 16-step phase cycling was used for BABA and EXSY experiments. 

All spectra were phased, baseline corrected, their full integrals were normalized (either with respect to the total 
integral, for the DQ/SQ spectra, or with respect to a selected cross peak intensity, for the PSD spectra), and the 
spectra were scaled to the maximum amplitude of the 100 kHz spectrum at 1 in order to match the typical 
amplitudes of the generated training spectra. The experimental DQ/SQ MAS spectra were sheared to an SQ/SQ 
representa4on prior to processing. The SQ/SQ representa4on is exactly equivalent to the DQ/SQ but gives an 
easier to visualize rendi4on of the two-dimensional lineshapes.326 No weigh4ng func4on was applied prior to 
Fourier transforma4on. 
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Table 4.22 Experimental details of the BABA VMAS 3D dataset acquired for L-tyrosine hydrochloride. 

L-tyrosine 
hydrochloride 

VT 
(K) 

90° RF 
amplitude 

(kHz) 
d1(s) 

Number of 
co-added 
transients 

Number 
of FID 
points: 
F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Experimental 
time 

100 kHz 285 294 2 16 4096/100 90.9/20 4096/1024 10 57 min 

96 kHz 285 294 2 16 4096/96 90.9/19.2 4096/1024 10.42 54 min 

94 kHz 285 294 2 16 4096/94 90.9/18.8 4096/1024 10.64 54 min 

90 kHz 285 294 2 16 4096/90 90.9/18 4096/1024 11.11 51 min 

88 kHz 285 294 2 16 4096/110 90.9/22 4096/1024 11.36 1h2min 

80 kHz 290 294 2 16 4096/100 90.9/20 4096/1024 12.5 57 min 

78 kHz 290 294 2 16 4096/130 90.9/26 4096/1024 12.82 1h14min 

72 kHz 290 294 2 16 4096/120 90.9/24 4096/1024 13.89 1h8min 

66 kHz 290 294 2 16 4096/110 90.9/22 4096/1024 15.15 1h2min 

60 kHz 295 294 2 16 4096/100 90.9/20 4096/1024 16.67 57 min 

52 kHz 295 294 2 16 4096/130 90.9/26 4096/1024 19.23 1h14min 

 
Table 4.23 Experimental details of the BABA VMAS 3D dataset acquired for ampicillin. 

Ampicillin VT 
(K) 

90° RF 
amplitude 

(kHz) 
d1(s) 

Number of 
co-added 
transients 

Number of 
FID points: 

F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Experimental 
time 

100 kHz 285 294 2 16 4096/160 90.9/33.3 4096/1024 10 1h31min 

90 kHz 285 294 2 16 4096/144 90.9/30 4096/1024 11.1 1h22min 

85 kHz 290 294 2 16 4096/136 90.9/28.3 4096/1024 11.76 1h17min 

80 kHz 290 294 2 16 4096/128 90.9/26.6 4096/1024 12.5 1h13min 

75 kHz 290 294 2 16 4096/120 90.9/25 4096/1024 13.3 1h2min 

70 kHz 290 294 2 16 4096/168 90.9/35 4096/1024 14.28 1h35 min 

60 kHz 290 294 2 16 4096/144 90.9/30 4096/1024 16.67 1h22min 

55 kHz 290 294 2 16 4096/132 90.9/27.5 4096/1024 18.18 1h15min 

50 kHz 290 294 2 16 4096/120 90.9/25 4096/1024 20 1h8min 
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Table 4.24 : Experimental details of the PSD VMAS 3D dataset acquired for L-tyrosine hydrochloride. 

L-tyrosine 
hydrochloride 

VT 
(K) 

90° RF 
amplitude 

(kHz) 
d1(s) 

Number of 
co-added 
transients 

Number 
of FID 
points: 
F2/F1 

SW (kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (ms) 

Experimental 
time 

100 kHz 285 294 3 8 8192/366 227.3/12.5 16384/1024 10 2h31 min 

90 kHz 290 294 3 8 8192/366 227.3/12.5 16384/1024 9 2h31 min 

80 kHz 290 294 3 8 8192/366 227.3/12.5 16384/1024 6 2h31 min 

70 kHz 290 294 3 8 8192/366 227.3/12.5 16384/1024 6 2h31 min 

60 kHz 290 294 3 8 8192/366 227.3/12.5 16384/1024 6 2h31min 

50 kHz 290 294 3 8 8192/366 227.3/12.5 16384/1024 5 2h31 min 

 
4.4.4.2 DATA GENERATION 
 
As described previously,215 we generate synthe4c isotropic and variable MAS rate 1D spectra according to a 
theore4cal descrip4on of the dependence of the spectra on the MAS rate. A MAS spectrum is composed of a 
sum of peaks 𝐼U+(𝜈), each resul4ng from the convolu4on between the corresponding Gaussian peak in the 
isotropic spectrum 𝐼�(𝜈) and a Gaussian-Lorentzian sum (GLS) func4on: 

 

 𝐺𝐿𝑆(𝜈;𝑤, 𝑝,𝑚) = (1 −𝑚)exp Ç−
4 ln(2) (𝜈 − 𝑝)2

𝑤2 É +
𝑚

1 + 4(𝜈 − 𝑝)
2

𝑤2

 (4.20) 

 

where w and p are the width and posi4on of the GLS func4on, respec4vely, and m is the mixing factor describing 
the lineshape of the func4on (purely Gaussian with m = 0, and purely Lorentzian with m = 1). We set p to be in 
the middle of the generated spectrum, such that convolu4ng the GLS with the isotropic peak does not affect the 
posi4on a[er convolu4on. A[er the convolu4on, a MAS-dependent shi[ of the frequency of the peak 𝑠U+  was 
added to capture the residual shi[ observed in MAS spectra. The genera4on of a peak in an MAS spectrum is 
thus described as: 

 

 𝐼U+ = FT�𝐼�(𝑡) ⋅ 𝑒527<A+� ∗ 𝐺𝐿𝑆c𝜈;𝑤U+ , 𝑝,𝑚U+e (4.21) 

 

Where FT[⋅] is the Fourier transform and ∗ denotes the convolu4on opera4on.  

Here, we generated spectra made up of 128 points with a 4me-domain sampling frequency of 3.2 kHz, 
corresponding to a frequency domain resolu4on of 25 Hz. 

1D isotropic spectra were generated as the sum of between 1 and 5 Gaussian peaks, with a linewidth sampled 
from a uniform distribu4on between 50 and 200 Hz (60% probability), between 100 and 500 Hz (20% probability), 
or between 100 and 1000 Hz (20% probability). Poten4al nega4ve points in the isotropic spectra generated were 
set to zero. In order to randomize peak intensi4es, we rescaled the height of each isotropic peak to a random 
value between 0.1 and 1. 

For each pair of 1D isotropic spectra, 12 MAS rates were selected randomly between 50 and 100 kHz, and the 
corresponding MAS spectra were constructed as described in Eq. 4.21, using a GLS func4on with parameters 𝑠U+, 
𝑤U+  and 𝑚U+  following a second-order MAS dependence subject to noise. 
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 𝑤U+ =
𝑤9
𝜔:

+
𝑤2
𝜔:2

+ Δ𝑤 (4.22) 

 

 𝑠U+ =
𝑠9
𝜔:

+
𝑤2
𝜔:2

+ Δ𝑠 (4.23) 

 

 𝑚U+ =
𝑚9

𝜔:
+
𝑚2

𝜔:2
 (4.24) 

 

For each peak, the value of w1 in Eq. 4.22 was drawn from a uniform distribu4on in the range [107, 2⋅107] Hz2 
with 60% probability, in the range [107, 5⋅107] Hz2 with 20% probability, and in the range [5⋅107, 108] Hz2 
otherwise. w2 was set to be 0 with 50% probability, or a random value between 1011 and 5⋅1011 Hz3. In addi4on, 
for each MAS rate the GLS width 𝑤U+  was randomly perturbed by a value drawn from a normal distribu4on Δ𝑤 ∼
𝒩(0, 𝜎�) Hz where 𝜎� was set to be 5% of the range of width generated between the lowest and highest MAS 
rates with the selected values of w1 and w2. The value of s1 in Eq. 4.23 was randomly sampled between -107 and 
107 Hz2, and s2 was set to zero with a 50% probability, or randomly sampled between -2⋅1010 and 2⋅1010 Hz3. Δ𝑠 
was randomly drawn from a normal distribu4on Δ𝑠 ∼ 𝒩(0,25) Hz for each peak and each MAS rate. The GLS 
mixing was set to follow the inverse MAS dependence described in Eq. 4.24 with a probability of 50% and with 
the value of m1 set to zero with a 20% probability, drawn from a uniform distribu4on in the range [0, 104] Hz with 
20% probability, or drawn from a uniform distribu4on in the range [104, 5⋅104] Hz, and with m2 set to zero with 
a 50% probability, or drawn from a uniform distribu4on in the range [108, 5⋅108] Hz2. Resul4ng values of 𝑚U+  
above one were capped to one. Otherwise, the mixing 𝑚U+  was set to be either constant, monotonously 
increasing with random values between 0 and 1, or monotonously decreasing with random values between 0 
and 1 with increasing MAS rate. These three dependences were considered with equal probability. 

In addi4on, each peak in each 1D MAS spectrum was subject to phase distor4on drawn from a normal 
distribu4on 𝒩(0, 0.05) with a 50% probability, and each isotropic peak was assigned a 30% chance to have a 
decreasing intensity in MAS spectra with increasing rate by mul4plying the intensity of the corresponding peak 
in each MAS spectrum by a value linearly decreasing between 1 and a final value sampled uniformly in the range 
[0.3, 0.7]. 

A[er genera4ng the pairs of isotropic and MAS spectra for each rate, convolu4on and rota4on yields the final 
2D isotropic and sets of MAS spectra. 
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4.4.4.3 EXAMPLES OF SYNTHETIC DATA 
 
 

 
Figure 4.59 Representative examples of synthetic isotropic two-dimensional spectra (a) before (black) and (b) after (red) 
rotation. The rotation angles applied here during the data generation process were 47°, 80.7°, 12.8°, 0°, 21.3°, 17.9°, and 0°. 
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Figure 4.60 Representative sets of examples of synthetic isotropic two-dimensional spectra where the fastest 2D spectrum 
used in the series is indicated in blue, the PIPNet2D inferred spectrum is shown in red, and the ground truth is shown in black. 
(a) Example of synthetic data without (top) and with (bottom) MAS-dependent broadening. (b). Example of synthetic data in 
which the highest MAS 2D spectrum used in the series is 99 kHz (top) and 75 kHz (bottom). (c) Example of synthetic data with 
a high level of noise. (d) Example of synthetic data in which 16 (top), 12 (middle), and 6 (bottom) 2D spectra are used in the 
series. (e) Example of synthetic data with a first order MAS-dependence (top) and a second order MAS-dependence (bottom). 
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4.4.4.4 CONTOUR PLOTS OF THE RAW 3D DATASETS 

 
Figure 4.61 3D dataset of L-tyrosine hydrochloride consisting of 11 unsheared 2D 1H-1H DQ/SQ BABA spectra acquired at 
MAS rates of 50, 62, 66, 72, 78, 80, 88, 90, 94, 96, and 100 kHz (top to bottom). 

 
Figure 4.62 3D dataset of ampicillin consisting of 9 unsheared 2D 1H-1H DQ/SQ BABA spectra acquired at MAS rates of 50, 
55, 60, 70, 75, 80, 85, 90, and 100 kHz (top to bottom). 
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Figure 4.63 3D dataset of L-tyrosine hydrochloride consisting of 6 unsheared 2D 1H-1H spin-diffusion spectra acquired at MAS 
rates of 50, 60, 70, 80, 90, and 100 kHz (top to bottom). 
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4.4.4.5 RESULTS ON UNSHEARED 2D SPECTRA 
 

 
Figure 4.64 (a) and (b) 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectra (blue) and pure isotropic 2D 1H-1H DQ/SQ BABA spectra 
(red) inferred with the PINet2D model from a VMAS dataset of 11 and 9 2D spectra recorded at the MAS rates between 50 
and 100 kHz, both before shearing to an SQ/SQ representation, for samples of L-tyrosine hydrochloride and ampicillin, 
respectively. (c) and (d) expansions of the pure isotropic 2D spectra and 100 kHz 2D spectra. In (c) to (d) the vertical dotted 
lines indicate the previously assigned proton shifts at 100 kHz MAS and the blue dotted line the diagonal of the spectrum. In 
(a) and (b) the horizontal lines indicate the cross sections plotted in (e) and (f). 
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Figure 4.65 Pure isotropic 2D 1H-1H DQ/SQ BABA spectra inferred with the PINet2D model from a VMAS dataset of 11 and 9 
2D spectra recorded at the MAS rates between 50 and 100 kHz, (a) and (c) after shearing to an SQ/SQ representation and (b) 
and (d) before shearing to an SQ/SQ representation, for samples of L-tyrosine hydrochloride and ampicillin, respectively. (b) 
and (d) are sheared to an SQ/SQ representation after inference. 

 

4.4.4.6 Comparisons with inferences from 2D VMAS datasets 
 

 
Figure 4.66 Spectra obtained from microcrystalline powdered samples of L-tyrosine hydrochloride. (a) and (b) 100 kHz MAS 
spectra (blue) and isotropic spectra (red) inferred with the PIPNet model from a VMAS dataset of 1D spectra recorded at 36 
rates between 30 and 100 kHz. (c) Sum projection along F1 of the unsheared 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectrum 
(blue), and sum projections along F1 of the pure isotropic 2D 1H-1H DQ/SQ BABA spectra inferred with the PINet2D model 
from a VMAS dataset of 11 2D spectra recorded at the MAS rates between 50 and 100 kHz, (d) before and (e) after shearing 
to an SQ/SQ representation. 
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Figure 4.67 Spectra obtained from microcrystalline powdered samples of ampicillin. (a) and (b) 100 kHz MAS spectra (blue) 
and isotropic spectra (red) inferred with the PIPNet model from a VMAS dataset of 1D spectra recorded at 36 rates between 
30 and 100 kHz. (c) Sum projection along F1 of the unsheared 100 kHz MAS 2D 1H-1H DQ/SQ BABA spectrum (blue), and sum 
projections along F1 of the pure isotropic 2D 1H-1H DQ/SQ BABA spectra inferred with the PINet2D model from a VMAS dataset 
of 11 2D spectra recorded at the MAS rates between 50 and 100 kHz, (d) before and (e) after shearing to an SQ/SQ 
representation. 

 

4.4.4.7 Evalua.on of integrals 
 

 
Figure 4.68 (a) and (b) corresponding 50 kHz MAS 2D 1H-1H DQ/SQ BABA spectra after shearing to an SQ/SQ representation, 
for samples of L-tyrosine hydrochloride and ampicillin. (c) and (d) 2D peak volumes measured from the 2D 1H-1H DQ/SQ BABA 
spectra as a faction of the MAS rate (blue) and from the inferred pure isotropic 2D spectra (red). In (a) to (b) the 2D peaks 
chosen for volume measurements are indicated with purple dotted boxes.  
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4.4.4.8 Evalua.on of linewidths 
 
Table 4.25 Full width at half maximum (FWHM) values of selected peaks in 100 kHz MAS and isotropic (PIP) spectra. The values 
were obtained by fipng Gaussian func;ons to selected rows or columns in the spectra. 

L-tyrosine hydrochloride BABA Ampicillin BABA L-tyrosine hydrochloride PSD 

F1 
(ppm) 

F2 
(ppm) 

FWHM F1 
100kHz / 
PIP (ppm) 

FWHM F2 
100kHz / 
PIP (ppm) 

F1 
(ppm) 

F2 
(ppm) 

FWHM F1 
100kHz / 
PIP (ppm) 

FWHM F2 
100kHz / 
PIP (ppm) 

F1 
(ppm) 

F2 
(ppm) 

FWHM F1 
100kHz / 
PIP (ppm) 

FWHM F2 
100kHz / 
PIP (ppm) 

2.5 12.5 0.56/0.09 0.36/0.14 1.8 10.2 0.52/0.11 0.48/0.09 10.0 12.5 0.19/0.09 0.18/0.10 
6.6 12.5 0.34/0.08 0.27/0.10 10.1 10.1 0.79/0.43 0.58/0.30 12.4 9.9 0.17/0.09 0.18/0.07 

10.0 12.4 0.35/0.19 0.28/0.18 4.8 10.1 0.61/0.27 0.52/0.24 7.6 9.9 0.35/0.17 0.28/0.14 
5.1 12.4 0.47/0.20 0.28/0.24 7.5 10.0 0.57/0.29 0.44/0.21 7.3 9.9 0.33/0.10 0.26/0.08 
4.4 12.3 0.43/0.16 0.29/0.09 10.1 7.5 0.67/0.16 0.48/0.14 6.5 9.9 0.25/0.06 0.23/0.07 
2.4 12.3 0.36/0.08 0.31/0.12 4.6 7.4 0.54/0.24 0.50/0.31 10.0 7.7 0.26/0.12 0.37/0.14 
6.6 9.9 0.49/0.11 0.29/0.19 6.9 7.1 0.76/0.23 1.22/0.35 5.4 7.6 0.31/0.12 0.37/0.14 
5.1 9.9 0.39/0.11 0.30/0.19 0.6 7.1 0.86/0.17 0.72/0.17 6.6 7.6 0.38/0.14 0.53/0.17 
4.4 9.9 0.44/0.13 0.31/0.17 5.2 7.0 0.74/0.31 0.64/0.26 5.0 7.6 0.50/0.11 0.48/0.15 
7.5 9.9 0.80/0.10 0.32/0.29 4.0 6.5 0.47/0.14 0.44/0.13 4.6 7.6 0.39/0.06 0.47/0.12 
2.4 9.9 0.76/0.30 0.18/0.06 5.2 6.5 0.50/0.23 0.61/0.25 5.1 7.3 0.31/0.11 0.35/0.10 

12.3 9.9 0.40/0.07 0.28/0.17 1.7 6.5 0.42/0.12 0.39/0.13 6.6 7.3 0.29/0.12 0.34/0.12 
9.9 9.9 0.36/0.15 0.26/0.05 7.0 5.2 0.75/0.29 0.51/0.26 4.3 7.3 0.35/0.08 0.33/0.07 

12.3 7.6 0.25/0.06 0.45/0.10 0.6 5.2 0.49/0.17 0.41/0.21 9.9 7.3 0.23/0.07 0.40/0.07 
7.6 7.6 0.51/0.17 0.46/0.33 1.5 5.0 0.40/0.15 0.38/0.12 7.6 6.6 0.56/0.12 0.39/0.14 
4.4 7.6 0.73/0.41 0.51/0.36 10.1 4.7 0.54/0.19 0.43/0.16 4.4 6.6 0.58/0.17 0.34/0.12 
2.4 7.6 0.59/0.11 0.47/0.17 7.4 4.6 0.61/0.38 0.45/0.17 7.3 6.6 0.29/0.12 0.28/0.13 

10.0 7.5 0.52/0.12 0.60/0.24 1.8 4.2 0.34/0.19 0.30/0.14 9.9 6.5 0.20/0.05 0.23/0.05 
6.5 7.2 0.53/0.11 0.46/0.17 10.1 4.1 0.45/0.18 0.54/0.12 2.6 5.5 0.34/0.08 0.32/0.05 
4.9 7.2 1.23/0.22 0.55/0.19 6.4 4.1 0.38/0.14 0.42/0.14 7.6 5.4 0.35/0.15 0.29/0.10 
4.4 7.2 0.70/0.19 0.64/0.34 0.6 4.0 0.32/0.11 0.25/0.10 4.6 5.4 0.48/0.12 0.45/0.12 

10.0 6.7 0.45/0.12 0.35/0.10 1.4 3.8 0.33/0.22 0.29/0.21 2.5 5.1 0.42/0.10 0.77/0.11 
12.3 6.6 0.39/0.09 0.29/0.07 7.1 1.7 0.49/0.18 0.51/0.08 7.3 5.1 0.29/0.09 0.36/0.09 
7.2 6.6 0.48/0.12 0.38/0.11 10.0 1.7 0.53/0.15 0.38/0.11 4.5 5.1 0.83/0.35 0.61/0.20 
4.3 6.6 0.54/0.09 0.39/0.15 5.2 1.7 0.41/0.22 0.34/0.17 7.6 4.6 0.39/0.06 0.29/0.05 
2.4 6.6 0.59/0.07 0.34/0.08 4.0 1.7 0.34/0.22 0.31/0.14 5.3 4.6 0.41/0.18 0.43/0.16 
5.2 6.6 0.59/0.16 0.35/0.18 1.6 1.7 0.46/0.28 0.40/0.25 2.5 4.5 0.45/0.13 0.53/0.14 
5.1 5.4 0.50/0.13 0.35/0.12 0.6 1.7 0.52/0.25 0.39/0.22 5.1 4.4 0.40/0.16 0.58/0.22 
2.5 5.4 0.50/0.15 0.36/0.14 3.8 1.4 0.33/0.19 0.31/0.18 6.6 4.3 0.30/0.12 0.44/0.17 

10.0 5.3 0.57/0.11 0.52/0.13 1.6 0.7 0.60/0.25 0.49/0.27 7.3 4.3 0.28/0.06 0.30/0.07 
4.3 5.3 0.60/0.07 0.49/0.16 0.6 0.7 0.61/0.35 0.48/0.29 5.4 2.5 0.29/0.07 0.32/0.09 
6.5 5.2 0.53/0.13 0.47/0.23 2.7 0.6 0.77/0.16 0.45/0.14 5.1 2.5 0.38/0.08 0.35/0.10 

12.4 5.2 0.50/0.13 0.76/0.14 7.0 0.6 0.66/0.14 0.44/0.17 4.5 2.5 0.52/0.12 0.42/0.14 
5.3 5.1 0.70/0.15 0.62/0.15 5.1 0.6 0.52/0.27 0.41/0.21     
7.3 5.1 0.53/0.13 0.55/0.19         
4.3 4.5 0.67/0.11 0.56/0.29         
7.5 4.5 0.90/0.30 0.56/0.31         

12.2 4.4 0.53/0.08 0.84/0.08         
2.4 4.4 0.68/0.22 0.60/0.33         
6.5 4.4 0.71/0.13 0.55/0.22         

12.4 2.5 0.45/0.10 0.51/0.07         
4.4 2.5 0.67/0.22 0.45/0.23         
7.5 2.4 0.72/0.12 0.40/0.17         
5.3 2.4 0.57/0.14 0.38/0.17         
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4.5 Conclusion and Perspec-ves 
 
In conclusion, the error mapping strategy described in this chapter provided narrower linewidths than those 
obtained in Chapter 3, and the best 1H resolu4on to date. The main difference between the two approaches is 
that PIP strategies are able to remove all higher order terms from the Average Hamiltonian, whereas an4-z COSY 
only removes the residual coupling terms. Star4ng with a parameter filng method, the deep learning 
methodologies were able to op4mize performance and extend the resolu4on improvement to 2D correla4on 
spectra. The PIP spectra obtained for the different eight different organic solids were consistent to the previous 
aPributed assignments and the most of the linewidths were reduced to a few tens of Hz.   

One main advantage of the PIP approaches is the simplicity of the experimental data. To obtain the isotropic 
signal, one only needs conven4onal 1D or 2D 1H-1H correla4on spectra recorded at different spinning rates (eight 
different rates should be enough to describe the linewidth evolu4on). Plus, acquiring at the fastest MAS rates is 
not necessarily essen4al as the deep learning model is s4ll able to predict a narrow isotropic spectrum with data 
up to 60 kHz MAS.  

In PIPNET, it is worthy to note that the similar levels of performance were obtained for samples of different 
complexity, for example between β-AspAla and Molnupiravir. If the 1D isotropic spectrum s4ll presents some 
overlap due to inhomogeneous contribu4ons, the 2D isotropic spectrum obtained with PIPNET2D helps to 
disentangle the overlapped peaks, due to the addi4on of a second dimension on the spectrum, as demonstrated 
for L-tyrosine hydrochloride and ampicillin. In microcrystalline organic solids, the inhomogeneous contribu4ons 
in 2D spectra (disorder and/or ABMS) will result most of the 4me in elongated and 4lted lineshapes, facilita4ng 
the peak assignment. 

The robustness of PIPNET enables the applicability to be expanded to other correla4on experiments and other 
nuclei, that can benefit from greater resolu4on. The only necessary condi4on is to have the residual broadening 
that can be parametrized and mapped onto a different dimension from the desired isotropic signal. 

Regarding 1H linewidths, although most signals can be reduced to less than 100 Hz linewidth with the PIP strategy 
for some specific peaks in certain samples, the homogeneous broadening is no longer the domina4ng 
contribu4on to the 1H lineshape. The isotropic spectra s4ll present some 1H signals with linewidths of several 
tens or hundreds of Hz. Chapter 5 focuses on iden4fying and quan4fying the different limi4ng contribu4ons to 
1H lineshapes at the fastest MAS rates, which s4ll prevent us from obtaining solid state 1H linewidths that are 
comparable to those obtained in the liquid state.
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Chapter 5 Remaining Barriers 
 
This chapter has been adapted with permission from: Simões de Almeida, B.; Torodii, D.; Moutzouri, P.; Emsley, 
L., Barriers to Resolu4on in 1H NMR of Rota4ng Solids, J Magn Reson, 2023, 233, 107557. 

 

My contribu4on was to acquire the data, process it and to analyse the results obtained. I also wrote the 
manuscript, with contribu4ons of all authors. 

 

5.1 Introduc-on 
 
The 1H resolu4on methods described in the previous chapters were focused on the removal of the residual 
homogeneous broadening. However, 1H resolu4on of solids is also hampered by various inhomogeneous 
contribu4ons, such as those caused by anisotropic bulk magne4c suscep4bility (ABMS)239-240, 334-335, 337, ∆@~"., 
chemical shi[ dispersion due to any degree of structural disorder338, ∆�5<=:�%:, and 𝐵, field inhomogeneity.339 If 
we assume that 𝐵, field inhomogeneity is negligible in a properly shimmed magne4c field, the total 1H linewidth 
under MAS can then be defined as follows: 

 

 ∆T=T'�= ∆�5�=�':"@. +	∆@~". + ∆�5<=:�%:  (5.1) 

 

where ∆�5�=�':"@. is the residual homogeneous broadening caused by the higher order terms from the average 
Hamiltonian, as seen in Chapter 2. Among these higher order terms, up to third order half of them are refocused 
in a spin-echo experiment.249 For this reason, we decompose ∆�5�=�':"@. 	into two components corresponding to 
the refocusable and non-refocusable parts: 

 

 ∆�5�=�':"@. = ∆�5�=�':
:%�=X�<'��% + ∆�5�=�':

(=(4:%�=X�<'��%  (5.2) 

 

The PIP and PIPNET approaches are able to remove ∆�5�=�':"@.  while retaining the isotropic signal. The PIP spectra 
obtained (see Chapter 4) yield linewidths between 50-400 Hz in crystalline compounds. There is now high 
interest in understanding both what these linewidths might correspond to, and if they are under- or over-
es4mated by the current PIPNet models, but also, more generally, to understand what the limi4ng linewidths in 
crystalline solids are. This would also be valuable to independently assess the robustness of PIP spectra. In 
principle, with the use of such methods and the development of new instrumenta4on capable of reaching even 
faster MAS rates, the inhomogeneous contribu4ons might become the main limita4on for high spectral 
resolu4on in 1H solid-state NMR. 

 

In Chapter 5.2, the distribu4on of the different contribu4ons to the 1H linewidth is quan4fied for five different 
samples. There is a par4cular focus on the ABMS broadening, with dilu4on experiments and DQ/SQ spectra. This 
source of broadening plus any correlated disorder broadening can be effec4vely removed by extrac4ng the 
an4diagonal of a selected DQ/SQ peak, leading to substan4ally narrower linewidths. The evolu4on of the 
linewidth and of the lineshape as a func4on of the MAS rate is studied by filng the different peaks to a Gaussian 
Lorentzian Sum (GLS) func4on.
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5.2 Barriers to Resolu-on in1H of Rota-ng Solids 
 
This chapter has been adapted with permission from: Simões de Almeida, B.; Torodii, D.; Moutzouri, P.; Emsley, 
L., Barriers to Resolu4on in 1H NMR of Rota4ng Solids, J. Magn. Reson, in revision, 2023. 

 

My contribu4on was to develop and apply the method, acquire the data, and to analyse the results obtained. I 
also wrote the manuscript, with contribu4ons of all authors. 

 

5.2.1 Introduc-on 
 

Faster MAS rates will improve 1H resolu4on but it will only remove the homogeneous contribu4ons to the 
linewidth. Here we aim to add to the exis4ng literature by determining experimentally the weight of the different 
contribu4ons to the linewidths in fast 1H MAS spectra (up to 100 kHz) in a series of five compounds. We 
disentangle the different contribu4ons through one- and two-dimensional experiments: by using dilu4on to 
iden4fy the contribu4on of ABMS; by using extensive deutera4on to iden4fy the dipolar contribu4ons; and by 
using variable MAS rates to determine the ra4o between homogeneous and inhomogeneous components. We 
use five samples to illustrate key cases and limits: hexamethylbenzene (HMB) and 2-methyl-imidazole (2-MeIm) 
which have a significant ABMS contribu4on but different dipolar contribu4ons, a zeoli4c-imidazolate framework 
(ZIF-8) which has negligible ABMS and a high level of crystallinity, polystyrene (PS) which has a high level of 
structural disorder, and L-tyrosine hydrochloride which is a typical molecular organic compound. The findings 
are discussed in the context of limi4ng factors on 1H resolu4on. 
 

5.2.2 Theory 
 

5.2.2.1 Linewidths 
 

Bulk magne4c suscep4bility (BMS), which originates from the interac4on of a par4cle with the sta4c magne4c 
field and results in the distor4on of the local magne4c field, is an inhomogeneous interac4on that can o[en 
broaden proton linewidths.239-240, 334, 337, 340 For a given crystallite, BMS contains contribu4ons both from the 
par4cle itself (the internal field) and its neighboring crystallites, which depends on their shape, orienta4on and 
distribu4on.337 According to Alla and Lippmaa240, under MAS, the isotropic part of the BMS is averaged out 
completely, and the only term that contributes to the MAS lineshape depends on the anisotropic part of the 
BMS, known as ABMS, leading to a shi[ of the form:240  

 

 〈∆𝐵rS 〉 = 	
1
9𝐵,∆𝜒r∆𝐷r(3𝑐𝑜𝑠

2𝛾r − 1) (5.3) 

 

where for each crystallite, k, in the sample, 𝐵, is the applied magne4c field, ∆𝜒r is the anisotropy of the axially 
symmetric suscep4bility tensor, ∆𝐷r	is the anisotropy of the dipolar field tensor due to the neighboring par4cles, 
and 𝛾r is the angle between the principal axes of the suscep4bility and dipolar field tensors. Samoson et al. also 
detailed the ABMS broadening.340 

Alterna4vely, in the absence of MAS, the isotropic part of BMS can also be removed by impregna4ng a powder 
with a liquid of iden4cal suscep4bility, a method known as suscep4bility matching.341-342 343  

On the other hand, the ABMS broadening (∆@~".) under MAS can be reduced by strategies that involve dilu4on 
of the sample of interest in a matrix that has purely isotropic BMS,239 such as adamantane240, NaCl335 and KBr334. 
Surrounding the sample crystallites with crystallites with no ABMS reduces the effect of the local field induced 
by the neighboring crystallites.104, 239 

ABMS produces a spread of chemical shi[s, similarly to the effect of structural disorder, and the two effects 
cannot be immediately dis4nguished (i.e., they are both refocused by a 180° pulse). However, if ABMS is 
responsible for shi[ broadening (∆@~".), the shi[ caused by ABMS will necessarily be the same for every nucleus 
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of a given molecule in a given crystallite. In a 2D shi[ correla4on experiment, the ABMS shi[ broadening will be 
perfectly 1:1 correlated, crea4ng an elongated lineshape parallel to the spectrum diagonal. This is not necessarily 
the case for shi[s due to structural disorder (∆�5<=:�%:), which can take any shape and orienta4on/4lt angle, 328, 

331, 344-347 327  which here will be dubbed as uncorrelated disorder broadening (∆�5<=:�%:�(X=::%�'T%�) . The total 
broadening due to structural disorder is decomposed as  

 

 ∆�5<=:�%:= ∆�5<=:�%:X=::%�'T%� + ∆�5<=:�%:�(X=::%�'T%�
 (5.4) 

 

Therefore, ABMS can be dis4nguished from uncorrelated broadening due to disorder by inspec4on of lineshapes 
in 2D correla4on spectra.328, 334, 344-345 

The contribu4on to the linewidth from ∆�5�=�':
(=(4:%�=X�<'��% can be determined directly by the measurement of T2’ 

from a spin-echo decay242, 348-349: 

 

 ∆�5�=�':
(=(4:%�=X�<'��%=	∆S=

1
𝜋𝑇2S

 (5.5) 

 

We note that the effect of broadening in 1H MAS spectra due dipole-dipole couplings (∆�5�=�':"@. ) can be reduced 
or removed by extensive deutera4on of the sample, resul4ng in signals from isolated 1H nuclei. 

In a 2D correla4on spectrum, the projec4on (∆�:=p%XT5=() over all the rows of the direct dimension should contain 
the same terms as ∆T=T'� . On the other hand, the linewidth of the an4diagonal (i.e., a cross sec4on through the 
2D spectrum along a direc4on perpendicular to the diagonal) crossing through a given peak (∆'(T5�5'�) will be 
free of broadening that is correlated along the diagonal.  

With these experimental linewidths in hand the correlated and uncorrelated inhomogeneous broadening can be 
disentangled as 

 

 ∆5(x=&=�%(%=�<X=::%�'T%� =	∆@~". + ∆�5<=:�%:X=::%�'T%�= ∆�:=p%XT5=( − ∆'(T5�5'�  (5.6) 

 

 ∆5(x=&=�%(%=�<�(X=::%�'T%� = ∆'(T5�5'� − ∆S (5.7) 

 

5.2.2.2 Lineshapes 

 

In order to iden4fy the limits of 1H resolu4on, and the evolu4on of the linewidths with dilu4on and as a func4on 
of the MAS rate, an appropriate filng func4on that accurately describes the experimental 1H lineshapes must 
be chosen.  

Spectral lineshapes are commonly described with the aid of Lorentzian and Gaussian func4ons. Typically, 
Lorentzian lineshapes are associated with isolated I = 1/2 spins, which are broadened by homogeneous 
mechanisms. 110, 350 On the other hand, Gaussian lineshapes are o[en found in rigid systems with distribu4ons 
of isotropic chemical shi[s. 110, 350 As a result, in many micro-crystalline organic powdered solids under MAS, the 
experimental lineshapes are characterized by a combina4on of both Lorentzian and Gaussian components. The 
most complete way to treat such a lineshape would be the use of a Voigt func4on,299, 351 which is a convolu4on 
of a Gaussian (G) and a Lorentzian (L) func4on:  

 

 G(𝜈;𝑤� , 𝑝) = 𝑒𝑥𝑝 Ç−
4 𝑙𝑛(2) (𝜈 − 𝑝)2

𝑤�2
É (5.8) 
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L(𝜈;𝑤G , 𝑝) =

1

1 + 4 (𝜈 − 𝑝)
2

𝑤G2
 

(5.9) 

 

 Voigt(𝑣;𝑤� , 𝑤G , 𝑝) = 𝐺 ∗ 𝐿 (5.10) 

 
where w is the full width at half maximum (FWHM) of the func4on, and p is the peak posi4on. 

Historically, the repeated convolu4on required during a filng process was 4me consuming,351 and an analy4cal 
approxima4on was introduced which consisted of a linear combina4on of Gaussian and Lorentzian lines. 
Wertheim et al.. introduced the Gaussian-Lorentzian Sum (GLS) (Eq. 5.11) 299, 351-352 to fit any experimental 
lineshape:  

 

 GLS(𝜈;𝑤, 𝑝,𝑚) = (1 −𝑚)𝑒𝑥𝑝 Ç−
4 𝑙𝑛(2) (𝜈 − 𝑝)2

𝑤2 É +
𝑚

1 + 4(𝜈 − 𝑝)
2

𝑤2

 (5.11) 

 

where m is the mixing factor describing the lineshape, with m = 1 being purely Lorentzian, and m = 0 being purely 
Gaussian. Unlike Voigt, in GLS the same width is used for the Gaussian and Lorentzian components, and the 
components are weighted by the mixing factor. It has been shown with simula4ons that the GLS func4on 
accurately determines peak areas created by different Voigt profiles, down 0.72% error.352 The GLS func4on has 
long been used for lineshape filng for NMR spectral quan4fica4on353, with GLS, also some4mes referred to as 
GALORE, s4ll being used in recently developed so[ware for NMR spectral analysis or peak deconvolu4on.354-356  

In the following, all reported FWHM are from filng to a GLS func4on, unless specified otherwise. In sec4ons 
5.2.4.3 and 5.2.4.4, m and w are studied as a func4on of the MAS rate, and fits to the Voigt func4on are similarly 
analyzed to serve as a complementary tool to aid our understanding of proton lineshape behavior with increasing 
spinning speeds. 

  

5.2.3 Experimental 
 
Zinc 2-methylimidazole metal-organic framework (ZIF-8) and natural abundance 2-methylimidazole (2-MeIm) 
were purchased from abcr GmbH. HMB, L-tyrosine hydrochloride and KBr were purchased from Thermo Fisher 
Scien4fic, Combi-Blocks and Sigma Aldrich, respec4vely. 98% deuterated 2-MeIm-d6 was purchased from 
Cambridge Isotope Laboratories Inc. Polystyrene (PS) beads with a mean par4cle size of 1.1 µm size were 
purchased from Sigma Aldrich as an aqueous suspension and lyophilized. All samples were used without further 
recrystalliza4on and were crushed with a mortar and pestle prior to packing into the NMR sample rotors. 

All spectra were acquired on a 21.14 T Bruker Avance Neo spectrometer corresponding to 900 MHz 1H frequency. 
The sets of spectra at variable MAS rates ranging from 40 to 100 kHz were acquired using a Bruker 0.7 mm room 
temperature HCN CP-MAS probe with ac4ve temperature control in order to maintain the sample temperature 
at approximately 295 K across all spinning rates so as to minimize any spectral changes related to temperature 
effects. The magic angle was op4mized directly on each sample by maximizing the T2’.357 The following 
experiments were acquired at every MAS rate: an 1D 1H spectrum, acquired using a rotor-synchronized spin echo 
sequence for background suppression; a pseudo 2D echo experiment with increasing rotor-synchronized delays 
to measure T2’; and a 2D Double Quantum – Single Quantum (DQ/SQ) 1H-1H spectrum using the BABAxy16 pulse 
sequence.203 (Details are given in Appendix VII) 

Spectra of HMB and 2-MeIm diluted in KBr were acquired using a Bruker 1.3 mm room temperature HDCN CP-
MAS probe. The temperature was kept constant using a VT flow at 295K for 2-MeIm and 265K for HMB. The 1H 
chemical shi[s of L-tyrosine hydrochloride at 100 kHz MAS and the 1H and 13C chemical shi[s of HMB were 
referenced and assigned according to literature.214,334 L-tyrosine hydrochloride and HMB were then used as 
external references for the referencing of the proton chemical shi[s of 2-MeIm, ZIF-8 and Polystyrene. All 
experiments and raw data are detailed in the Supplementary Informa4on. 

Both 0.7 and 1.3 mm probes were shimmed using a rotor filled with adamantane (also used as an external 
reference) and yielding 3 and 14 Hz for the 13C linewidth, respec4vely, measured through a 13C cross-polariza4on 
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(CP) experiment. (Note the shimming was not explicitly evaluated with single pulse 13C NMR to confirm the 
quality of shimming on the whole sample, and it is assumed that the 𝐵, field inhomogeneity in the adamantane 
rotor is comparable to that in the other samples.) For all compounds, ∆c was predicted from the bulk magne4c 
suscep4bility tensor, calculated from DFT computa4ons using Quantum ESPRESSO (sec4on 5.2.5.4 in Appendix 
VII). All the lineshapes presented in this work were fiPed to both Voigt and GLS func4ons using a home-wriPen 
script in MATLAB (available in Supplementary Informa4on. All filng parameters of the linewidth evolu4on as a 
func4on of the rotor period are detailed in sec4on 5.2.5.2 of Appendix VII. 

 

5.2.4 Results & Discussion 
 
5.2.4.1 Removal of correlated inhomogeneous broadening 
 
HMB is a reference sample for the inves4ga4on of ABMS113, 239-240, 334, since with a predicted ∆c of 1.34 ppm 
(Table 5.64), it presents significant broadening due to suscep4bility. The effect of dilu4on of HMB with KBr on its 
1H and 13C linewidths at 60 kHz MAS is depicted in Figure 5.1, where spectra of undiluted HMB are shown in blue, 
and those of diluted HMB in KBr (20:80% w/w) are shown in red. From a series of dilu4on experiments335 (Table 
5.65), this ra4o was found to give the best narrowing effect while retaining sufficient sensi4vity. As shown in 
Figure 5.1 (a) and (b), dilu4on results in approximately 0.6 ppm of line narrowing to both 1H 1D and 13C CP 
linewidths, due to the par4al suppression of ABMS. The suscep4bility broadening is propor4onal to 𝐵,, so it is 
expected to be the same for different nuclei when expressed in ppm. Another effect of ABMS is an overall shi[239, 

358-360 for all 1H and 13C resonances observed in the spectra, and dilu4on reduces this shi[ by 0.46 ppm in Figure 
5.1. This experiment confirms that at least 45% of the residual 1H linewidth in HMB at 60 kHz MAS is due to 
ABMS. The remaining 55% (669 Hz) can be due to residual ABMS, dipolar broadening, and structural disorder. 

Figure 5.1 (c) depicts 1H-1H DQ/SQ spectra of HMB with and without dilu4on. We note that the lineshape in both 
samples is elongated along the diagonal. This indicates that the broadening is highly correlated. To es4mate the 
degree of correla4on, we compare the linewidth in the skyline/posi4ve projec4on (∆�:=p%XT5=() of the spectrum 
to the linewidth of the an4diagonal perpendicular to the DQ diagonal of the DQ/SQ spectrum (∆'(T5�5'�). (Note 
that in principle, the sum projec4ons should be iden4cal to the 1D spectra. The small differences in the linewidths 
measured here for the 1D spectra and the projec4ons are related to the selec4on of crystallites with longer 
relaxa4on 4mes which occurs whenever t1 evolu4on is present.213, 349 Thus, it is most appropriate here to 
compare the individual horizontal cross sec4ons to the projec4ons.) Notably, in the undiluted sample, the 
an4diagonal shows a 1H line narrowing of 1.04 ppm compared to the projec4on. The reduc4on we see here is 
due to the removal of residual ABMS and any broadening due to correlated structural disorder.328 The remaining 
160 Hz (∆'(T5�5'� ) can be due to dipolar broadening and/or to uncorrelated structural disorder. For both 
undiluted and diluted HMB samples the narrowing effect in the 2D spectra is due to suppression of ABMS and 
any correlated disorder.  

 

 
Figure 5.1 The effect of dilution in KBr on 1H spectra of HMB: (a) 1H 1D, (b) 13C CP, (c) 1H-1H DQ/SQ BABA for a sample of 
HMB with (red) and without (blue) dilution in 80% of KBr. The tilted dashed lines in the 2D spectrum represent the 
antidiagonals extracted from 2D spectra. The vertical dashed lines highlight the 1H and 13C chemical shift of the undiluted 
sample and the shift induced by KBr dilution is given in Hz and ppm for each peak in the diluted spectra. In (c), the projections 
of the two-dimensional experiments are shown in black, overlaid with the antidiagonals. The full width at half maximum 
(FWHM) of each peak is indicated.
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5.2.4.2 Removal of correlated inhomogeneous broadening ∆𝒅𝒊𝒑𝒐𝒍𝒂𝒓𝑴𝑨𝑺  
 
To probe the total homogeneous contribu4ons (∆�5�=�':"@. ) to the residual linewidths, we propose to use extensive 
deutera4on to remove 1H-1H dipolar couplings. To this end we studied four samples of 2-MeIm (∆c = 2.69 ppm), 
shown in Figure 5.2: natural abundance undiluted (blue), 98% deuterated undiluted (purple), and their variants 
diluted with KBr to 95% (protonated in red and deuterated in orange). In both protonated and deuterated 2-
MeIm, KBr dilu4on results in line narrowing of 0.17 ppm for H1 and approximately 0.1 ppm for H4, as depicted 
in Figure 5.2 (a) In the protonated 2-MeIm, the line narrowing for C4 was 0.15 ppm (Figure 5.2 (b)). KBr dilu4on 
in both cases reduces (but does not completely remove) the contribu4on due to ABMS. (Note also that, as 
expected,239, 358-360 and as observed above for HMB, dilu4on with KBr also reduces the ABMS induced shi[). 

Deutera4on of 2-MeIm, on the other hand, also results in 0.09 and 0.18 ppm line narrowing for H1 and H4, 
respec4vely, but this 4me due to the removal of residual 1H homonuclear dipolar couplings. As expected, the 
spectrum with the narrowest lines is the one acquired for the 98% deuterated 95% diluted 2-MeIm sample 
(Figure 5.2 (a)), due to the simultaneous par4al suppression of ABMS and essen4ally complete suppression of 
residual dipolar coupling, yielding linewidths of 0.53 ppm (475 ± 24 Hz) (H1) and 0.52 ppm (466 ± 24 Hz) (H4). 
Figure 5.2 (c) shows the region of the DQ/SQ spectra for H1-H4 correla4on peaks. Again, the linewidths measured 
from the an4diagonals are almost the same for undiluted and diluted 98% deuterated 2-MeIm. Small differences 
in the measured linewidths are assumed to be due to the low sensi4vity of the fully deuterated diluted 2-MeIm 
sample. The linewidths in the an4diagonals are 106 ± 27 and 110 ± 27 Hz for H1 and H4, respec4vely, as opposed 
to 687 ± 27 and 702 ± 27 Hz in the ordinary, fully protonated, undiluted projec4ons. 

As with HMB, the narrowest linewidths are found with the an4diagonal of the DQ/SQ experiment for both HMB 
and 2-MeIm, since they are free from any correlated inhomogeneous broadening (∆5(x=&=�%(%=�<X=::%�'T%� ). The 
linewidth will therefore be limited by the homogeneous broadening. Here we clearly see that 98% deutera4on, 
which removes the remaining homogeneous broadening (∆�5�=�':"@. ), leads to a reduc4on in linewidth, down to 
103 Hz. This remaining linewidth is thus aPributed to ∆�5<=:�%:�(X=::%�'T%�.  

 

 
Figure 5.2 The effect of dilution with KBr and deuteration on the spectra of 2-MeIm: a) 1H 1D, b) 13C CP, c) 1H-1H DQ/SQ 
BABA regions of the H1/H4 cross peaks of pure natural abundance (blue), pure 98% deuterated (purple), and diluted in 95% 
w/w KBr for the fully protonated (red) and 98% deuterated 2-MeIm (orange) samples. The tilted dashed lines in the 2D spectra 
represent the antidiagonals extracted from the DQ/SQ spectra.  The projections of the two-dimensional spectra are shown in 
black, overlaid with the antidiagonals, extracted from the same 2D spectra. The linewidths are represented as FWHM in each 
case. 
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5.2.4.3 Linewidths and lineshapes as a funcAon of the MAS rate  
 
Proton lineshapes were studied over a range of MAS rates between 40 and 100 kHz. The one-dimensional 1H 
spectrum of HMB acquired at 100 kHz MAS (Figure 5.3 (a), shows a linewidth of 969 ± 27.6 Hz. The corresponding 
DQ/SQ spectrum (Figure 5.3 (b)) acquired for the same sample shows, as expected, a highly correlated 2D 
lineshape, similar to the one acquired at 60 kHz MAS (Figure 5.1 (c)), characteris4c of ABMS and correlated 
structural disorder. Notably, in this spectrum, the projec4on (∆�:=p%XT5=() of the two-dimensional peak has a 
linewidth of 926 ± 27.6 Hz, whereas the linewidth of the an4diagonal (∆'(T5�5'�), which as discussed above lacks 
contribu4ons of ABMS or correlated structural disorder, is reduced to 111 ± 27.6 Hz, as shown in Figure 5.3 (c). 
At 100 kHz MAS, the T2’ measured for the HMB proton resonance is 5.73 ± 0.01 ms, corresponding to a 
homogeneous contribu4on ∆Sof 55 ± 1 Hz, which corresponds to 6% of the linewidth of the projec4on.  

 

 
Figure 5.3 HMB: (a) Chemical structure and 1D 1H spectrum and (b) 2D 1H-1H DQ/SQ spectrum of HMB at 100 kHz MAS. The 
tilted dashed line in the 2D spectrum represents the antidiagonal extracted. (c) Skyline projection ∆6789:;<=8>  (black) and 
antidiagonal ∆?><=@=?A (red) from the 1H-1H DQ/SQ spectrum in (b). (d) Measured linewidths as a function of the rotor period: 
1D 1H (blue), Δ’ (blue lagoon) (from the measurement of T2‘, see Appendix VII for details), the DQ/SQ projection (black), DQ/SQ 
antidiagonal (red), and the total inhomogeneous contribution (orange), calculated as ∆6789:;<=8>– Δ’ 

 
In Figure 5.3 (d), the dependence of these different linewidths fiPed to the GLS lineshape func4on, as a func4on 
of the rotor period, are shown. (Note that the Voigt linewidths are given in Figure 5.12 and Table 5.30, and the 
quality of the lineshape fits with both func4ons is summarized in Figure 5.11. The GLS fits are slightly bePer than 
for Voigt, but the difference is negligible. Overall, the RMSE for all the lineshape fits at all MAS rates is small (a 
maximum of 0.04) yielding accurate filng to both func4ons.) All the linewidths shown in Figure 5.3 (d) were 
fiPed to both a linear and a quadra4c dependence on the rotor period, in order to assess what is the MAS 
dependence of the linewidth of every studied resonance here. The level of the MAS dependence is linked to the 
preponderance of the higher order terms of the average Hamiltonian. All filng parameters are detailed in Table 
5.23. The root-mean square error (RMSE) values and the linewidths predicted at an infinite MAS rate for the 
linear filng are summarized in Table 5.1. The linewidth corresponding to the inverse of T2’, ∆’ = 1/(πT2’), 
decreases linearly with MAS and is completely eliminated at infinite MAS rate. This linear dependence is 
characteris4c of the fact that only the second order terms of the average Hamiltonian, which have an inverse 
linear dependence on the MAS rate, are relevant, and higher order terms are negligible in this case.249 The one-
dimensional 1H linewidth (blue dots) has an overall decrease of just 45 Hz over the range of MAS rates recorded 
here, showcasing again a rather small homogeneous contribu4on. (Which is expected since the HMB molecules 
rotate rapidly in the plane of the ring, and the methyl groups rotate rapidly around their C3 axes, leading to a 
significant reduc4on In the intramolecular dipolar couplings.361) If ∆’ is subtracted from the projec4on, the total 
inhomogeneous linewidth (orange dots) is obtained. As would be expected, since only the terms arising from 
dipolar couplings should vary with MAS rate, the inhomogeneous linewidth is seen to be almost constant over 
the whole range of MAS rates. Addi4onally, in the Voigt filngs (Figure 5.12), the wG of both the projec4on and 
the an4diagonal are constant, in agreement with the GLS linewidths. 
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Table 5.1 HMB: Predicted linewidth at infinite MAS rate ∆∞ of the different 1H contribu;ons, obtained by fipng the data in 
Figure 3 to a linear func;on of the rotor period, together with the standard errors (95 % confidence) and the RMSE values for 
the fits. 
 

 HMB H1 
Linear 

∆∞ RMSE 
1D 917 ± 13 3.01 
∆’ 0 ± 0 0.59 

∆!"#$%&'(#) 911 ± 16 8.18 
∆*)'(+(*, 31 ± 19 9.91 

 
Concerning the DQ/SQ spectra, the linewidths of the projec4ons of the two-dimensional lineshapes (black dots) 
follows a similar dependence as the inhomogeneous linewidth, showing that the dominant contribu4on to the 
linewidth is ABMS and/or correlated disorder. In the an4diagonal extracted from the 100 kHz spectrum, the 
homogeneous contribu4on ∆’ = 55 Hz measured through T2’ represents 49% of the total linewidth of the 
an4diagonal (∆'(T5�5'� = 111.0 ± 27.7 Hz). ∆'(T5�5'� decreases linearly as a func4on of the rotor period, and has 
an intercept at 31 ± 19 Hz, which in principle corresponds to the uncorrelated inhomogeneous linewidth 
(∆5(x=&=�%(%=�<�(X=::%�'T%� ) . In summary, we find that the overall lineshapes in HMB is dominated by ABMS and/or 
correlated disorder. However, if the an4diagonal is extracted from a 2D correla4on experiment, the linewidth is 
much narrower and the removal of residual homogeneous contribu4ons at faster rates is s4ll beneficial. 

The second sample studied here is ZIF-8. Due to its cubic crystal structure (Figure 5.4), ABMS is predicted to be 
zero. In addi4on, the highly ordered crystalline environment should translate to only a small contribu4on from 
structural disorder. 

 

 
Figure 5.4 ZIF-8 structure: (a) 2D structure of Zn2+ and 2-methylimidazole (2MeIm); (b) 3D structure of Zn(2-MeIm) 
tetrahedron; (c) Zeolitic imidazolate framework ZIF-8. The structure is taken from CSD entry FAWCEN04. 362  
 
In Figure 5.5 (a), the 1D 1H spectrum at 100 kHz MAS shows linewidths of 200 ± 7 Hz (H2) and 245 ± 7 Hz (H1). In 
the same figure, the corresponding DQ/SQ spectrum shows two auto correla4on peaks and cross peaks between 
H1 and H2. The projec4on ∆�:=p%XT5=(  (black) and the an4diagonals ∆'(T5�5'�  (red) have almost iden4cal 
linewidths, indica4ng that, in direct contrast to HMB, correlated broadening is negligible in this sample.  

The T2‘ measured at this rate are 3.43 ± 0.02 ms for H2 and 2.46 ± 0.02 ms for H1 corresponding to linewidths of 
∆’ = 92 ± 1 and 129 ± 1 Hz, respec4vely. The homogeneous contribu4ons represent therefore 57 % of the 
projec4on for H2, and 95 % for H1.  

Table 5.2 shows the predicted linewidth at infinite MAS rate, ∆∞. For H2, the linewidths fit best to a quadra4c 
depenence. From Average Hamiltonian Theory, a quadra4c  dependence is symptoma4c of third order terms 
contribu4ng to the linewidth.249 For H2, the total inhomogeneous contribu4on (orange dots) is nearly constant 
across the MAS rate range with an average value of 56 ± 7 Hz. The spectra exctracted from DQ/SQ projec4ons 
and an4diagonals show very similar linewidths over all MAS rates, indica4ng the absence of any correlated 
inhomogeneous distribu4ons. Therefore, the 1H spectrum will s4ll benefit from faster spinning, allowing the 
more complete removal of residual homogeneous contribu4ons. 

N
N

Zn2+
1

2
2

2-MeIm

Zn(2-MeIm)4 tetrahedron ZIF-8

a)

b)

c)



Chapter 5- Remaining Barriers 

 166 

 
Figure 5.5 ZIF-8: (a) 2D 1H-1H DQ/SQ spectra of ZIF-8 at 100 kHz MAS and 1D 1H (blue), ∆?><=@=?A	single row (red) and positive 
projection ∆6789:;<=8> (black) extracted from the region delimited by the dashed rectangle. The tilted dashed lines in the 2D 
spectrum represent the antidiagonals extracted.  (b) and (c) evolution of the measured linewidths as a function of the rotor 
period for (c) H2 and c) H1: 1D 1H (blue), Δ’ contribution (blue lagoon), 1H-1H DQ/SQ projection (black), 1H-1H DQ/SQ 
antidiagonal (red), and the inhomogeneous contribution (orange), calculated as “ ∆6789:;<=8> – Δ’” 

 
For the methyl peak (H1) in Figure 5.5 (c), the linewidths fit best to a linear regression. The linewidths measured 
in the ∆�:=p%XT5=( and ∆'(T5�5'�	have similar values to those calculated from the T2‘ measurements, appearing to 
be purely homogeneous. The 1D linewidths presents an intercept at 81 ± 20 Hz, respec4vely, showing the 
presence of small inhomogeneous contribu4ons.   

Note that for the methyl peak, filng with the Voigt func4on (Figure 5.14) yields a purely Lorentzian lineshape 
that is equal to ∆’, symptoma4c of pure dipolar broadening. 110, 350  

This high crystallinity of ZIF-8 allows to illustrate briefly the effect of 𝐵, inhomogeneity. In Figure 5.24, the DQ/SQ 
spectrum at 100 kHz MAS of ZIF-8 was acquired with deliberately bad shims. The peak from H2 is no longer 
round, but is elongated and 4lted. The transforma4on of the peak shape shows how 𝐵, inhomogeneity induces 
the same kind of correlated broadening as ABMS. 

 
Table 5.2 ZIF-8: Predicted linewidth at infinite MAS rate ∆∞ of the different 1H contribu;ons, obtained by fipng the data in 
Figure 5 to a quadra;c func;on of the rotor period for H2, and linear func;on for H1, together with the standard errors (95 % 
confidence) and the RMSE values for the fits. 
 

 
ZIF-8 H2 ZIF-8 H1 

Quadratic Linear 
∆∞ RMSE ∆∞ RMSE 

1D 69 ± 30 1.44 81 ± 20 4.93 
∆’ 0 3.21 0 4.72 

∆�:=p%XT5=( 139 ± 8 0.37 0 ± 5 4.61 
∆'(T5�5'� 138 ± 30 1.45 0 ± 5 5.14 

 
The third compound studied is L-tyrosine hydrochloride (∆c = 0.62 ppm), which has 10 different resonances, 
some of them overlapping even at 100 kHz MAS, as seen in Figure 5.6. Linewidths were measured only for 
protons H1, H9 and H3’, which are well-resolved peaks.  

The DQ/SQ spectrum shows markedly correlated lineshapes for the double quantum pair between H1 and H9, 
whereas the H3’ 2D peak in the H2/H3-H3’ double quantum correla4on pair has a rounder shape.  

In Figure 5.7, the an4diagonal linewidths in red are compared to the respec4ve projec4on, in black. For all three 
protons, ∆'(T5�5'� is again narrower (141 ± 6 Hz, 149 ± 6 Hz, and 314 ± 6 Hz for H1, H9, and H3’ respec4vely) 
than ∆�:=p%XT5=( (289, 298, and 394 Hz for H1, H9, and H3’ respec4vely). The T2’ measured at 100 kHz are 5.33 ± 
0.02 ms (60 ± 1 Hz) for H1, 4.08 ± 0.02 ms (78 ± 1 Hz) for H9, and 1.74 ± 0.02 ms (182 ± 1 Hz) for H3’, corresponding 
to homogeneous linewidths of 20%, 26% and 46% with respect to the projec4on. 
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Figure 5.6 L-tyrosine.HCl: 2D 1H-1H DQ/SQ at 100 kHz MAS, 1D 1H spectrum (blue), posi;ve projec;ons (black) extracted 
between 22.8 ppm - 25.5 ppm and 7.20 ppm - 9.12 ppm and an;diagonals (red). The ;lted dashed lines in the 2D spectrum 
represent the an;diagonals extracted from the DQ/SQ spectrum. 

The linewidths at infinite MAS rate extrapolated from the MAS dependence for L-tyrosine hydrochloride (Figure 
5.7 (a), (b) and (c)) are summarized in Table 5.3.  

For H1 in Figure 5.7 (a), all linewidths fit best to a quadra4c dependence on the MAS rate (Table 5.3). 
∆�:=p%XT5=( (black dots) intercepts at 277 ± 21 Hz and  ∆'(T5�5'�  intercepts at 37 ± 25 Hz, highligh4ng the 
considerable correlated inhomogeneous contribu4on to the linewidth. H9 also fits best to a quadra4c MAS 
dependence, with similar values as the ones from H1.  

 

 
Figure 5.7 L-Tyrosine HCl: Evolu;on of the measured linewidths as a func;on of the rotor period for (a) H1, (b) H9 and (c) H3’: 
1D 1H (blue), Δ’ contribu;on (blue lagoon), ∆6789:;<=8>  (black), ∆?><=@=?A8>?B  (red), and the inhomogeneous contribu;on 
(orange), calculated as ∆6789:;<=8> – Δ’ 

For H3’, in Figure 5.7 (c), the T2’ follows a quadra4c dependence between 60-100 kHz MAS. ∆'(T5�5'� intercepts 
at zero, but the RMSE is higher than for the other sites. This would mean that there is no uncorrelated 
inhomogeneous contribu4on, and this was not observed for the other protons. For this to be the case, ∆'(T5�5'� 
should align with the ∆’ values, as was shown in ZIF-8. 
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Table 5.3. L-Tyrosine hydrochloride: Predicted linewidth at infinite MAS rate ∆∞ of the different 1H contribu;ons, obtained by 
fipng the data in Figure 5 to a quadra6c func;on of the rotor period for H1, H9 and H3’, together with the standard errors (95 
% confidence) and the RMSE values for the fits. 
 

 
Tyr H1 Tyr H9 Tyr H3’ 

Quadratic Quadratic Quadratic 
∆∞ RMSE ∆∞ RMSE ∆∞ RMSE 

1D 219 ± 10 1.76 288 ± 5 0.74 348 ± 71 1.15 

∆’ 0 1.28 0 0.86 0 6.61 

∆�:=p%XT5=( 277 ± 21 2.47 284 ± 48 1.48 181 ± 176 5.41 

∆'(T5�5'� 37 ± 25 2.77 55 ± 32 0.99 0 ± 10 14.3 

 
The final sample studied here is lyophilized polystyrene. The aroma4c peak at 7 ppm in the 1D spectrum has a 
linewidth of 1613 ± 222 Hz. The autocorrela4on peak for the aroma4c protons in the DQ/SQ spectrum shown in 
Figure 5.8 (b) and (c) presents a linewidth of 1538 ± 111 Hz for the projec4on and 948 ± 111 Hz for the 
an4diagonal. The T2’ measured at 100 kHz MAS is 1.97 ± 0.02 ms, (161 ± 1 Hz). This peak is mainly 
inhomogeneously broadened since the homogeneous contribu4on accounts for only 10% of the total linewidth. 

 

 
Figure 5.8 Polystyrene: (a) chemical structure, 1D 1H spectrum, and (b) 2D 1H-1H DQ/SQ spectrum acquired at 100 kHz MAS. 
The ;lted dashed lines in the 2D spectrum represent the an;diagonals extracted from DQ/SQ. (c) Posi;ve projec;on (black) 
extracted between 9.90 ppm – 18.78 ppm overlayed with an;diagonal (red) for the Ar and (d) evolu;on of the measured 
linewidths as a func;on of the rotor period: 1D 1H (blue), ∆’ contribu;on (blue lagoon), 1H-1H DQ/SQ projec;on (black), 1H-1H 
DQ/SQ an;diagonal (red), and the inhomogeneous contribu;on (orange), calculated as ∆projec'on – ∆’. 

The linewidths fit best to a linear regression. The ∆∞ for the projec4on is 1363 ± 90 Hz and 402 ± 32 Hz for the 
an4diagonal. For polystyrene, the resolu4on improvement from the DQ an4diagonal will be less important as 
compared to the other samples, since uncorrelated inhomogeneous broadening is the main contribu4on to the 
linewidth, due to structural disorder. 

0

400

800

1200

1600

2000

Li
ne

w
id

th
 [H

z]

1H SQ frequency [ppm]

1 H
 D

Q
 fr

eq
ue

nc
y 

[p
pm

]

0 -551015

0

5

10

15

a) c)

b) d)

H1,2

Ar ArC
H n

C
H

H
1

2

Ar

0 10 20 30
Rotor period [us] 



Chapter 5- Remaining Barriers 

 169 

 
Table 5.4 Polystyrene: Predicted linewidth at infinite MAS rate ∆∞ of the different 1H contribuRons, obtained by 
fidng the data in Figure 8 to a linear  funcRon of the rotor period for Ar, together with the standard errors (95 % 
confidence) and the RMSE values for the fits. 
 

 
PS Ar 
Linear 

∆∞ RMSE 
1D 1367 ± 8 1.74 
∆’ 0 8.04 

∆�:=p%XT5=( 1363 ± 90 18.68 
∆'(T5�5'� 402 ± 32 6.94 

 
5.2.4.4 Summary of the contribuAons to the linewidth  
 
The individual contribu4ons to the total linewidth for each resonance studied here is shown in Figure 5.9 for two 
different MAS rates, 60 kHz and 100 kHz (90, 80 and 72 kHz MAS are presented in Figure 5.23). The uncorrelated 
inhomogeneous contribu4on can be calculated as the difference between the an4diagonal from the DQ 
spectrum and ∆ ’. The correlated inhomogeneous linewidth is the difference between the total linewidth 
(projec4on) and the an4diagonal. The decomposi4on of the linewidths shows how each molecule can have a 
different distribu4on of contribu4ons. The HMB linewidth is mainly composed of correlated inhomogeneous 
interac4ons and the removal of the remaining homogeneous contribu4on will only slightly improve the 
resolu4on.  

O[en, the biggest gain in resolu4on is here obtained by recording a 2D spectrum, which will result in 
characteris4c elongated lineshapes in the 2D space, with a much narrower linewidth across the an4diagonal.  

Different distribu4ons of contribu4ons can even be observed within the same molecule. The linewidths in L-
tyrosine hydrochloride are certainly uniformly much narrower than those in HMB, but H1 and H9 present similar 
levels of the different contribu4ons, with 147 ± 22 and 148 ± 22 Hz of correlated inhomogeneous broadening, 
respec4vely, while H3’ has a significantly larger homogeneous and uncorrelated inhomogeneous contribu4on 
than H1 and H9. However, it only has 79 ± 22 Hz of correlated inhomogeneous contribu4ons.  

ZIF-8 shows the narrowest linewidths among the four samples, with for H1, the linewidth being essen4ally 
en4rely homogeneous, with only 5 ± 13 Hz of uncorrelated inhomogeneous broadening. 

Note that we used cross peaks in the analysis because they were generally bePer resolved in most of the samples 
(and autocorrela4on peaks are not always present). In the cases where both cross peaks and autocorrela4on 
peaks are present and resolved we do see differences between the widths of the cross- and auto-peaks, of 
between 10 to 50 Hz). This is not unexpected, but in most cases, this is within the overall error of the analysis, 
and we have not pursued this any further. The linewidths of all the observable peaks are given in the Tables in 
the Appendix VII. 

Only ABMS is common to all peaks, and the homogeneous contribu4on is common to all 2D peaks of the same 
site. Notably, in previous work by Cadars et al.327, 345, DQ/SQ spectra presented different shapes and 4lt angles 
for cross peaks corresponding to the same spin, but for different correla4ons. 

PS has the largest linewidth. Although it also has a large homogeneous contribu4on (160 Hz) when compared to 
other samples, it is only a small contribu4on to the total linewidth. The uncorrelated inhomogeneous linewidth 
is the largest contribu4on (786 ± 110 Hz), when compared to correlated one (589 ± 110 Hz). This is most striking 
in the DQ/SQ spectrum where, unlike HMB, the spectrum presents a rounder lineshape, a clear indica4on of the 
uncorrelated contribu4on. Note that the uncorrelated inhomogneous linewidth includes both the contribu4on 
from ∆�5�=�':

:%�=X�<'��% and the contribu4on due to structural disorder. Since ∆�5�=�':
:%�=X�<'��%	is likely to be of the same 

order in magnitude as ∆’, when the uncorrelated inhomogeneous linewidth (∆5(x=&=�%(%=�<�(X=::%�'T%� ) is much larger than 
∆’, as is the case for PS, then it can be ascribed to the effect of structural disorder.  
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Figure 5.9 The different contribu;ons to linewidth at 100 kHz MAS (a) and 60 kHz MAS (b): For all the different resonances, 
the homogeneous contribu;on (green), the uncorrelated inhomogeneous contribu;on (fade yellow) and the correlated 
inhomogeneous contribu;on (yellow) are shown. 
 
Although the total inhomogeneous contribu4on is essen4ally constant with increasing MAS rates in all the 
samples, as expected, it is interes4ng to note that, for both PS and tyrosine, the correlated inhomogeneous 
contribu4on appears to increase between 60 and 100 kHz, while the uncorrelated contribu4on appears to be 
reduced (The evolu4on of the correlated and uncorrelated inhomogeneous broadenings as a func4on of the 
MAS rate for every peak is shown in Figures 5.13, 5.15, 5.16, 5.18, 5.19, 5.20 and 5.22). We ascribe this to an 
ar4fact in the filng due to the fact that overall 2D lineshapes of these peaks is changing from a rounded 
lineshape at lower MAS rates, dominated by the homogeneous contribu4on, to the resolved 4lted peaks at faster 
MAS, where the correlated and ABMS contribu4ons dominate. It is the convolu4on of the homogeneous and the 
inhomogeneous lineshapes that determine the correlated and uncorrelated contribu4ons. We note from 
simula4ons (Figures 5.25-S28) with different convolu4ons of Lorentzian and Gaussian components that the fits 
to the GLS (or Voigt) lineshapes do not always fit best to the input parameters for the mixed lineshapes, and that 
this has also been observed previously353, and that this can lead to the type of varia4on seen here for L-
Tyrosine.HCl and PS. The true propor4ons of the components within the inhomogeneous contribu4ons should 
be invariant to MAS rate, as seen for example with HMB and ZIF-8.  In the cases where they vary with MAS, we 
believe that the propor4ons measured at the fastest rates (i.e. with the least contribu4on from homogeneous 
(Lorentzian) terms, are likely to be the most reliable. 

In all the samples studied here, the an4diagonals extracted from DQ/SQ experiments give the narrowest 
linewidths.  

 
5.2.4.5 Lineshapes 
 
In addi4on to the linewidths, the lineshapes of all the resonances were determined using the GLS func4on of Eq. 
5.11. In each panel, the mixing factor obtained at 60 and 100 kHz MAS rate are shown, (fiPed values for all the 
rates are given in Tables 5.30-63). 

For HMB Figure 5.10 (a), the mixing factor m of the DQ projec4on is 0.15 at 100 kHz and m = 0.15 at 60 kHz. The 
lineshape character does not alter much across the MAS rates and it remains mostly Gaussian. On the other 
hand, the DQ/SQ an4diagonal has a significant Lorentzian character (m = 0.52) at 100 kHz. There is a major 
difference in the lineshape character between the DQ-SQ projec4on (Gaussian) and the DQ/SQ an4diagonal 
(Lorentzian).  

For H2 of ZIF-8, The DQ/SQ projec4on (Figure 5.10 (b)) shows at 60 kHz MAS a Lorentzian lineshape (m = 0.52) 
but at 100 kHz the lineshape has Gaussian characteris4cs (m = 0.33). The corresponding DQ-SQ an4diagonal is 
mostly Gaussian (at 100 kHz, m = 0.25, and at 60 kHz, m = 0.35). The fact that the Lorentzian character is more 
pronounced at slower MAS rates indicates that it is correlated with homogeneous contribu4ons to the linewidth.  

Concerning the methyl peak (H1) of ZIF-8 (Figure 5.10 (c)), the lineshape is purely Lorentzian across all MAS rates 
for the DQ projec4on and an4diagonal. This correlates with the fact that the major contribu4on to the linewidth 
of this peak is homogeneous. 
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Concerning the DQ-SQ an4diagonals of Tyr H1 and H9, the lineshapes are mostly Gaussian at 100 kHz (m = 0.01). 
In Figure 5.10 (f), the mixing factor for the projec4on and an4diagonal of H3’ is mostly Lorentzian at 60 kHz MAS 
and is reduced to 0.5 at 100 kHz MAS.  

The last panel (Figure 5.10 (g)) shows the character for the aroma4c proton of PS. The linewidth is Gaussian at 
100 kHz for the DQ-SQ projec4on and the an4diagonal, with m=0.31 and 0.29, respec4vely. The character is 
almost unchanged for all MAS rates, showing that the homogenous contribu4on affects only slightly the 
lineshape character of a compound that is dominated by inhomogeneous broadening  

 

 
Figure 5.10 GLS lineshape mixing factors: (a) H1 of HMB, (b) H2 of ZIF-8; (c) H1 of ZIF-8, (d) H1 of L-tyrosine hydrochloride; 
(e) H9 of L-tyrosine hydrochloride, (f) H3’ of L-tyrosine hydrochloride and (g) H Ar of polystyrene. A mixing factor of m = 1 
represents a purely Lorentzian lineshape, whereas m = 0 represents a pure Gaussian. The mixing factor is presented for the 
DQ/SQ projection (black) and the antidiagonal from DQ/SQ experiment (red). The mixing factor is presented at the fastest 
MAS rate recorded (100 kHz), and at the slowest (40, 44, 50 or 60 kHz). 

 
These results show that for compounds with a strong inhomogeneous contribu4on, the lineshapes tend to have 
a Gaussian character. However, the DQ/SQ an4diagonals contain only the homogeneous and uncorrelated 
inhomogeneous contribu4ons. If the former is dominant, then the lineshape will have a Lorentzian character. 
For compounds with cubic symmetry that do not experience ABMS, there will be no correlated inhomogeneous 
contribu4on. The Lorentzian character of the lineshape will depend on the contribu4on of the homogenous 
broadening. It is important to note that the lineshape character is unique to each resonance in the spectrum, 
since each one experiences a unique set of homogeneous and inhomogeneous broadenings (cf. H2 and H1 of 
ZIF-8 in Figure 5.9).  

For compounds with a rela4vely more complicated chemical structure, such as L-Tyrosine hydrochloride, there 
will be resonances (H1 and H9), which have a large correlated inhomogeneous contribu4on, therefore a more 
Gaussian character. On the other hand, H3’ has a more Lorentzian lineshape, even at 100 kHz MAS, showcasing 
homogeneous broadening as the main contribu4on. 

 

5.2.5 Conclusion 
 
In summary, here we have inves4gated the different contribu4ons to 1H linewidths in MAS NMR spectra. We find 
that in a set of typical molecular solids the overall widths, and the nature of the different contribu4ons to the 
linewidths, can vary very considerably.  

The different contribu4ons to the 1H lineshape were studied at MAS rates up to 100 kHz in different organic solids 
and one metal-organic framework. It is important to first remark that, quite simply, faster spinning always yields 
narrower lines and longer coherence life4mes.  

For ZIF-8 and the methylene protons in L-tyrosine hydrochloride, the dipolar contribu4on was significant even at 
the fastest MAS rate. Therefore, here we expect considerable further narrowing at faster MAS rates.  
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However, we also find that at the fastest rates the dipolar contribu4on can become less cri4cal than the 
inhomogeneous one. This is observed in HMB, some resonances of L-tyrosine hydrochloride, and the aroma4c 
protons of polystyrene.  

Our analysis of the lineshapes confirms the expecta4on that resonances dominated by dipolar broadening will 
have a more pronounced Lorentzian character, which will decrease with faster MAS rates, and that 
inhomogeneous contribu4ons are associated with Gaussian characters.  

We believe that in most cases today the highest 1H resolu4on achievable with 100 kHz MAS alone is obtained in 
two-dimensional shi[ correla4on spectra (like the 1H-1H DQ/SQ spectra used here), since they will o[en lead to 
elongated lineshapes where the an4-diagonal will be free of any correlated broadening. The resolu4on of these 
two-dimensional spectra should increase with increasing MAS rate.  

We hope that our work will serve to inform methods to further increase 1H resolu4on. A key open ques4on now 
is how to remove the different (undesirable) remaining contribu4ons. Faster MAS, or the PIP type experiments 
discussed in the introduc4on, can poten4ally reduce or eliminate the (MAS dependent) dipolar contribu4on, but 
they will not remove the inhomogeneous contribu4ons from ABMS or disorder. (We note that in many cases the 
chemical shi[ distribu4on induced by disorder is a desirable feature, that should be measured rather than 
removed).  

In a proof of principle demonstra4on, we show that in 2-MeIm dipolar contribu4ons to the 1H linewidth can be 
completely removed using a 98% deuterated sample, and that 1H ABMS can be par4ally suppressed by sample 
dilu4on in an ABMS free matrix. 239-240, 334 This reduced the 1D linewidth by a factor ~2. However, we note that 
this is not likely to be a prac4cal approach to line narrowing in 1H MAS, due to the difficulty in preparing highly 
deuterated samples, and due to the very drama4c accompanying reduc4on (here a factor > 1 000) in 1H 
sensi4vity. 

Our results suggest that while further suppressing dipolar contribu4ons would be beneficial, a general approach 
to removing the contribu4on of ABMS would be a very significant step forward for 1H resolu4on MAS NMR 
spectra of molecular solids.  
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5.2.5 Appendix VII 
 
5.2.5.1 Experimental details 
 
The experiments on ABMS dilu4on were applied to three micro-crystalline organic solids: hexamethylbenzene 
(HMB), 2-methyl-imidazole (2MeIm) and 2-methyl-imidazole-d6 98% deuterated (2MeIm-d6). For HMB, the 1H 
1D, the 2D 1H-1H DQ/SQ BABA and the 1H-13C HETCOR experiments were acquired. For 2MeIm and 2MeIm-d6, 
only 1H 1D, the 2D 1H -1H DQ/SQ BABA. All the experiments were acquired at 60 kHz MAS for the natural 
abundance sample and also for a mixture of 5% of sample and 95% of KBr. A Bruker 1.3 mm room temperature 
HDCN CP-MAS probe at a magne4c field of 21.1 T corresponding to a 1H frequency of 900 MHz. The temperature 
was kept constant using a VT flow of 295 K for 2-MeIm and 2-meIm-d6 and 265 K for HMB. For each sample, 
prior to acquisi4on the magic angle was set by maximizing the T2’ of the proton signals at the fastest MAS rate, 
and the 90° pulse width was op4mized. A States-TPPI acquisi4on scheme was used to obtain phase-sensi4ve 
two-dimensional spectra. All spectra were phased and baseline corrected. No weigh4ng func4on was applied 
prior to Fourier transforma4on. 
 
Table 5.5. 1D 1H experimental details for HMB and HMB diluted with KBr 

Sample 
MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points 

 

SW 
(kHz) 

 

Size of real 
spectrum: 

 

Number 
of scans 

HMB 60 265 119 3 2048 100 4096 4 
20% HMB 
80% KBr 60 265 119 3 2048 100 4096 4 

 
Table 5.6. 1H-13C HETCOR experimental details for HMB and HMB diluted with KBr 

Sample 
MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

Contact 
time 1H-
13C (ms) 

recycle 
delay(s) 

Number 
of FID 
points: 
F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

Number 
of scans 

HMB 60 265 119 3.5 2 8192/200 100/3 16384/512 32 
20% 
HMB 
80% 
KBr 

60 265 119 3.5 2 8192/200 100/3 16384/512 384 

 
Table 5.7. 1H-1H DQ/SQ BABA experimental details for HMB and HMB diluted with KBr 

Sample 
MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number 
of FID 
points: 
F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

HMB 60 265 119 3 4096/600 82/12 8192/1024 41.6 16 
20% 
HMB 
80% 
KBr 

60 265 119 3 4096/600 82/12 8192/1024 41.6 16 
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Table 5.8. 1D 1H experimental details for 2MeIm, 2MeIm-d6, 2MeIm diluted with KBr, and 2MeIm-d6 diluted with KBr 

Sample 
MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points 

 

SW 
(kHz) 

 

Size of real 
spectrum 

 

Number 
of scans 

2MeIm 60 295 119 250 2048 100 4096 4 
5% 2MeIm 
95 % KBr 60 295 119 250 16384 100 32768 4 

2MeIm-d6 60 295 119 500 2048 100 4096 4 
5% 2MeIm-
d6 95 % KBr 60 295 119 500 8192 100 16384 128 

 
Table 5.9. 13C CP experimental details for 2MeIm and 2MeIm diluted with KBr 

Sample MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

Contact time 
1H-13C (ms) 

recycle 
delay(s) 

Number of 
FID points 

 

SW 
(kHz) 

 

Size of real 
spectrum 

 
2MeIm 60 295 119 2.5 10 9090 113 16384 

5% 2MeIm 
95 % KBr 

60 295 119 2.5 10 16384 100 32768 

 
Table 5.10. 1H-1H DQ/SQ BABA experimental details for 2MeIm, 2MeIm-d6, and 2MeIm-d6 diluted with KBr 

Sample 
MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number 
of FID 
points: 
F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

2MeIm 60 285 305 50 4096/180 227/20 8192/512 25 16 
2MeIm-

d6 60 295 119 50 8192/200 82/3 8192/1024 166.6 16 

5% 
2MeIm-
d6 95 % 

KBr 

60 295 119 50 8192/200 82/3 8192/1024 166.6 16 

 
The experiments on the linewidth evolu4on as a func4on of the MAS were done for the following solids: HMB, 
L-tyrosine.HCl, amorphous polystyrene (PS), and ZIF-8. For all samples, the 1H 1D, the 2D 1H -1H DQ/SQ BABA. 
The T2’ were also measured with a pseudo 2D-Hahn echo experiment. The experiments were acquired at 
different MAS rates, from 40 to 100 kHz. A Bruker 0.7 mm room temperature HCN CP-MAS probe at a magne4c 
field of 21.1 T corresponding to a 1H frequency of 900 MHz. The temperature was kept constant using a VT flow 
of 295 K. For each sample, prior to acquisi4on the magic angle was set by maximizing the T2’ of the proton signals 
at the fastest MAS rate, and the 90° pulse width was op4mized. A States-TPPI acquisi4on scheme was used to 
obtain phase-sensi4ve two-dimensional spectra. All spectra were phase- and baseline-corrected. No weigh4ng 
func4on was applied prior to Fourier transform. 
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Table 5.11. Experimental details of the 1D VMAS 1H datasets acquired for HMB with the 0.7 mm probe 

MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points 

 

SW 
(kHz) 

 

Size of real 
spectrum: 

 

Number of 
scans 

100 285 299 3.8 6144 227 16384 8 
96 285 299 3.8 6144 227 16384 8 
94 285 299 3.8 6144 227 16384 8 
90 290 299 3.8 6144 227 16384 8 
88 290 299 3.8 6144 227 16384 8 
80 290 299 3.8 6144 227 16384 8 
78 290 299 3.8 6144 227 16384 8 
72 290 299 3.8 6144 227 16384 8 
66 290 299 3.8 6144 227 16384 8 
60 290 299 3.8 6144 227 16384 8 
52 290 299 3.8 6144 227 16384 8 
48 290 299 3.8 6144 227 16384 8 
44 290 299 3.8 6144 227 16384 8 
40 290 299 3.8 6144 227 16384 8 

 
Table 5.12. Experimental details of the 1D VMAS 1H datasets acquired for ZIF-8 with the 0.7 mm probe 

MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude (kHz) 

recycle 
delay(s) 

Number of FID 
points 

 

SW (kHz) 
 

Size of real 
spectrum 

 

Number 
of scans 

100 285 304 7 16384 227 32768 4 
90 290 304 7 16384 227 32768 4 
80 290 304 7 16384 227 32768 4 
72 290 304 7 16384 227 32768 4 
60 290 304 7 16384 227 32768 4 
44 295 304 7 16384 227 32768 4 
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Table 5.13. Experimental details of the 1D VMAS 1H datasets acquired for L-tyrosine hydrochloride with the 0.7 mm probe 

MAS rate 
(kHz) VT (K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

 

SW (kHz) 
 

Size of real 
spectrum 

 

Number of 
scans 

100 280 290 6 6144 227 16384 8 
98 280 290 6 6144 227 16384 8 
96 280 290 6 6144 227 16384 8 
94 280 290 6 6144 227 16384 8 
90 280 290 6 6144 227 16384 8 
88 280 290 6 6144 227 16384 8 
86 280 290 6 6144 227 16384 8 
84 280 290 6 6144 227 16384 8 
82 280 290 6 6144 227 16384 8 
80 285 290 6 6144 227 16384 8 
78 285 290 6 6144 227 16384 8 
76 285 290 6 6144 227 16384 8 
74 285 290 6 6144 227 16384 8 
72 285 290 6 6144 227 16384 8 
70 290 290 6 6144 227 16384 8 
68 290 290 6 6144 227 16384 8 
66 290 290 6 6144 227 16384 8 
64 290 290 6 6144 227 16384 8 
62 290 290 6 6144 227 16384 8 
60 290 290 6 6144 227 16384 8 
58 295 290 6 6144 227 16384 8 
54 295 290 6 6144 227 16384 8 
52 295 290 6 6144 227 16384 8 
50 295 290 6 6144 227 16384 8 
48 295 290 6 6144 227 16384 8 
44 295 290 6 6144 227 16384 8 
42 295 290 6 6144 227 16384 8 
40 295 290 6 6144 227 16384 8 

 
Table 5.14. Experimental details of the 1D VMAS 1H datasets acquired for polystyrene beads with the 0.7 mm probe 

MAS rate 
(kHz) VT (K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

 

SW 
(kHz) 

 

Size of real 
spectrum 

 

Number 
of scans 

100 285 333 50 4096 227 8192 4 
90 290 333 50 4096 227 8192 4 
80 290 333 50 4096 227 8192 4 
72 290 333 50 4096 227 8192 4 
60 290 333 50 4096 227 8192 4 
50 290 333 50 4096 227 8192 4 
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Table 5.15. Experimental details of the BABA VMAS 1H datasets acquired for HMB with the 0.7 mm probe 

MAS 
rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW 
(kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

100 285 294 3 6144/250 227/5.55 16384/512 180 16 
96 285 294 3 6144/250 227/5.65 16384/512 177.14 16 
94 285 294 3 6144/250 227/5.53 16384/512 180.88 16 
90 290 294 3 6144/250 227/5.62 16384/512 177.76 16 
88 290 294 3 6144/250 227/5.50 16384/512 181.76 16 
80 290 294 3 6144/250 227/5.71 16384/512 175 16 
78 290 294 3 6144/250 227/5.57 16384/512 179.48 16 
72 290 294 3 6144/250 227/5.54 16384/512 180.57 16 
66 290 294 3 6144/250 227/5.50 16384/512 181.80 16 
60 290 294 3 6144/250 227/5.45 16384/512 183.37 16 
52 290 294 3 6144/250 227/5.78 16384/512 173.07 16 
48 295 294 3 6144/250 227/6.66 16384/512 166.64 16 
44 295 294 3 6144/250 227/6.11 16384/512 181.84 16 
40 295 294 3 6144/250 227/5.71 16384/512 175 16 

 
Table 5.16. Experimental details of the BABA VMAS 1H datasets acquired for ZIF-8 with the 0.7 mm probe 

MAS 
rate 
(kHz) 

VT (K) 
90° RF 

amplitude 
(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

100 285 294 7 16384/100 227/5.55 32768/256 200 16 
90 290 294 7 16384/100 227/5.55 32768/256 199.98 16 
80 290 294 7 16384/100 227/5.55 32768/256 200 16 
72 290 294 7 16384/100 227/5.33 32768/256 208.35 16 
60 290 294 7 16384/100 227/5.55 32768/256 200.04 16 
44 295 294 7 16384/100 227/5.43 32768/256 204.57 16 

 
Table 5.17. Experimental details of the BABA VMAS 1H datasets acquired for L-Tyrosine hydrochloride with the 0.7 mm probe 

MAS rate 
(kHz) 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

100 285 294 2 4096/100 90.9/20 16384/256 10 16 
96 285 294 2 4096/96 90.9/19.2 16384/256 10.42 16 
94 285 294 2 4096/94 90.9/18.8 16384/256 10.64 16 
90 285 294 2 4096/90 90.9/18 16384/256 11.11 16 
88 285 294 2 4096/110 90.9/22 16384/256 11.36 16 
80 290 294 2 4096/100 90.9/20 16384/256 12.5 16 
78 290 294 2 4096/130 90.9/26 16384/256 12.82 16 
72 290 294 2 4096/120 90.9/24 16384/256 13.89 16 
66 290 294 2 4096/110 90.9/22 16384/256 15.15 16 
60 295 294 2 4096/100 90.9/20 16384/256 16.67 16 
52 295 294 2 4096/130 90.9/26 16384/256 19.23 16 
48 295 294 2 4096/120 90.9/24 16384/256 20.83 16 
40 295 294 2 4096/100 90.9/20 16384/256 25 16 



Chapter 5- Remaining Barriers 

 178 

 
Table 5.18. Experimental details of the BABA VMAS 1H datasets acquired for polystyrene with the 0.7 mm probe 

MAS rate 
(kHz) VT (K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz): 
F2/F1 

Size of real 
spectrum: 

F2/F1 

DQ 
recoupling 
time (μs) 

Number 
of scans 

100 285 333 50 4096/30 227/20 8192/64 25 16 
90 290 333 50 4096/90 227/18 8192/256 28 16 
80 290 333 50 4096/100 227/20 8192/256 25 16 
72 290 333 50 4096/120 227/18 8192/256 28 16 
60 290 333 50 4096/100 227/20 8192/256 25 16 
50 290 333 50 4096/130 227/17 8192/256 30 16 
 
Table 5.19. Experimental details of the pseudo 2D-Hahn echo datasets for HMB with the 0.7 mm probe 

MAS rate, 
kHz 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz) 
in 
F2 

Size of real 
spectrum in 

F2 

Total t1 
increment 

(ms) 

Number 
of scans 

100 285 305 3 6144/22 227 16384 1500 4 
96 285 305 3 6144/22 227 16384 1500 4 
94 285 305 3 6144/22 227 16384 1489 4 
88 290 305 3 6144/22 227 16384 1500 4 
80 290 305 3 6144/22 227 16384 1500 4 
78 290 305 3 6144/22 227 16384 1487 4 
72 290 305 3 6144/22 227 16384 1500 4 
66 290 305 3 6144/22 227 16384 1485 4 
60 290 305 3 6144/22 227 16384 1500 4 
52 290 305 3 6144/22 227 16384 1500 4 
48 295 305 3 6144/22 227 16384 1500 4 
44 295 305 3 6144/22 227 16384 1500 4 
40 295 305 3 6144/22 227 16384 1500 4 

 
Table 5.20. Experimental details of the pseudo 2D-Hahn echo datasets for ZIF-8 with the 0.7 mm probe 

MAS rate, 
kHz 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz) 
in 
F2 

Size of real 
spectrum in 

F2 

Total t1 
increment 

(ms) 

Number 
of scans 

100 285 305 7 16384/22 227 32768 1000 4 
90 290 305 7 16384/22 227 32768 1111 4 
80 290 305 7 16384/22 227 32768 250 4 
72 290 305 7 16384/22 227 32768 500 4 
60 290 305 7 16384/22 227 32768 500 4 
44 295 305 7 16384/22 227 32768 500 4 



Chapter 5- Remaining Barriers 

 179 

 
Table 5.21. Experimental details of the pseudo 2D-Hahn echo datasets for L-tyrosine.HCl with the 0.7 mm probe 

MAS rate, 
kHz VT (K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz) 
in 
F2 

Size of real 
spectrum in 

F2 

Total t1 
increment 

(ms) 

Number 
of scans 

100 285 291 3 4096/40 227 8192 500 4 
96 285 291 3 4096/40 227 8192 521 4 
94 285 291 3 4096/40 227 8192 532 4 
90 285 291 3 4096/40 227 8192 511 4 
88 285 291 3 4096/40 227 8192 523 4 
80 290 291 3 4096/40 227 8192 575 4 
78 290 291 3 4096/40 227 8192 513 4 
72 290 291 3 4096/40 227 8192 500 4 
66 290 291 3 4096/40 227 8192 515 4 
60 295 291 3 4096/40 227 8192 500 4 
52 295 291 3 4096/40 227 8192 500 4 
48 295 291 3 4096/40 227 8192 542 4 
40 295 291 3 4096/40 227 8192 500 4 
 
Table 5.22. Experimental details of the pseudo 2D-Hahn echo datasets for polystyrene with the 0.7 mm probe 

MAS rate, 
kHz 

VT 
(K) 

90° RF 
amplitude 

(kHz) 

recycle 
delay(s) 

Number of 
FID points: 

F2/F1 

SW (kHz) 
in 
F2 

Size of real 
spectrum in 

F2 

Total t1 
increment 

(ms) 

Number 
of scans 

100 285 333 12 4096/40 227 16384 200 4 
90 290 333 12 4096/40 227 16384 222 4 
80 290 333 12 4096/40 227 16384 200 4 
72 290 333 12 4096/40 227 16384 222 4 
60 290 333 12 4096/40 227 16384 200 4 
50 290 333 12 4096/40 227 16384 200 4 



Chapter 5- Remaining Barriers 

 180 

5.2.5.2 FiMng parameters 
 
The width w for the 1D 1H, 2D DQ/SQ an4diagonal and 2D DQ/SQ projec4on and the T2’ was fiPed to the 
following polynomial func4ons: 

 

 w = w9τL +w2τL2 + Δ∞ (5.12) 

 

 w = w9τL + Δ∞ (5.13) 

 

Where w represents the linewidth in Hz, w1 and w2 are the coefficients of the polynomial, τL represents the rotor 
period in seconds. And Δ∞  the residual linewidth at infinite MAS rate. The goodness of the linewidth evolu4on 
filng to these func4ons is represented by the coefficient of determina4on R2. These filng parameters w1, w2 

and Δ∞, but also R2 are summarized in the following tables for each selected resonance. 

 
Table 5.23. Fipng parameters for HMB H1 linewidths as a func;on of the rotor period 

 
HMB H1 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D 5.76 ± 0.21*10^6 917 ± 13 0.95 3.01 3.58 ± 6.92*10^6 2.60*10^7 ± 2.0210^11 944 ± 55 0.90 6.35 
Δ’* 5.58 ± 0.02*10^6 0 0.99 0.59 5.59 ± 0.11*10^6 1.00 ± 4.24*10^9 0 0.99 0.59 

∆./01234506 2.43 ± 1.02*10^6 911 ± 17 0.70 3.012 1.04 ± 0.76*10^7 -2.36 ± 2.23*10^11 849 ± 60 0.80 6.98 
∆76458579 7.49 ± 1.20*10^6 31 ± 19 0.94 9.91 0..12 ± 1.04*10^7 1.86 ± 3.06*10^11 80 ± 82 0.95 1.60 

*The linear filng was done in the range 60-100 kHz 
 
Table 5.24. Fipng parameters for ZIF-8 H2 linewidths as a func;on of the rotor period 

 
ZIF-8 H2 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D 1.53 ± 0.06*10^7 44 ± 10 0.99 2.32 1.20 ± 0.39*10^7 1.01 ± 0.84*10^11 69 ± 31 0.99 1.44 
Δ’* 1.055 ± 0.15*10^7 0 0.90 21.81 7.39 ± 0.89*10^6 2.27 ± 5.07*10^11 0 0.99 3.21 

∆./01234506 1.49 ± 0.07*10^7 0 0.98 9.88 -3.67 ± 1.02*10^6 5.69 ± 0.31*10^11 139 ± 8 0.99 0.37 
∆76458579 1.51 ± 0.09*10^7 0 0.97 14.20 -4.88 ± 3.96*10^6 5.42 ± 1.19*10^11 138 ± 31 0.99 1.45 

*The linear filng was done in the range 72-100 kHz 
 
Table 5.25. Fipng parameters for ZIF-8 H1 linewidths as a func;on of the rotor period 

 
ZIF-8 H1 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D* 1.68 ± 0.13*10^7 81 ± 20 0.99 4.93 1.56 ± 1.73*10^7 1.42*10^7 ± 7.24*10^11 74 ± 102 1 0.19 
Δ’ 1.33 ± 0.05*10^7 0 0.98 4.72 1.20 ± 0.44*10^7 1.00 ± 3.09*10^11 0 0.97 6.79 

∆./01234506* 1.35 ± 0.04*10^7 0 0.98 4.61 1.35 ± 0.34*10^7 1.10 ± 0.12*10^11 0 0.98 7.99 
∆76458579* 1.31 ± 0.05*10^7 0 0.97 5.14 1.35 ± 0.34*10^7 1.10 ± 0.12*10^11 0 0.93 5.32 

*The linear and quadra4c filng was done in the range 60-100 kHz 
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Table 5.26. Fipng parameters for Tyr H1 linewidths as a func;on of the rotor period 

 
Tyr H1 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D 9.20 ± 0.92*10^6 198 ± 3 0.99 2.25 6.48 ± 1.26*10^6 8.11 ± 3.73*10^10 219 ± 10 0.99 1.76 
Δ’* 6.27 ± 0.30*10^6 0 0.91 5.39 5.05 ± 0.44*10^6 1.36 ± 0.33*10^11 0 0.99 1.28 

∆./01234506 8.66 ± 0.97*10^6 194 ± 15 0.97 7.05 -2.18 ± 2.73*10^6 3.21 ± 0.81*10^11 277 ± 21 0.99 2.47 
∆76458579 1.40 ± 0.03*10^7 0 0.99 6.77 8.30 ± 3.06*10^6 2.01 ± 0.90*10^11 37 ± 25 0.99 2.77 

*The linear filng was done in the range 66-100 kHz 
 
Table 5.27. Fipng parameters for Tyr H9 linewidths as a func;on of the rotor period 

 
Tyr H9 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D 1.37 ± 0.08*10^7 159 ± 12 0.98 8.82 -2.8 ± 0.5*10^6 4.90 ± 0.16*10^11 288 ± 5 0.99 0.74 
Δ’*1 8.23 ± 0.52*10^6 0 0.91 9.01 5.18 ± 0.29*10^6 2.57 ± 0.22*10^11 0 0.99 0.86 

∆./01234506*2 7.67 ± 0.22*10^6 206 0.98 2.23 -2.81 ± 7.42*10^6 3.98 ± 2.81*10^11 284 ± 48 0.99 1.48 
∆76458579*2 1.45 ± 0.06*10^7 0 0.99 1.65 6.33 ± 4.99*10^6 3.58 ± 1.39*10^11 55 ± 32 0.99 0.99 

*1 The linear filng was done in the range 80-100 kHz 
*2 The linear filng was done in the range 60-100 kHz 
*3 The linear filng was done in the range 52-100 kHz 
 
Table 5.28. Fipng parameters for Tyr H3’ linewidths as a func;on of the rotor period 

 
Tyr H3 

𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 
w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 

1D*1 2.61 ± 0.09*10^7 156 ± 13 0.99 2.18 -6.51*10^6 ± 1.09*10^7 1.37 ± 0.51*10^12 348 ± 71 0.99 1.15 
Δ’*2 2.02 ± 0.09*10^7 0 0.92 17.2 1.31 ± 0.23*10^7 5.39 ± 1.07*10^11 0 0.99 6.62 

∆./01234506*3 3.36 ± 0.21*10^7 55 ± 27 0.99 6.03 1.40 ± 2.71*10^7 7.44*10^11 ± 1.02*10^12 181 ± 176 0.99 5.41 
∆76458579*3 3.34 ± 0.09*10^7 0 0.96 16 3.29 ± 4.93*10^7 1.00 ± 3.68*10^11 0 0.93 14.3 

 
Table 5.29. Fipng parameters for polystyrene (PS) Ar linewidths as a func;on of the rotor period 

 Polystyrene Ar 
𝐰 = 𝐰𝟏𝛕𝐫 + 𝚫∞ 𝐰𝟏𝛕𝐫 +𝐰𝟐𝛕𝐫𝟐 + 𝚫∞ 

w1 Δ∞ R2 RMSE w1 w2 Δ∞ R2 RMSE 
1D 2.39 ± 0.60*10^7 1367 ± 8 0.99 1.74 2.13 ± 0.63*10^7 8.29*10^10 ± 2.09*10^11 1386 ± 45 0.99 1.585 
Δ’ 2.00 ± 0.11*10^7 0 0.95 8.04 5.02 ± 3.86*10^6 9.651 ± 2.39*10^11 0 0.99 10.82 

∆./01234506 1.68 ±0.62*10^7 1363 ± 90 0.94 18.68 3.54 ± 7.89*10^7 -6.19*10^11 ± 2.61*10^12 1231 ± 678 0.94 19.78 
∆76458579 5.42 ± 0.23*10^7 402 ± 33 0.99 6.94 5.63 ± 3.17*10^7 -7.21 ±2.71*10^10 387 ± 228 0.99 7.95 
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5.2.5.3 Voigt Firng Results and Comparison with GLS 
 

 
Figure 5.11. Quality of the Fipngs. Root-mean square error (RMSE) evalua;on for the GLS (green) and Voigt(orange) fipng 
as a func;on of the rotor period. The RMSE was calculated for every experimental lineshape (1D, DQ/SQ projec;on and DQ/SQ 
an;diagonal) of every sample: HMB, ZIF-8 (H2 and H1), L-tyrosine hydrochloride (Tyr H1, H9 and H3’) and PS (Ar).  
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Figure 5.12. HMB. (a) Chemical structure and 1D 1H spectrum and (b) 2D 1H-1H DQ/SQ spectrum of hexamethylbenzene (HMB) 
at 100 kHz MAS. The ;lted dashed line in the 2D spectrum represent the an;diagonals extracted. (c) Skyline projec;on 
∆6789:;<=8> (black) and single row ∆?><=@=?A (red) extrated at a DQ frequency of 3.3 ppm from the 1H-1H DQ/SQ spectrum in 
(b). (d-e) Voigt measured linewidths as a func;on of the rotor period: d) Lorentzian linewidths (wL): 1D 1H (blue), Δ’ 
(green)(from the measurement of T2‘, see SI for details), the DQ/SQ projec;on (black) and DQ/SQ an;diagonal (red) and e) 
Gaussian linewidths(wG): 1D 1H (blue), the DQ/SQ projec;on (black) and DQ/SQ an;diagonal (red). 
 

 
Figure 5.13. HMB. D=>C8'8A:>:8DE

;877:B?<:@  (black) and D@=E87@:7
D>;877:B?<:@ (red) inhomogeneous linewidths as a func;on of the MAS rate. 

(a) For the GLS results, is calculated as D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A and D@=E87@:7

D>;877:B?<:@ = ∆?><=@=?A − ∆F. (b) For 
the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A , using the measured Gaussian 

linewidths (wG). 
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Figure 5.14. ZIF-8. (a) 2D 1H-1H DQ/SQ spectra of ZIF-8 at 100 kHz MAS and 1D 1H (blue), ∆?><=@=?A	single row (red) and posi;ve 
projec;on ∆6789:;<=8> (black) extracted from the region delimited by the dashed rectangle. The ;lted dashed lines in the 2D 
spectrum represent the an;diagonals extracted.  (b,e) Voigt measured Lorentzian (wL)  and Gaussian (wG) linewidths as a 
func;on of the rotor period b,c) H2 and d,e)H1. The following linewidths are presented: 1D 1H (blue), Δ’ contribu;on (green), 
1H-1H DQ/SQ projec;on (black) and 1H-1H DQ/SQ an;diagonal (red). 
 

 
Figure 5.15. ZIF-8 H2. D=>C8'8A:>:8DE

;877:B?<:@  (black) and D@=E87@:7
D>;877:B?<:@ (red) inhomogeneous linewidths as a func;on of the MAS 

rate. (a) For the GLS results, is calculated as D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A and D@=E87@:7

D>;877:B?<:@ = ∆?><=@=?A − ∆F. 
(b) For the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A , using the measured 

Gaussian linewidths (wG). 
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Figure 5.16. ZIF-8 H1. D=>C8'8A:>:8DE

;877:B?<:@  (black) and D@=E87@:7
D>;877:B?<:@ (red) inhomogeneous linewidths as a func;on of the MAS 

rate. (a) For the GLS results, is calculated as D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A and D@=E87@:7

D>;877:B?<:@ = ∆?><=@=?A − ∆F. 
(b) For the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A , using the measured 

Gaussian linewidths (wG). 
 

 
Figure 5.17. L-tyrosine.HCl. Evolu;on of the Voigt measured Lorentzian (wL)  and Gaussian (wG)as a func;on of the rotor 
period for (a,d) H1, (b,e) H9 and (c,f) H3’: 1D 1H (blue), Δ’’ contribu;on (green), ∆6789:;<=8> (black), ∆?><=@=?A8>?B (red). 
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Figure 5.18. L-Tyrosine hydrochloride H1. D=>C8'8A:>:8DE

;877:B?<:@  (black) and D@=E87@:7
D>;877:B?<:@  (red) inhomogeneous linewidths as a 

func;on of the MAS rate. (a) For the GLS results, is calculated as D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and 

D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A − ∆F . (b) For the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ =

∆?><=@=?A, using the measured Gaussian linewidths (wG). 
 

 

Figure 5.19. L-Tyrosine hydrochloride H9. D=>C8'8A:>:8DE
;877:B?<:@  (black) and D@=E87@:7

D>;877:B?<:@  (red) inhomogeneous linewidths as a 
func;on of the MAS rate. (a) For the GLS results, is calculated as D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and 
D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A − ∆F . (b) For the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ =

∆?><=@=?A, using the measured Gaussian linewidths (wG). 

0

100

200

300

400

500

Li
ne

w
id

th
 [H

z]

0 10 20 30
Rotor period [us] 

0

100

200

300

400

500
Li

ne
w

id
th

 [H
z]

0 10 20 30
Rotor period [us] 

VoigtGLS

0

100

200

300

400

500

Li
ne

w
id

th
 [H

z]

0 10 20 30
Rotor period [us] 

Voigt

0

100

200

300

400

500

Li
ne

w
id

th
 [H

z]

0 10 20 30
Rotor period [us] 

GLS



Chapter 5- Remaining Barriers 

 187 

 
Figure 5.20. L-Tyrosine hydrochloride H3’. D=>C8'8A:>:8DE

;877:B?<:@  (black) and D@=E87@:7
D>;877:B?<:@ (red) inhomogeneous linewidths as a 

func;on of the MAS rate. (a) For the GLS results, is calculated as D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and 

D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A − ∆F . (b) For the Voigt results, D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7
D>;877:B?<:@ =

∆?><=@=?A, using the measured Gaussian linewidths (wG). 
 

 

Figure 5.21. Polystyrene. (a) chemical structure, 1D 1H spectrum, and (b) 2D 1H-1H DQ/SQ of polystyrene at 100 kHz MAS. The 
;lted dashed lines in the 2D spectrum represent the an;diagonals extracted. 8c) Posi;ve projec;on (black) extracted between 
9.90 ppm – 18.78 ppm overlayed with an;diagonal (red) for the Ar and (d,e) Evolu;on of the Voigt measured Lorentzian (wL)  
and Gaussian (wG)as a func;on of the rotor period: 1D 1H (blue), Δ’ contribu;on (green), 1H-1H DQ/SQ projec;on (black), 1H-
1H DQ/SQ an;diagonal (red). 
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Figure 5.22. Polystyrene Ar. D=>C8'8A:>:8DE
;877:B?<:@  (black) and D@=E87@:7

D>;877:B?<:@ (red) inhomogeneous linewidths as a func;on of the 
MAS rate. a) For the GLS results, is calculated as D=>C8'8A:>:8DE

;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A and D@=E87@:7
D>;877:B?<:@ = ∆?><=@=?A −

∆F. b) For the Voigt results, D=>C8'8A:>:8DE
;877:B?<:@ = ∆6789:;<=8> − ∆?><=@=?A  and D@=E87@:7

D>;877:B?<:@ = ∆?><=@=?A , using the measured 
Gaussian linewidths (wG). 
 

 
Figure 5.23. The different contribu;ons to linewidth at 100 kHz (a), (b) 90 kHz, (c) 80 kHz, (d) 72 kHz and (e) 60 kHz MAS : 
For all the different resonances, the homogeneous contribu;on (blue lagoon), the uncorrelated inhomogeneous contribu;on 
(yellow) and the correlated inhomogeneous contribu;on (orange) are shown. 
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Figure 5.24. B0 inhomogeneity effect on the spectrum. 2D 1H-1H DQ/SQ spectra of ZIF-8 at 100 kHz MAS.  The Spectra are 
zoomed on H2 peak from the H2-H1 correla;on. In black, the peak is the same from Figure S4, amer shimming on adamantane. 
In blue, the spectrum was acquired with bad shimming values that lead to considerable B0 inhomogeneity. The projec;on and 
the an;diagonal linewidths are presented for both spectra. 
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Table 5.30. HMB 1D GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 969.3 ± 27.8 0.191 866.4 ± 27.8 209.0 ± 27.8 
96 977.7 ± 27.8 0.184 868.0 ± 27.8 216.8 ± 27.8 
94 980.5 ± 27.8 0.186 866.4 ± 27.8 221.4 ± 27.8 
90 983.0 ± 27.8 0.189 866.3 ± 27.8 225.1 ± 27.8 
88 981.7 ± 27.8 0.189 864.8 ± 27.8 226.3 ± 27.8 
80 991.8 ± 27.8 0.192 870.1 ± 27.8 231.4 ± 27.8 
78 994.1 ± 27.8 0.185 873.7 ± 27.8 224.2 ± 27.8 
72 998.5 ± 27.8 0.193 874.4 ± 27.8 234.6 ± 27.8 
66 1006.3 ± 27.8 0.193 878.4 ± 27.8 236.6 ± 27.8 
60 1009.5 ± 27.8 0.196 878.4 ± 27.8 236.6 ± 27.8 
52 1021.2 ± 27.8 0.206 881.1 ± 27.8 250.1 ± 27.8 
48 1021.4 ± 27.8 0.213 876.2 ± 27.8 257.5 ± 27.8 
44 1020.1 ± 27.8 0.236 847.7 ± 27.8 295.5 ± 27.8 
40 1026.0 ± 27.8 0.262 833.2 ± 27.8 321.8 ± 27.8 

 
Table 5.31. HMB DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 926.8 ± 55.4 0.148 809.6 ± 55.4 176.2 ± 55.4 
96 937.4 ± 55.4 0.179 787.2 ± 55.4 219.8 ± 55.4 
94 934.6 ± 55.4 0.179 747.1 ± 55.4 248.6 ± 55.4 
90 945.2 ± 55.4 0.157 789.0 ± 55.4 214.6 ± 55.4 
88 934.3 ± 55.4 0.177 814.3 ± 55.4 195.3 ± 55.4 
80 949.2 ± 55.4 0.161 798.2 ± 55.4 212.5 ± 55.4 
78 933.8 ± 55.4 0.194 722.9 ± 55.4 274.0 ± 55.4 
72 944.2 ± 55.4 0.175 735.7 ± 55.4 263.7 ± 55.4 
66 958.0 ± 55.4 0.162 798.8 ± 55.4 219.7 ± 55.4 
60 947.4 ± 55.4 0.169 760.6 ± 55.4 245.1 ± 55.4 
52 970.1 ± 55.4 0.145 832.0 ± 55.4 195.9 ± 55.4 
48 970.7 ± 55.4 0.141 108.6 ± 55.4 182.4 ± 55.4 
44 965.9 ± 55.4 0.153 837.3 ± 55.4 190.8 ± 55.4 
40 958.7 ± 55.4 0.169 815.6 ± 55.4 211.5 ± 55.4 

 
Table 5.32. HMB DQ/SQ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 111.3 ± 55.4 0.523 57.76 ± 55.4 68.81 ± 55.4 
96 116.2 ± 55.4 0.396 77.75 ± 55.4 54.31 ± 55.4 
94 107.0 ± 55.4 0.588 54.07 ± 55.4 70.44 ± 55.4 
90 116.5 ± 55.4 0.574 67.53 ± 55.4 71.68 ± 55.4 
88 134.1 ± 55.4 0.321 101.88 ± 55.4 49.03 ± 55.4 
80 123.3 ± 55.4 0.639 59.84 ± 55.4 86.45 ± 55.4 
78 111.9 ± 55.4 0.919 10.24 ± 55.4 121.90 ± 55.4 
72 121.4 ± 55.4 0.834 144.52 ± 55.4 0.29 ± 55.4 
66 154.1 ± 55.4 0.553 86.06 ± 55.4 95.52 ± 55.4 
60 143.8 ± 55.4 0.877 39.19 ± 55.4 123.84 ± 55.4 
52 171.1 ± 55.4 0.691 82.71 ± 55.4 124.20 ± 55.4 
48 195.2 ± 55.4 0.573 0.00 ± 55.4 122.80 ± 55.4 
44 205.6 ± 55.4 0.553 113.94 ± 55.4 127.46 ± 55.4 
40 220.7 ± 55.4 0.735 65.72 ± 55.4 182.50 ± 55.4 
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Table 5.33. HMB T2’ measured at every MAS rate  

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 56 5.634 ± 0.008 
96 58 5.488 ± 0.008 
94 59 5.395 ± 0.008 
90 61 5.218 ± 0.008 
88 63 5.053 ± 0.008 
80 69 4.613 ± 0.008 
78 71 4.483 ± 0.008 
72 78 4.081 ± 0.008 
66 85 3.745 ± 0.008 
60 93 3.423 ± 0.008 
52 108 2.947 ± 0.008 
48 117 2.721 ± 0.008 
44 127 2.506 ± 0.008 
40 139 2.290 ± 0.008 

 
Table 5.34. ZIF-8 H2 1D GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 199.8 ± 13.8 0.657 110.2 ± 13.8 134.8 ± 13.8 
90 213.4 ± 13.8 0.682 112.9 ± 13.8 149.3 ± 13.8 
80 233.0 ± 13.8 0.710 116.1 ± 13.8 169.9 ± 13.8 
72 253.5 ± 13.8 0.751 116.4 ± 13.8 194.9 ± 13.8 
60 297.5 ± 13.8 0.768 127.1 ± 13.8 234.9 ± 13.8 
44 392.1 ± 13.8 0.848 114.9 ± 13.8 347.7 ± 13.8 

 
Table 5.35. ZIF-8 H2 DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 158.7 ± 27.6 0.329 126.1 ± 27.6 55.5 ± 27.6 
90 168.4 ± 27.6 0.363 128.1 ± 27.6 66.1 ± 27.6 
80 181.9 ± 27.6 0.409 131.5 ± 27.6 81.1 ± 27.6 
72 197.9 ± 27.6 0.442 141.3 ± 27.6 91.4 ± 27.6 
60 235.2 ± 27.6 0.536 136.0 ± 27.6 147.2 ± 27.6 
44 349.3 ± 27.6 0.670 186.7 ± 27.6 237.6 ± 27.6 

 
Table 5.36. ZIF-8 H2 DQ/SQ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 155.1 ± 27.6 0.248 132.2 ± 27.6 42.3 ± 27.6 
90 165.5 ± 27.6 0.258 140.0 ± 27.6 46.6 ± 27.6 
80 179.0 ± 27.6 0.318 142.4 ± 27.6 64.7 ± 27.6 
72 199.6 ± 27.6 0.320 153.5 ± 27.6 75.9 ± 27.6 
60 239.3 ± 27.6 0.349 168.8 ± 27.6 107.9 ± 27.6 
44 368.6 ± 27.6 0.264 287.3 ± 27.6 117.7 ± 27.6 

 
Table 5.37. ZIF-8 H2 DQ/SQ auto-correla;on peak Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 180.7 ± 27.6 0.176 
90 193.4 ± 27.6 0.249 
80 205.7 ± 27.6 0.303 
72 224.4 ± 27.6 0.331 
60 259.5 ± 27.6 0.498 
44 346.3 ± 27.6 0.792 
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Table 5.38. ZIF-8 H2 DQ/SQ auto-correla;on peak An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 169.7 ± 27.6 0.109 
90 185.9 ± 27.6 0.139 
80 197.7 ± 27.6 0.189 
72 219.4 ± 27.6 0.201 
60 259.1 ± 27.6 0.288 
44 364.2 ± 27.6 0.364 

 
Table 5.39. ZIF-8 H2 T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 92.83 3.429 ± 0.01 
90 115.00 2.768 ± 0.01 
80 127.12 2.504 ± 0.01 
72 147.50 2.158 ± 0.01 
60 184.96 1.721 ± 0.01 
44 285.74 1.114 ± 0.01 

Table 5.40. ZIF-8 H1 1D GLS and Voigt results 
MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 

100 244.7 ± 13.8 1.00 6.35 ± 13.8 233.3 ± 13.8 
90 265.2 ± 13.8 1.00 6.35 ± 13.8 233.3 ± 13.8 
80 291.8 ± 13.8 1.00 2.21 ± 13.8 277.0 ± 13.8 
72 318.6 ± 13.8 1.00 2.42 ± 13.8 296.4 ± 13.8 
60 366.8 ± 13.8 1.00 5.95 ± 13.8 339.7 ± 13.8 
44 458.3 ± 13.8 1.00 2.17 ± 13.8 417.7 ± 13.8 

 
Table 5.41. ZIF-8 H1 DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 135.5 ± 27.6 0.999 3.88 ± 27.6 133.7 ± 27.6 
90 154.0 ± 27.6 1.000 2.53 ± 27.6 151.1 ± 27.6 
80 164.5 ± 27.6 1.000 5.15 ± 27.6 159.7 ± 27.6 
72 193.6 ± 27.6 1.000 4.15 ± 27.6 187.6 ± 27.6 
60 221.2 ± 27.6 1.000 5.52 ± 27.6 212.6 ± 27.6 
44 348.2 ± 27.6 1.000 5.23 ± 27.6 319.4 ± 27.6 

 
Table 5.42. ZIF-8 H1 DQ/SQ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 135.0 ± 27.6 0.918 5.63 ± 27.6 130.0 ± 27.6 
90 149.5 ± 27.6 0.940 4.35 ± 27.6 145.3 ± 27.6 
80 159.4 ± 27.6 1.000 0.83 ± 27.6 156.8 ± 27.6 
72 185.7 ± 27.6 1.000 8.03 ± 27.6 183.4 ± 27.6 
60 211.9 ± 27.6 1.000 10.06 ± 27.6 207.1 ± 27.6 
44 327.1 ± 27.6 1.000 17.18 ± 27.6 308.0 ± 27.6 

 
Table 5.43. ZIF-8 H1 DQ/SQ auto-correla;on peak Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 189.6 ± 27.6 0.825 
90 203.6 ± 27.6 0.852 
80 207.1 ± 27.6 0.961 
72 224 ± 27.6 1.000 
60 265.5 ± 27.6 1.000 
44 371.9 ± 27.6 1.000 
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Table 5.44. ZIF-8 H1 DQ/SQ auto-correla;on peak An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 187.5 ± 27.6 0.793 
90 205.6 ± 27.6 0.663 
80 207.4 ± 27.6 0.849 
72 223.7 ± 27.6 0.947 
60 260.2 ± 27.6 1.000 
44 341.9 ± 27.6 1.000 

 
Table 5.45. ZIF-8 H1 T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 129.4 2.460 ± 0.01 
90 155.9 2.042 ± 0.01 
80 163.2 1.951 ± 0.01 
72 186.8 1.704 ± 0.01 
60 222.6 1.430 ± 0.01 
44 272.5 1.168 ± 0.01 

 
Table 5.46. L-Tyrosine HCl H1 1D GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 294.7 ± 27.6 0.307 238.9 ± 27.6 92.8 ± 27.6 
98 295.8 ± 27.6 0.298 241.1 ± 27.6 90.3 ± 27.6 
96 297.1 ± 27.6 0.298 242.7 ± 27.6 90.0 ± 27.6 
94 297.8 ± 27.6 0.303 242.7 ± 27.6 90.0 ± 27.6 
92 299.4 ± 27.6 0.303 244.1 ± 27.6 91.5 ± 27.6 
90 300.9 ± 27.6 0.297 244.8 ± 27.6 91.9 ± 27.6 
88 302.4 ± 27.6 0.305 245.2 ± 27.6 94.2 ± 27.6 
86 304.4 ± 27.6 0.300 247.7 ± 27.6 93.0 ± 27.6 
84 306.6 ± 27.6 0.290 250.6 ± 27.6 91.4 ± 27.6 
82 308.8 ± 27.6 0.298 251.2 ± 27.6 94.2 ± 27.6 
80 311.3 ± 27.6 0.313 248.8 ± 27.6 102.4 ± 27.6 
78 314.0 ± 27.6 0.320 250.0 ± 27.6 104.7 ± 27.6 
76 316.2 ± 27.6 0.315 251.2 ± 27.6 105.5 ± 27.6 
74 318.5 ± 27.6 0.316 254.1 ± 27.6 105.0 ± 27.6 
72 322.6 ± 27.6 0.315 255.4 ± 27.6 108.1 ± 27.6 
70 326.7 ± 27.6 0.334 252.9 ± 27.6 117.7 ± 27.6 
68 330.5 ± 27.6 0.326 255.7 ± 27.6 118.0 ± 27.6 
66 335.3 ± 27.6 0.333 256.8 ± 27.6 123.2 ± 27.6 
64 340.1 ± 27.6 0.338 260.2 ± 27.6 126.9 ± 27.6 
62 346.3 ± 27.6 0.335 266.8 ± 27.6 128.2 ± 27.6 
60 353.3 ± 27.6 0.335 272.8 ± 27.6 131.7 ± 27.6 
58 357.7 ± 27.6 0.347 271.9 ± 27.6 139.8 ± 27.6 
56 363.3 ± 27.6 0.376 271.1 ± 27.6 150.7 ± 27.6 
54 368.4 ± 27.6 0.389 272.0 ± 27.6 158.1 ± 27.6 
52 374.4 ± 27.6 0.414 269.2 ± 27.6 171.7 ± 27.6 
50 381.2 ± 27.6 0.437 266.1 ± 27.6 185.9 ± 27.6 
48 387.4 ± 27.6 0.454 263.9 ± 27.6 197.6 ± 27.6 
46 397.3 ± 27.6 0.488 255.7 ± 27.6 220.9 ± 27.6 
44 407.9 ± 27.6 0.513 246.9 ± 27.6 243.9 ± 27.6 
42 418.2 ± 27.6 0.546 234.5 ± 27.6 269.4 ± 27.6 
40 431.9 ± 27.6 0.567 225.4 ± 27.6 296.2 ± 27.6 
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Table 5.47. L-Tyrosine HCl H1 DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 289.2 ± 22.18 0.236 248.8 ± 22.18 69.8 ± 22.18 
96 289.9 ± 22.18 0.222 251.5 ± 22.18 67.9 ± 22.18 
94 292.4 ± 22.18 0.190 259.8 ± 22.18 57.6 ± 22.18 
90 295.9 ± 22.18 0.205 260.5 ± 22.18 62.2 ± 22.18 
88 291.7 ± 22.18 0.192 256.3 ± 22.18 61.2 ± 22.18 
80 299.2 ± 22.18 0.219 256.1 ± 22.18 72.4 ± 22.18 
78 298.7 ± 22.18 0.213 260.4 ± 22.18 67.2 ± 22.18 
72 306.9 ± 22.18 0.223 266.9 ± 22.18 71.1 ± 22.18 
66 317.5 ± 22.18 0.211 276.9 ± 22.18 71.5 ± 22.18 
60 331.6 ± 22.18 0.216 285.0 ± 22.18 79.8 ± 22.18 
52 355.4 ± 22.18 0.239 298.3 ± 22.18 97.8 ± 22.18 
40 421.9 ± 22.18 0.340 314.5 ± 22.18 172.8 ± 22.18 

 
Table 5.48. L-Tyrosine HCl H1 DQ/SQ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 141.6 ± 22.18 0.002 141.0 ± 22.18 3.1 ± 22.18 
96 145.3 ± 22.18 0.085 137.4 ± 22.18 16.5 ± 22.18 
94 148.4 ± 22.18 0.125 137.2 ± 22.18 23.2 ± 22.18 
90 154.5 ± 22.18 0.066 147.7 ± 22.18 15.9 ± 22.18 
88 157.4 ± 22.18 0.102 147.9 ± 22.18 21.1 ± 22.18 
80 171.8 ± 22.18 0.187 151.4 ± 22.18 37.0 ± 22.18 
78 174.5 ± 22.18 0.185 153.8 ± 22.18 37.3 ± 22.18 
72 187.2 ± 22.18 0.253 158.0 ± 22.18 51.0 ± 22.18 
66 208.8 ± 22.18 0.260 174.2 ± 22.18 59.5 ± 22.18 
60 228.6 ± 22.18 0.308 181.2 ± 22.18 78.7 ± 22.18 
52 271.6 ± 22.18 0.316 209.3 ± 22.18 99.8 ± 22.18 
40 367.3 ± 22.18 0.351 262.0 ± 22.18 160.1 ± 22.18 

 
Table 5.49. L-Tyrosine HCl H1 cross peak correlated with H10 DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 288.9 ± 22.18 0.315 
96 282.2 ± 22.18 0.459 
94 273.2 ± 22.18 0.468 
90 283.6 ± 22.18 0.387 
88 288.4 ± 22.18 0.401 
80 293.3 ± 22.18 0.342 
78 273.1 ± 22.18 0.467 
72 301.3 ± 22.18 0.305 
66 309.0 ± 22.18 0.411 
60 322.7 ± 22.18 0.338 
52 344.6 ± 22.18 0.351 
40 408.0 ± 22.18 0.39 
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Table 5.50. L-Tyrosine HCl H1 cross peak correlated with H10 DQ/SQ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m 
100 167.5 ± 22.18 0.358 
96 174.5 ± 22.18 0.111 
94 178.1 ± 22.18 0.419 
90 179.5 ± 22.18 0.523 
88 183.4 ± 22.18 0.363 
80 214.8 ± 22.18 0.343 
78 208.7 ± 22.18 0.517 
72 232.2 ± 22.18 0.388 
66 238.3 ± 22.18 0.428 
60 260.2 ± 22.18 0.272 
52 294.0 ± 22.18 0.388 
40 362.5 ± 22.18 0.548 

 
Table 5.51. L-Tyrosine HCl H1 T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 59.8 5.326 ± 0.02 
96 62.7 5.076 ± 0.02 
94 64.0 4.972 ± 0.02 
90 67.0 4.750 ± 0.02 
88 69.1 4.608 ± 0.02 
80 78.7 4.044 ± 0.02 
78 80.5 3.953 ± 0.02 
72 90.4 3.520 ± 0.02 
66 100.4 3.170 ± 0.02 
60 114.2 2.787 ± 0.02 
52 139.1 2.289 ± 0.02 
40 199.2 1.598 ± 0.02 
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Table 5.52. L-Tyrosine HCl H9 1D GLS and Voigt results 
MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 

100 308.7 ± 27.6 0.361 119.7 ± 27.6 238.0 ± 27.6 
98 309.9 ± 27.6 0.362 120.3 ± 27.6 238.9 ± 27.6 
96 311.1 ± 27.6 0.365 121.5 ± 27.6 239.4 ± 27.6 
94 313.0 ± 27.6 0.367 122.6 ± 27.6 240.6 ± 27.6 
92 314.6 ± 27.6 0.368 123.2 ± 27.6 241.8 ± 27.6 
90 316.6 ± 27.6 0.368 124.2 ± 27.6 243.2 ± 27.6 
88 318.5 ± 27.6 0.380 128.8 ± 27.6 242.0 ± 27.6 
86 320.8 ± 27.6 0.375 128.1 ± 27.6 244.7 ± 27.6 
84 323.3 ± 27.6 0.373 128.8 ± 27.6 246.7 ± 27.6 
82 326.3 ± 27.6 0.382 132.7 ± 27.6 247.2 ± 27.6 
80 329.3 ± 27.6 0.402 141.2 ± 27.6 244.4 ± 27.6 
78 332.9 ± 27.6 0.411 145.9 ± 27.6 244.7 ± 27.6 
76 335.9 ± 27.6 0.412 147.8 ± 27.6 246.4 ± 27.6 
74 339.4 ± 27.6 0.417 151.1 ± 27.6 247.6 ± 27.6 
72 343.5 ± 27.6 0.426 156.4 ± 27.6 248.0 ± 27.6 
70 348.2 ± 27.6 0.455 169.6 ± 27.6 243.4 ± 27.6 
68 352.8 ± 27.6 0.460 173.8 ± 27.6 245.0 ± 27.6 
66 357.8 ± 27.6 0.478 183.1 ± 27.6 243.3 ± 27.6 
64 363.7 ± 27.6 0.493 192.3 ± 27.6 242.4 ± 27.6 
62 370.4 ± 27.6 0.507 201.9 ± 27.6 241.9 ± 27.6 
60 378.4 ± 27.6 0.531 215.4 ± 27.6 239.8 ± 27.6 
58 384.9 ± 27.6 0.554 229.7 ± 27.6 235.4 ± 27.6 
56 394.0 ± 27.6 0.586 247.9 ± 27.6 230.2 ± 27.6 
54 403.7 ± 27.6 0.616 266.9 ± 27.6 224.2 ± 27.6 
52 414.7 ± 27.6 0.648 288.0 ± 27.6 217.6 ± 27.6 
50 426.5 ± 27.6 0.684 312.9 ± 27.6 207.2 ± 27.6 
48 440.6 ± 27.6 0.723 341.0 ± 27.6 195.0 ± 27.6 
46 456.9 ± 27.6 0.777 379.8 ± 27.6 171.5 ± 27.6 
44 476.2 ± 27.6 0.836 426.1 ± 27.6 135.4 ± 27.6 
42 498.7 ± 27.6 0.901 472.2 ± 27.6 95.5 ± 27.6 
40 526.0 ± 27.6 0.968 511.2 ± 27.6 78.5 ± 27.6 

 
Table 5.53. L-Tyrosine HCl H9 DQ/SQ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 298.4 ± 22.18 0.300 245.7 ± 22.18 90.4 ± 22.18 
96 296.7 ± 22.18 0.251 254.1 ± 22.18 74.6 ± 22.18 
94 297.2 ± 22.18 0.238 254.0 ± 22.18 73.6 ± 22.18 
90 302.5 ± 22.18 0.221 263.3 ± 22.18 67.2 ± 22.18 
88 303.3 ± 22.18 0.190 271.0 ± 22.18 58.3 ± 22.18 
80 312.2 ± 22.18 0.226 271.0 ± 22.18 73.0 ± 22.18 
78 314.4 ± 22.18 0.195 279.1 ± 22.18 63.1 ± 22.18 
72 321.9 ± 22.18 0.201 285.2 ± 22.18 65.8 ± 22.18 
66 332.2 ± 22.18 0.232 288.8 ± 22.18 77.0 ± 22.18 
60 348.1 ± 22.18 0.259 297.0 ± 22.18 90.0 ± 22.18 
52 376.8 ± 22.18 0.322 305.5 ± 22.18 122.5 ± 22.18 
40 450.2 ± 22.18 0.566 304.5 ± 22.18 237.7 ± 22.18 
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Table 5.54. L-Tyrosine HCl H9 DQ/SQ An;diagonal GLS and Voigt results 
MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 

100 141.6 ± 22.18 0.002 ± 22.18 137.9 ± 22.18 0.2 ± 22.18 
96 145.3 ± 22.18 0.085 ± 22.18 145.0 ± 22.18 2.0 ± 22.18 
94 148.4 ± 22.18 0.125 ± 22.18 145.3 ± 22.18 11.1 ± 22.18 
90 154.5 ± 22.18 0.066 ± 22.18 150.8 ± 22.18 13.5 ± 22.18 
88 157.4 ± 22.18 0.102 ± 22.18 153.3 ± 22.18 23.5 ± 22.18 
80 171.8 ± 22.18 0.187 ± 22.18 164.0 ± 22.18 31.2 ± 22.18 
78 174.5 ± 22.18 0.185 ± 22.18 168.0 ± 22.18 33.4 ± 22.18 
72 187.2 ± 22.18 0.253 ± 22.18 171.5 ± 22.18 50.9 ± 22.18 
66 208.8 ± 22.18 0.260 ± 22.18 177.7 ± 22.18 76.4 ± 22.18 
60 228.6 ± 22.18 0.308 ± 22.18 192.4 ± 22.18 90.8 ± 22.18 
52 271.6 ± 22.18 0.316 ± 22.18 222.1 ± 22.18 117.7 ± 22.18 
40 367.3 ± 22.18 0.351 ± 22.18 270.7 ± 22.18 204.8 ± 22.18 

 
Table 5.55. L-Tyrosine HCl H9 T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 78.1 4.075 ± 0.02 
96 82.2 3.871 ± 0.02 
94 85.4 3.726 ± 0.02 
90 87.6 3.635 ± 0.02 
88 92.4 3.445 ± 0.02 
80 104.7 3.040 ± 0.02 
78 109.1 2.918 ± 0.02 
72 121.4 2.622 ± 0.02 
66 137.1 2.322 ± 0.02 
60 158.5 2.008 ± 0.02 
52 196.0 1.624 ± 0.02 
40 311.8 1.021 ± 0.02 

 
Table 5.56. L-Tyrosine HCl H3’ 1D GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 418.3 ± 27.6 0.691 212.5 ± 27.6 301.1 ± 27.6 
98 423.5 ± 27.6 0.714 213.0 ± 27.6 307.3 ± 27.6 
96 429.7 ± 27.6 0.708 216.2 ± 27.6 311.7 ± 27.6 
94 433.6 ± 27.6 0.713 212.5 ± 27.6 319.2 ± 27.6 
92 439.2 ± 27.6 0.725 213.8 ± 27.6 325.8 ± 27.6 
90 444.9 ± 27.6 0.748 213.6 ± 27.6 332.5 ± 27.6 
88 450.2 ± 27.6 0.718 216.3 ± 27.6 336.4 ± 27.6 
86 457.3 ± 27.6 0.772 206.1 ± 27.6 354.3 ± 27.6 
84 466.3 ± 27.6 0.805 204.1 ± 27.6 365.6 ± 27.6 
82 472.3 ± 27.6 0.825 197.4 ± 27.6 378.3 ± 27.6 
80 479.1 ± 27.6 0.846 187.9 ± 27.6 393.9 ± 27.6 
78 487.2 ± 27.6 0.881 177.7 ± 27.6 410.5 ± 27.6 
76 498.8 ± 27.6 0.908 172.4 ± 27.6 426.3 ± 27.6 
74 510.7 ± 27.6 0.911 167.6 ± 27.6 442.7 ± 27.6 
72 522.5 ± 27.6 0.956 148.2 ± 27.6 466.9 ± 27.6 
70 533.5 ± 27.6 0.990 137.4 ± 27.6 485.2 ± 27.6 
68 551.8 ± 27.6 1.000 128.2 ± 27.6 509.5 ± 27.6 
66 568.6 ± 27.6 1.000 120.5 ± 27.6 531.6 ± 27.6 
64 591.5 ± 27.6 1.000 114.5 ± 27.6 553.8 ± 27.6 
62 616.5 ± 27.6 1.000 110.4 ± 27.6 577.4 ± 27.6 
60 644.5 ± 27.6 1.000 84.7 ± 27.6 605.9 ± 27.6 
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Table 5.57. L-Tyrosine HCl H3’ Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 394.2 ± 22.18 0.518 254.1 ± 22.18 219.3 ± 22.18 
96 408.3 ± 22.18 0.587 241.4 ± 22.18 255.2 ± 22.18 
94 418.7 ± 22.18 0.597 243.8 ± 22.18 266.1 ± 22.18 
90 432.1 ± 22.18 0.565 262.3 ± 22.18 260.1 ± 22.18 
88 427.5 ± 22.18 0.633 236.9 ± 22.18 285.1 ± 22.18 
80 470.6 ± 22.18 0.700 236.5 ± 22.18 341.5 ± 22.18 
78 484.0 ± 22.18 0.714 220.2 ± 22.18 367.0 ± 22.18 
72 515.2 ± 22.18 0.730 239.1 ± 22.18 392.4 ± 22.18 
66 572.1 ± 22.18 0.908 153.4 ± 22.18 519.4 ± 22.18 
60 617.7 ± 22.18 0.919 163.4 ± 22.18 568.4 ± 22.18 

 
Table 5.58. L-Tyrosine HCl H3’ An;diagonal GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 314.2 ± 22.18 0.518 254.1 ± 22.18 219.3 ± 22.18 
96 408.3 ± 22.18 0.587 241.4 ± 22.18 255.2 ± 22.18 
94 418.7 ± 22.18 0.597 243.8 ± 22.18 266.1 ± 22.18 
90 432.1 ± 22.18 0.565 262.3 ± 22.18 260.1 ± 22.18 
88 427.5 ± 22.18 0.633 236.9 ± 22.18 285.1 ± 22.18 
80 470.6 ± 22.18 0.700 236.5 ± 22.18 341.5 ± 22.18 
78 484.0 ± 22.18 0.714 220.2 ± 22.18 367.0 ± 22.18 
72 515.2 ± 22.18 0.730 239.1 ± 22.18 392.4 ± 22.18 
66 572.1 ± 22.18 0.908 153.4 ± 22.18 519.4 ± 22.18 
60 617.7 ± 22.18 0.919 163.4 ± 22.18 568.4 ± 22.18 

 
Table 5.59. L-Tyrosine HCl H3’ T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 182.3 1.746 ± 0.02 
96 194.0 1.641 ± 0.02 
94 197.8 1.609 ± 0.02 
90 202.5 1.572 ± 0.02 
88 228.3 1.394 ± 0.02 
80 256.1 1.243 ± 0.02 
78 255.5 1.246 ± 0.02 
72 294.2 1.082 ± 0.02 
66 319.3 0.997 ± 0.02 
60 365.9 0.870 ± 0.02 

 
Table 5.60. Polystyrene Aroma;c 1D GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 1609 ± 221.8 0.05 1452 ± 221.8 278.4 ± 221.8 
90 1631 ± 221.8 0.06 1449 ± 221.8 327.4 ± 221.8 
80 1666 ± 221.8 0.06 1442 ± 221.8 396.8 ± 221.8 
72 1699 ± 221.8 0.10 1431 ± 221.8 473.4 ± 221.8 
60 1765 ± 221.8 0.13 1427 ± 221.8 601.1 ± 221.8 
50 1847 ± 221.8 0.14 1404 ± 221.8 772.6 ± 221.8 

 
Table 5.61. Polystyrene Aroma;c Projec;on GLS and Voigt results 

MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 
100 1538 ± 110.9 0.31 1465 ± 110.9 184 ± 110.9 
90 1534 ± 110.9 0.38 1408 ± 110.9 277 ± 110.9 
80 1574 ± 110.9 0.26 1527 ± 110.9 134 ± 110.9 
72 1590 ± 110.9 0.29 1556 ± 110.9 121 ± 110.9 
60 1672 ± 110.9 0.35 1553 ± 110.9 268 ± 110.9 
50 1684 ± 110.9 0.29 1644 ± 110.9 134 ± 110.9 
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Table 5.62. Polystyrene Aroma;c An;diagonal GLS and Voigt results 
MAS rate [kHz] GLS w [Hz] GLS m Voigt wG [Hz] Voigt wL [Hz] 

100 948 ± 110.9 0.30 767 ± 110.9 303 ± 110.9 
90 1000 ± 110.9 0.15 881 ± 110.9 188 ± 110.9 
80 1070 ± 110.9 0.07 982 ± 110.9 122 ± 110.9 
72 1161 ± 110.9 0.00 1118 ± 110.9 1 ± 110.9 
60 1308 ± 110.9 0.21 1131 ± 110.9 297 ± 110.9 
50 1684 ± 110.9 0.29 1447 ± 110.9 24 ± 110.9 

 
Table 5.63. Polystyrene Aroma;c T2’ measured at every MAS rate 

MAS rate [kHz] Δ’ [Hz] T2’ [ms] 
100 161.4 1.972 ± 0.03 
90 185.4 1.717 ± 0.03 
80 212.8 1.496 ± 0.03 
72 246.6 1.291 ± 0.03 
60 366.3 0.869 ± 0.03 
50 496.6 0.641 ± 0.03 

 
5.2.5.4 ComputaAon of MagneAc SuscepAbility Tensors with DFT 
 
All DFT computa4ons were performed using the plane-wave DFT so[ware Quantum ESPRESSO version 6.5.302-303 
Atomic posi4ons of the crystal structures were first op4mized at the PBE363 level of theory using Grimme D2 
dispersion correc4on306 and ultraso[ pseudopoten4als obtained from the PSLibrary version 1.0.0.307 
Wavefunc4on and charge density energy cutoffs were set to 160 and 1,280 Rydberg, respec4vely. A 2x2x1 
Monkhorst-pack grid of k-points was used. 308 Shielding computa4on was subsequently performed using the 
GIPAW method.309-310 A[er obtaining the macroscopic shape contribu4on tensor (the magne4c suscep4bility 
tensor), the ∆c is es4mated as the largest absolute difference between the principal values of the tensor. Every 
tensor and ∆c is presented in Table. The refcode of the used crystal structures are the following: HMB 
(HMBENZ05)364, 2-MeIm (XOJXUR)365, ZIF-8 (FAWCEN04)362 and L-Tyrosine Hydrochloride (LTYRHC10)366. 

 
Table 5.64. Computed Magne;c Suscep;bility Tensors 

Sample c11 [ppm] c22 [ppm] c33 [ppm] ∆c 
HMB 7.45 7.49 6.14 1.35 

2-MeIm 6.97 7.69 5.01 2.68 
ZIF-8 -7.77 -7.77 -7.77 0 

L-Tyr HCl 6.77 7.39 7.01 0.62 
 

5.2.5.5 DiluAon of HMB with KBr 
 
Table 5.65. Linewidth and SNR of HMB as a func;on of the dilu;on factor with KBr 

HMB:KBr ratio (w/w) LW, Hz SNR (4 scans) 

100:0 1209 6930 
20:80 670 1573 
10:90 715 1193 
5:95 747 1143 
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5.2.5.6 Fieed LW from the simulated 2D convolu.on of a Gaussian and Lorentzian 
 
The 4lted Gaussian 2D has a mean of zero and a constant standard devia4on of 0.01 and 0.3 The Lorentzian 
distribu4on has its standard devia4on varied to mimic an inhomogeneous distribu4on with a homogeneous 
contribu4on that is reduced with increasing MAS rate. The projec4on and the diagonal of the 2D convoluted 
distribu4on are extracted and fiPed to both GLS and Voigt. 

 

 
Figure 5.25. (a) 2D Convolu;on of a ;lted Gaussian and a Lorentzian of standard devia;on of 0.5; (b-c) Extracted Projec;on 
and An;diagonal (black dots) fiQed to the GLS func;on (green); (d-e) Extracted Projec;on and An;diagonal (black dots) fiQed 
to the Voigt func;on (orange) 

 
Figure 5.26. (a) 2D Convolu;on of a ;lted Gaussian and a Lorentzian of standard devia;on of 0.1; (b-c) Extracted Projec;on 
and An;diagonal (black dots) fiQed to the GLS func;on (green); (d-e) Extracted Projec;on and An;diagonal (black dots) fiQed 
to the Voigt func;on (orange) 
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Figure 5.27. (a) 2D Convolu;on of a ;lted Gaussian and a Lorentzian of standard devia;on of 0.00001; (b-c) Extracted 
Projec;on and An;diagonal (black dots) fiQed to the GLS func;on (green); (d-e) Extracted Projec;on and An;diagonal (black 
dots) fiQed to the Voigt func;on (orange) 
 

 
Figure 5.28. Measured linewidths with GLS (green dots) and Voigt (orange dots) as a func;on of the Lorentzian standard 
devia;on input for the 2D convolu;on of a Gaussian and Lorentzian. The projec;ons (a) and an;diagonals (b) are fiQed with 
GLS (wGLS) and Voigt (wG and wL). In c), the correlated (filled dots) and uncorrelated (hollow dots) linewidths are calculated 
according to Eq.s 5.5 and 5.6 in the main text. 
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5.3 Conclusion and Perspec-ves 
 
In conclusion, this final topic detailed the different contribu4ons to the 1H linewidth. The importance of each 
source of broadening can vary between different samples and even between different resonances of the sample 
(see Figure 5.9 with L-tyrosine hydrochloride and ZIF-8).  
The homogeneous contribu4on can be removed with faster spinning and/or PIP strategies. However, for many 
cases, the inhomogeneous contribu4on is already dominant at 100 kHz MAS and it can be hundreds of Hz broad. 
The inves4ga4on of the lineshapes from 2D DQ/SQ spectra by extrac4ng projec4ons and an4diagonals showed 
that ABMS and correlated disorder are par4cularly relevant inhomogeneous broadening sources. 
ABMS broadens and shi[s every nucleus in the same crystallite by the same amount, and for that reason it would 
ideally be the next contribu4on to suppress from 1H spectra, a[er the reduc4on of homogeneous broadening. 
Dilu4on experiments with an ABMS free matrix only par4ally reduce the broadening but also reduce greatly the 
signal intensity. In the future, the development of methods that effec4vely and consistently remove ABMS 
broadening will be of great importance in order to further improve 1H resolu4on. 
One way could consist of developing pulse sequences able to disentangle the par4cular chemical shi[ from each 
nucleus from the ABMS shi[ through DQ or ZQ evolu4on. The extrac4on of the an4diagonal of any peak in a 
DQ/SQ spectrum leads to a lineshape free of any correlated inhomogeneous broadening. Therefore, a pulse 
sequence or shearing process able to consistently retrieve full spectra composed of these an4diagonal line shape 
would be of great interest. 
Alterna4vely, if the ABMS broadening can be modulated separately to the chemical shi[ (with dilu4on 
experiments), as homogeneous broadening is with variable MAS rates, one could design a PIP type strategy to 
remove the ABMS contribu4on. The effec4veness of the removal of ABMS with dilu4on experiments depends 
on the percentage of the ABMS free matrix content335, which could act as the variable parameter in a PIP method. 
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Chapter 6 Conclusion 
 

6.1 Results Achieved 
 
In conclusion, we have extensively studied the causes of broadening in 1H solid state MAS NMR and developed 
new methods to improve the spectral resolu4on. 

Firstly, the focus was on the homogeneous residual broadening caused by homonuclear dipolar couplings. The 
higher order terms of the average Hamiltonian cause both residual shi[s and splilngs in the spectrum and have 
a linear or polynomial MAS dependence, according to the strength of the nuclear spin interac4ons. 

Then, all new methods for resolu4on improvement proposed here focused on removing the residual 
homogeneous broadening. Demonstrated on four different organic solids, An4-Z COSY and TAZ COSY remove the 
residual coupling terms and can have a narrowing factor up to 2. 

On the other hand, PIP is able to remove both residual shi[ and splilng, and the narrowing factor is greater 
when compared to An4-Z COSY. The method was applied to six different samples. 

However, PIPNET and PIPNET 2D are the most robust methods proposed in this work, because their machine 
learning framework is able to overcome some of the PIP original limita4ons and assump4ons. 

All these works were based on spinning the sample at a fast rate (100 kHz), which acts as the workhorse for 
coherent averaging.  

These new methods are at a very early stage. Much more work is needed to validate the lineshapes and 
linewidths produced by these new approaches.  

For example, the linewidths obtained in conven4onal 1D and 2D experiments, in addi4on to the T2’ 
measurements, show that the sources of inhomogeneous broadening are increasingly relevant at fast MAS, and 
in some cases, more important than the homogeneous broadening.  

These conven4onal experiments are great tools to inves4gate the lineshapes and our studies on five different 
samples (HMB, 2-MeIM, ZIF-8, L-tyrosine HCl and polystyrene) and showed that every resonance has a par4cular 
distribu4on of the different contribu4ons to the linewidth. However, in the more typical organic solids examples 
(HMB, 2-MeIm and L-tyrosine HCl), it is found that correlated inhomogeneous broadening, and par4cularly 
ABMS, has a significant role in the total linewidth. This was demonstrated by dilu4on and experiments and 
DQ/SQ spectra, by extrac4ng the an4diagonal of the peaks.  

A highly symmetric compound like ZIF-8 does not experience any ABMS or correlated disorder, so one is 
expec4ng infinitely narrow linewidths at infinite MAS rate. On the other hand, an amorphous compound such as 
polystyrene, in the form of beads, can have a substan4al contribu4on from residual dipolar coupling and ABMS, 
however the total linewidth is s4ll largely dominated by the uncorrelated disorder of the sample. Faster MAS or 
any strategy to remove ABMS will have a smaller effect on the linewidth compared to the crystalline compounds. 

However, it is important to reiterate the necessity of faster spinning rates (>100-200 kHz MAS) to obtain higher 
1H resolu4on. Par4cularly in more complex crystalline compounds, where the overlap is s4ll significant and the 
DQ/SQ spectra have a lot of rounded shaped and Lorentzian peaks, the residual homogeneous broadening is s4ll 
dominant and hides the underlying correlated and uncorrelated inhomogeneous contribu4ons.  

 

6.2 Future Developments 
 
Possible future developments for each research topic have already been discussed in the previous chapters. 
The resolu4on enhancement methods developed here open up many new avenues, from improving the 
experiments themselves to thinking about what comes next for 1H resolu4on? 
The last chapter of the thesis body assessed the current barriers to the 1H linewidth. Employing the word 
“barriers” might be a stretch, but in our lab experience, in the context of organic solids, no structural 
characteriza4on problem has been solved so far by using 1H as the only or the central nucleus for assignment: 
one would always resort to 13C, par4cularly if the compound is amorphous. With the help of 1D CP, 2D 
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INADEQUATE and HETCOR experiments, molecules such as Molnupiravir and MDMA were assigned almost with 
no ambigui4es (see Chapter 4). 
Concerning rela4vely simpler molecules such as L-tyrosine hydrochloride or other amino acids, 1H fast MAS can 
be the central nucleus of assignment, with the limited number of resonances being quite spread across the 
spectrum.  
We have seen with the examples in Chapters 4 and 5, that 2D DQ/SQ methods are very rich in informa4on and 
overlap can be significantly disentangled with the second dimension. For more complex molecules (see ritonavir 
in Chapter 1, 4 and 5), 1D 100 kHz MAS alone will not be enough, and even faster rates may probably have limited 
effect, due to the inhomogeneous broadening. However, 2D DQ/SQ spectra at faster rates can greatly improve 
resolu4on: if the residual homogeneous broadening is only small, most peaks will be elongated and 4lted but 
significantly narrower (as seen with HMB and L-Tyrosine HCl).  
If the spectra start to resemble in shape to those obtained with 13C INADEQUATE, then assignment with 1H will 
be very insighUul.  
The elongated and 4lted shape observed in these experiments is due to correlated inhomogeneous broadening, 
par4cularly ABMS. As discussed in Chapter 5, ABMS broadening would be the next target to eliminate from 1H 
spectra, along with the reduc4on of homogeneous broadening as faster MAS rates become available, or as PIP 
type methods become more and more robust. 
Spinning faster implies smaller rotor sizes (< 0.7 mm) and therefore dilu4on experiments with an ABMS free 
matrix would be less prac4cal due to the restricted volume and reduced signal intensity. This reasoning shi[s our 
direc4on of thought to new pulse sequence methods or PIP strategies to consistently separate effects from ABMS 
from the desired chemical shi[ interac4on. 
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Supplementary Informa;on 
 

Homonuclear Decoupling in 1H NMR of Solids by Remote Correla-on 
 

Pulse sequences 
 
;An4-z-cosy experiment 
;PM&FMP 2019 
;Reference: Magn. Reson. Chem., 45, 296-316 (2007) and hPp://www-keeler.ch.cam.ac.uk/u4li4es/index.html   
;Tested on Avance Neo  
 
;PARAMETERS: 
 
;pl1 : power level for 90°/180° and small flip angle pulse 
;pl20 : power level for 1H satura4on pulses 
 
;p1 : 1H 90 degree pulse at pl1 
;p2 : 1H beta+180degree pulse at pl1 
;p3 : 1H beta pulse at pl1 
;p20 : 1H 90 degree satura4on pulse at pl20 
 
;d0 : t1 delay 
;d1 : recycle delay 
;d51 : delay for Z-filter 
;d50 : delay for Z-filter a[er subtrac4on of pulse dura4on 
; 
;cnst1  : mul4plica4on factor for beta angle calcula4on 
;cnst2  : beta angle (in degrees) 
;cnst31 : spinning rate for rotor period calcula4on 
 
;o1 : 1H offset 
;l6 : number of rotor periods incremented for each t1 point 
;ns=n*8  
 
;FnMODE : States-TPPI 
 
;$CLASS=Solids 
;$DIM=2D 
;$TYPE=homonuclear decoupling 
;$SUBTYPE=an4-z-cosy 
;$COMMENT= 
; 
 
#include <Avance.incl> 
#include <Delay.incl> 
 
define delay t_rot 
"t_rot=1/cnst31"  
 
"cnst1=cnst2/90" 
"p2=p1*cnst1+2*p1" 
"p3=p1*cnst1" 
 
"d50=d51-p3/2-p2/2" 
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"d0=0" 
"in0=l6*t_rot" 
"inf1=in0" 
 
1 ze       
2 10m 
#ifdef sat 
   3u pl20:f1  ;saturate 1H channel 
20 d20 
   p20:f1 ph20^ 
   lo to 20 4mes l20 
#endif  
  d1 pl1:f1  
3 p1:f1 ph1     
  d0       ; t1 increment 
 
  p2:f1  ph25     ; 180 + beta pulse 
  d50       ; z filter  
  p3:f1 ph26    ; beta pulse 
 
4 go=2 ph31  
 10m mc #0 to 2 F1PH(ip1,id0) 
exit   ;end 
 
ph1  = 0 0 0 0 2 2 2 2  
ph20= 0 1   
ph25= 0  
ph26= 0 1 2 3  
ph31= 0 1 2 3 2 3 0 1 
 

Scripts 
 
An4-z COSY Sequence 
 
% AntizCOSY sequence  
% parameters.beta: sets the beta angle  
% parametes.antiz: when 0 a ZQF or zCOSY is simulated, when 1 an antizCOSY 
is simulated 
% by LE, PM, BS from EPFL 
 
function fid=pm_antizcosy_solids(spin_system,parameters,H,R,K) 
  
% Compose Liouvillian 
L=H+1i*R+1i*K; 
  
% Coherent evolution timestep 
timestep2=1/parameters.sweep; 
timestep1=1/parameters.sweep; 
  
% Get the pulse operator 
Lp=operator(spin_system,'L+','1H'); 
Lx=(Lp+Lp')/2;  
Ly=(Lp-Lp')/2i; 
  
Lx=kron(speye(parameters.spc_dim),Lx); 
Ly=kron(speye(parameters.spc_dim),Ly); 
  
p1= pi/2;  
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cnst1=parameters.beta/90; 
cnst2=parameters.antiz; 
  
p2=p1*cnst1+2*p1*cnst2; 
p3=p1*cnst1; 
  
  
% Apply the first pulse (States hypercomplex) 
rho1_sin=step(spin_system,Lx,parameters.rho0,pi/2); 
rho1_cos=step(spin_system,Ly,parameters.rho0,pi/2); 
  
% Run the F1 evolution 
rho2_sin=evolution(spin_system,L,[],rho1_sin,timestep1,parameters.npoints(1
)-1,'trajectory'); 
rho2_cos=evolution(spin_system,L,[],rho1_cos,timestep1,parameters.npoints(1
)-1,'trajectory'); 
  
  
% Apply the second pulse  
rho4_sin=step(spin_system,Lx,rho2_sin,p2); 
rho4_cos=step(spin_system,Lx,rho2_cos,p2); 
  
% Select "0" coherence 
rho4_sin=coherence(spin_system,rho4_sin,{{'1H',0}}); 
rho4_cos=coherence(spin_system,rho4_cos,{{'1H',0}}); 
  
 
% Apply the second pulse  
rho5_sin=step(spin_system,Lx,rho4_sin,p3); 
rho5_cos=step(spin_system,Lx,rho4_cos,p3); 
  
  
% Run the F2 evolution 
fid.sin=evolution(spin_system,L,parameters.coil,rho5_sin,timestep2,parameter
s.npoints(2)-1,'observable'); 
fid.cos=evolution(spin_system,L,parameters.coil,rho5_cos,timestep2,parameter
s.npoints(2)-1,'observable'); 
  
end 
 
 
AB Spin System (Fig. 3.2 a)) 
 
% 1H MAS spectrum of a single crystal  
% computed using the FP formalism. 
% 2 spins simulation 
% Calculation time: depends on spin system. Seconds for 2 spins. 
%  
% from i.kuprov@soton.ac.uk 
% by LE, PM, BS form EPFL 
  
function mas_1H_1D_2spins_Xtal (); 
  
% Spin system properties  
sys.enable={'greedy','gpu'}; 
 
sys.isotopes={'1H','1H'}; 
  
inter.coupling.eigs=cell(2,2); 
inter.coupling.euler=cell(2,2); 
inter.coupling.scalar=cell(2,2); 
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cscal=1.0; 
inter.zeeman.eigs{1}=[15.0 15.0 15.0]*cscal; 
inter.zeeman.eigs{2}=[9.0 9.0 9.0]*cscal; 
  
inter.zeeman.euler{1}=[pi/7 pi/6 pi/11]; 
inter.zeeman.euler{2}=[pi/3 pi/13 pi/2]; 
  
dscal=1.0; 
inter.coupling.eigs{1,2}=[18.0 -9.0 -9.0]*dscal*1e3; 
  
inter.coupling.euler{1,2}=[pi/5 pi/7 pi/20]; 
  
jscal=0.0; 
inter.coupling.scalar{1,2}=10*jscal; 
  
% Magnet field 
sys.magnet=14; 
  
% Basis set 
bas.formalism='sphten-liouv'; 
bas.approximation='none'; 
bas.projections=+1; 
  
% Algorithmic options 
sys.tols.inter_cutoff=1.0; 
sys.tols.prox_cutoff=100.0; 
sys.disable={'trajlevel'}; 
  
% Spinach housekeeping 
spin_system=create(sys,inter); 
spin_system=basis(spin_system,bas); 
  
% Experiment setup 
parameters.rate=20000; 
parameters.axis=[1 1 1]; 
parameters.max_rank=5; 
parameters.sweep=20000; 
parameters.npoints=32*1024; 
parameters.zerofill=64*1024; 
parameters.offset=7250; 
parameters.spins={'1H'}; 
parameters.decouple={}; 
parameters.axis_units='Hz'; 
parameters.invert_axis=1; 
parameters.grid='single_crystal'; 
parameters.rho0=state(spin_system,'L+','1H','cheap'); 
parameters.coil=state(spin_system,'L+','1H','cheap'); 
parameters.verbose=0; 
  
% Simulation 
fid=singlerot(spin_system,@acquire,parameters,'nmr'); 
  
% Apodization 
fida=apodization(fid,'exp-1d',4); 
  
% Fourier transform 
spectruma=fftshift(fft(fida,parameters.zerofill)); 
  
% Plotting 
figure(1); plot_1d(spin_system,real(spectruma),parameters); 
  
end 
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ABC Spin System (Fig. 3.2 b)) 
 
% 1H MAS spectrum of a single crystal  
% computed using the FP formalism. 
% 3 spin simulation 
% Calculation time: Seconds for 3 spins. 
%  
% by LE, PM, BS form EPFL 
 
function mas_1H_1D_3spins_Xtal (); 
  
% Spin system properties  
sys.enable={'greedy','gpu'}; 
sys.isotopes={'1H','1H','1H'}; 
  
inter.coupling.eigs=cell(3,3); 
inter.coupling.euler=cell(3,3); 
inter.coupling.scalar=cell(3,3); 
  
cscal=1.0; 
inter.zeeman.eigs{1}=[45.0 45.0 45.0]*cscal; 
inter.zeeman.eigs{2}=[40.0 40.0 40.0]*cscal; 
inter.zeeman.eigs{3}=[2.5 2.5 2.5]*cscal; 
  
inter.zeeman.euler{1}=[0 0 0]; 
inter.zeeman.euler{2}=[pi/7 pi/3 pi/5]; 
inter.zeeman.euler{3}=[pi/8 pi/6 pi/10]; 
  
dscal=0.2; dscal1=3.0; dscal2=2.5; 
inter.coupling.eigs{1,2}=[18.0 -9.0 -9.0]*dscal*1e3; 
inter.coupling.eigs{1,3}=[-8 4 4]*dscal1*1e3; 
inter.coupling.eigs{2,3}=[-5 2.5 2.5]*dscal2*1e3; 
  
inter.coupling.euler{1,2}=pi*[0.00 170 0.00]/180; 
inter.coupling.euler{1,3}=pi*[0.00 190 0.00]/180; 
inter.coupling.euler{2,3}=pi*[0.00 100 0.00]/180; 
  
jscal=0.0; 
inter.coupling.scalar{1,2}=10*jscal; 
inter.coupling.scalar{1,3}=9*jscal; 
inter.coupling.scalar{2,3}=5*jscal; 
  
% Magnet field 
sys.magnet=14; 
  
% Basis set 
bas.formalism='sphten-liouv'; 
bas.approximation='none'; 
bas.projections=+1; 
  
% Algorithmic options 
sys.tols.inter_cutoff=1.0; 
sys.tols.prox_cutoff=100.0; 
sys.disable={'trajlevel'}; 
  
% Spinach housekeeping 
spin_system=create(sys,inter); 
spin_system=basis(spin_system,bas); 
  
% Experiment setup; 
parameters.rate=20000; 
parameters.axis=[1 1 1]; 
parameters.max_rank=8; 
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parameters.sweep=80000; 
parameters.npoints=32*1024; 
parameters.zerofill=128*1024; 
parameters.offset=8000; 
parameters.spins={'1H'}; 
parameters.decouple={}; 
parameters.axis_units='Hz'; 
parameters.invert_axis=1; 
parameters.grid='single_crystal'; 
parameters.rho0=state(spin_system,'L+','1H','cheap'); 
parameters.coil=state(spin_system,'L+','1H','cheap'); 
parameters.verbose=0; 
  
% Simulation 
fid=singlerot(spin_system,@acquire,parameters,'nmr'); 
  
% Apodization 
fida=apodization(fid,'exp-1d',4); 
  
% Fourier transform 
spectruma=fftshift(fft(fida,parameters.zerofill)); 
  
% Plotting 
figure(1); plot_1d(spin_system,real(spectruma),parameters); 
  
end 
 
ABC Spin System (Fig. 3.2 c)) 

 
% 1H MAS spectrum of a single crystal with two different orientations  
% computed using the FP formalism. 
% 3 spins simulation 
% Calculation time: Seconds for 3 spins. 
% 
% 
% by LE, PM, BS from EPFL 
  
function mas_1H_1D_3spins_2o(); 
 
% Spin system properties  
sys.enable={'greedy','gpu'}; 
sys.isotopes={'1H','1H','1H'}; 
  
  
inter.coupling.eigs=cell(3,3); 
inter.coupling.euler=cell(3,3); 
inter.coupling.scalar=cell(3,3); 
  
cscal=1.0; 
inter.zeeman.eigs{1}=[4.0 4.0 4.0]*cscal; 
inter.zeeman.eigs{2}=[3.6 3.6 3.6]*cscal; 
inter.zeeman.eigs{3}=[12 12 12]*cscal; 
 
inter.zeeman.euler{1}=[pi/7 pi/6 pi/11]; 
inter.zeeman.euler{2}=[pi/3 pi/13 pi/2]; 
inter.zeeman.euler{3}=[pi/3 pi/10 pi/2]; 
  
dscal=1.0; 
inter.coupling.eigs{1,2}=[4 -2 -2]*dscal*1e3; 
inter.coupling.eigs{1,3}=[6.6 -3.3 -3.3]*dscal*1e3; 
inter.coupling.eigs{2,3}=[4.4 -2.2 -2.2]*dscal*1e3; 
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inter.coupling.euler{1,2}=[pi/6 pi/2 pi/20]; 
inter.coupling.euler{1,3}=[pi/4 pi/2 pi/3]; 
inter.coupling.euler{2,3}=[pi/3 pi/3 pi/2]; 
 
jscal=0.0; 
inter.coupling.scalar{1,2}=10*jscal; 
inter.coupling.scalar{1,3}=9*jscal; 
inter.coupling.scalar{2,3}=5*jscal; 
  
% Magnet field 
sys.magnet=14; 
  
% Basis set 
bas.formalism='sphten-liouv'; 
bas.approximation='none'; 
bas.projections=+1; 
  
% Algorithmic options 
sys.tols.inter_cutoff=1.0; 
sys.tols.prox_cutoff=100.0; 
sys.disable={'trajlevel'}; 
  
% Spinach housekeeping 
spin_system=create(sys,inter); 
spin_system=basis(spin_system,bas); 
  
% Experiment setup; 
parameters.rate=8000; 
parameters.axis=[1 1 1]; 
parameters.max_rank=5; 
parameters.sweep=10000; 
parameters.npoints=2*1024; 
parameters.zerofill=4*1024; 
parameters.offset=4801.04; 
parameters.spins={'1H'}; 
parameters.decouple={}; 
parameters.axis_units='Hz'; 
parameters.invert_axis=1; 
parameters.grid='LE2orientations+1+1'; 
parameters.rho0=state(spin_system,'L+','1H','cheap'); 
parameters.coil=state(spin_system,'L+','1H','cheap'); 
parameters.verbose=0; 
  
% Simulation 
fid=singlerot(spin_system,@acquire,parameters,'nmr'); 
  
% Apodization 
fida=apodization(fid,'exp-1d',2); 
  
% Fourier transform 
spectruma=fftshift(fft(fida,parameters.zerofill)); 
  
% Plotting 
figure(1); plot_1d(spin_system,real(spectruma),parameters); 
  
end 
 
ABC Spin System (Fig. 3.2 e)-f)) 
 
% 2D 1H MAS z-COSY or anti-z-COSY spectra of a single crystal with two 
different orientations 
% computed using the FP formalism. 
% 
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% Calculation time: depends on spin system.  
% 
% by LE, PM, BS from EPFL 
  
function [fid]=mas_3spins_COSY() 
 
sys.enable={'greedy','gpu'}; 
sys.isotopes={'1H','1H','1H'}; 
  
inter.coupling.eigs=cell(3,3); 
inter.coupling.euler=cell(3,3); 
inter.coupling.scalar=cell(3,3); 
  
cscal=1.0; 
inter.zeeman.eigs{1}=[4.0 4.0 4.0]*cscal; 
inter.zeeman.eigs{2}=[3.6 3.6 3.6]*cscal; 
inter.zeeman.eigs{3}=[12 12 12]*cscal; 
 
inter.zeeman.euler{1}=[pi/7 pi/6 pi/11]; 
inter.zeeman.euler{2}=[pi/3 pi/13 pi/2]; 
inter.zeeman.euler{3}=[pi/3 pi/10 pi/2]; 
  
dscal=1.0; 
inter.coupling.eigs{1,2}=[4 -2 -2]*dscal*1e3; 
inter.coupling.eigs{1,3}=[6.6 -3.3 -3.3]*dscal*1e3; 
inter.coupling.eigs{2,3}=[4.4 -2.2 -2.2]*dscal*1e3; 
 
inter.coupling.euler{1,2}=[pi/6 pi/2 pi/20]; 
inter.coupling.euler{1,3}=[pi/4 pi/2 pi/3]; 
inter.coupling.euler{2,3}=[pi/3 pi/3 pi/2]; 
  
jscal=0.0; 
inter.coupling.scalar{1,2}=10*jscal; 
inter.coupling.scalar{1,3}=9*jscal; 
inter.coupling.scalar{2,3}=5*jscal; 
  
% Magnet field 
sys.magnet=14; 
  
% Basis set 
bas.formalism='sphten-liouv'; 
bas.approximation='none'; 
  
% Algorithmic options 
sys.tols.inter_cutoff=1.0; 
sys.tols.prox_cutoff=100.0; 
  
% Spinach housekeeping 
spin_system=create(sys,inter); 
spin_system=basis(spin_system,bas); 
  
% Experiment setup 
parameters.rate=20000; 
parameters.axis=[1 1 1]; 
parameters.max_rank=5;  
parameters.sweep=2500; 
parameters.npoints=[256 256]; 
parameters.offset=2000; 
parameters.spins={'1H'}; 
parameters.decouple={}; 
parameters.axis_units='Hz'; 
parameters.rho0=state(spin_system,'Lz','1H'); 
parameters.coil=state(spin_system,'L+','1H'); 
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parameters.grid='2orientations'; 
parameters.verbose=0; 
parameters.beta=3; %beta angle  
parameters.antiz=1; %when 0 a ZQF or zCOSY is simulated, when 1 an antizCOSY 
is simulated 
  
% Simulation 
fid=singlerot(spin_system,@pm_antizcosy_solids,parameters,'nmr'); 
  
end 
 
Orienta4ons File (‘2orienta4ons’)  
 
α = [0 0.3142] 
β = [0 1.0472] 
γ = [0 3.491] 
weights = [1 1] 
 
Average Hamiltonian 
 

 
 

$Path =

Append[$Path, ".../Mathematica/SDv3.3.2/SpinDynamica"];

Needs["SpinDynamica`"];

Two-spin system
��������	 SetSpinSystem[3];

���
��	 Parameters;
�1 = 2 � 82.0; �2 = 2 � 12.0; �3 = 2 � 127.0;

A2,-2 = 0; A2,-1 = 0; A2,1 = 0; A2,2 = 0; A2,0 = 2000.0;

B2,-2 = 0; B2,-1 = 0; B2,1 = 0; B2,2 = 0; B2,0 = 4000.0;

C2,-2 = 0; C2,-1 = 0; C2,1 = 0; C2,2 = 0; C2,0 = 6000.0;

�MR1 = � � 20; �MR1 = � � 13; �MR1 = � / 7;

�MR2 = � / 7; �MR2 = � � 3; �MR2 = � / 5;

�MR3 = � � 8; �MR3 = � � 6; �MR3 = � � 10;

Htot[t_] := �1 opT[1, {1, 0}] + �2 opT[2, {1, 0}] +

�3 opT[3, {1, 0}] + Sum[A2,m WignerD[2, {m, m1}][{�MR1, �MR1, �MR1}] ×

WignerD[2, {m1, 0}][{�Rot t, ArcTan[Sqrt[2]], 0}] × opT[{1, 2}, {2, 0}],

{m, -2, 2}, {m1, -2, 2}] + Sum[B2,m WignerD[2, {m, m1}][{�MR2, �MR2, �MR2}] ×

WignerD[2, {m1, 0}][{�Rot t, ArcTan[Sqrt[2]], 0}] × opT[{1, 3}, {2, 0}],

{m, -2, 2}, {m1, -2, 2}] + Sum[C2,m WignerD[2, {m, m1}][{�MR3, �MR3, �MR3}] ×

WignerD[2, {m1, 0}][{�Rot t, ArcTan[Sqrt[2]], 0}] ×

opT[{2, 3}, {2, 0}], {m, -2, 2}, {m1, -2, 2}] // Chop

First order

�������	 Ham1st[�Rot_] :=
�Rot

2 �
Integrate�Htot[t], 	t, 0,

2 �

�Rot

�

ExpressOperator[Operator@Ham1st[�Rot]]
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Second order
commut2[t1_, t2_] :=

MatrixRepresentation[Htot[t2]].MatrixRepresentation[Htot[t1]] -

MatrixRepresentation[Htot[t1]].MatrixRepresentation[Htot[t2]];

Ham2nd[ωRot_] :=
ωRot

2 I 2 π
Integrate Integrate[commut2[t1, t2], {t1, 0, t2}], t2, 0,

2 π

ωRot
ExpressOperator[Operator@Ham2nd[ωRot], CartesianProductOperatorBasis[]] //

Chop // FullSimplify

secularization1 = Secularize[ExpressOperator[Operator@Ham2nd[ωRot]],

2 π 82.0 opI[1, "z"] + 2 π 12.0 opI[2, "z"] + 2 π 127.0 opI[3, "z"], 2 π 44.0 ]

Third order
��������� commut12[t1_, t2_] :=

MatrixRepresentation[Htot[t2]].MatrixRepresentation[Htot[t1]] -

MatrixRepresentation[Htot[t1]].MatrixRepresentation[Htot[t2]]; // Chop

commut23[t2_, t3_] := MatrixRepresentation[Htot[t3]].

MatrixRepresentation[Htot[t2]] -

MatrixRepresentation[Htot[t2]].MatrixRepresentation[Htot[t3]]; // Chop

commut123[t1_, t2_, t3_] := MatrixRepresentation[Htot[t3]].commut12[t1, t2] -

commut12[t1, t2].MatrixRepresentation[Htot[t3]]; // Chop

commut231[t1_, t2_, t3_] := commut23[t2, t3].MatrixRepresentation[Htot[t1]] -

MatrixRepresentation[Htot[t1]].commut23[t2, t3]; // Chop

commut3[t1_, t2_, t3_] := commut123[t1, t2, t3] + commut231[t1, t2, t3] // Chop

���������

Ham3rd[ωRot_] := -
ωRot

6 * 2 π
Integrate Integrate[

Integrate[commut3[t1, t2, t3], {t1, 0, t2}], {t2, 0, t3}], t3, 0,
2 π

ωRot
ExpressOperator[Operator@Ham3rd[ωRot], CartesianProductOperatorBasis[]]

��������� secularization2 = Secularize[%,

2 π 82.0 opI[1, "z"] + 2 π 12.0 opI[2, "z"] + 2 π 127.0 opI[3, "z"], 2 π 44.0 ]

2 3spinMAS_Theory_v3_3rdorder_SI.nb
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Fast Remote Correla-on Experiments for 1H Homonuclear Decoupling in Solids 
 

Pulse sequences 
 
TAZ-COSY 
 
;TOP-An4-z-cosy experiment with QF acquisi4on mode 
;PM 2020, LRM EPFL Lausanne 
; Please cite XXX  
 
;Disclaimer: please note our pulse sequences are provided free of charge and come with no warranty. They are 
used at your own risk. In par4cular, mis-selng the parameters can poten4ally lead to damage.  
 
; Any pulse sequences derived from this code must include this whole header. 
 
;parameters: 
;pl1 : power level for 90 degree and beta pulses 
;pl20 : power level for 1H satura4on pulses 
; 
;p1 : 1H 90 degree pulse at pl1 
;p2 : 1H 180 degree pulse at pl1 
;p3 : 1H beta degree pulse at pl1 
;p20 : 1H 90 degree satura4on pulse at pl20 
; 
;d0 : t1/2 delay (set by the seq) - decremented  
;d10 : t1/2 delay   (set by the seq) - incremented 
;d1 : recycle delay 
;d2 : tau delay flanking hard 180° 
;d50 : delay for Z-filter 
;d20 : presatura4on delay 
; 
;cnst1  : mul4plica4on factor to calculate beta angles 
;cnst2  : beta angle (in degree) 
;cnst31 : current spin rate for rotor period calcula4on 
;cnst4  : first order phase correc4on to be applied in F1 
;cnst5  : calcula4ons for cnst4 
 
;l6: sets (inf1)/2  
;l7: sets zfilter delay, integer to be mul4plied with the rotor period [1] 
;l8: sets short tau delay, integer to be mul4plied with the rotor period [1] 
;l20: sets presatura4on loop  
;ns=n*8  
 
 
;FnMODE: QF 
;$CLASS=Solids 
;$DIM=2D 
;$TYPE=DD coupling 
;$SUBTYPE=fast an4 z-cosy 
;$COMMENT= 
; 
 
 
#include <Avance.incl> 
#include <Delay.incl> 
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define delay rot_per 
"rot_per=1/cnst31"  
 
 
;Beta pulse calcula4ons 
"cnst1=cnst2/90" 
"p2=2*p1" 
"p3=p1*cnst1"  
 
;zfilter calcula4ons 
"d50=l7*rot_per-p3" 
 
;tau delay calcula4ons 
"d2=l8*rot_per" 
 
 
;TOP calcula4ons 
"cnst3=td1/2" 
"l0=1" 
"in0=l6*rot_per" 
"in10=l6*rot_per" 
"inf1=2*in0" 
 
define delay maxT 
"maxT= (td1*inf1)/4-in0+1us" 
"d0=maxT"  
"cnst5=(2/(0.000001*inf1))"  
"cnst4=(cnst5*2*3.14*maxT*360)/(2*3.14)"  
"cnst4=cnst4+d10-d10"  
"cnst5=cnst5+d10-d10"  
 
 
1 ze        
2 10m 
 
 
#ifdef sat 
   3u pl20:f1  ;saturate 1H 
20 d20 
   p20:f1 ph20^ 
   lo to 20 4mes l20 
#endif   
 
 
  d1 pl1:f1  
 
  if "l0 <= cnst3"  
   {  
     lab11, goto lab6 
   } 
  else  
   { 
   "d10=(l0-cnst3)*in0" 
     lab12, goto lab7 
   } 
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lab6, p1:f1 ph1    ;first 90   
 
 d2 
   p2:f1  ph2     ;first 180 
 d2 
 
 d0 
 
  p3:f1  ph3     ; beta z filter 
  d50 
  p3:f1 ph4 
 
  p2:f1  ph5     ;second 180 
 
  d0 
 
lab16,goto lab4 
   
 
lab7, p1:f1 ph1    ;first 90   
 
 d10 
 
  p2:f1  ph2     ;first 180 
 
  p3:f1  ph3     ; beta z filter 
  d50 
  p3:f1 ph4 
 
  d10 
 
 d2 
  p2:f1  ph5     ;second 180 
 d2 
 
 
lab17,goto lab4 
   
 
lab4, go=2 ph31  
 10m mc #0 to 2  
  F1QF(caldel(d0,-in0)& calclc(l0,1)) 
 
 
 
 
exit    
 
ph1 = 0 2 
ph2 = 0 0 1 1  
ph3 = 0 0 0 0 1 1 1 1  
ph4 = 0 0 0 0 1 1 1 1  
ph5 = 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
ph20= 0 1   
ph31= 0 2 2 0 2 0 0 2 2 0 0 2 0 2 2 0 
 
TOP-TSE-PSYCHE 
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;TOP-TSE-PSYCHE with QF acquisi4on mode 
;PM 2020, LRM EPFL Lausanne 
;Please cite XXX  
 
;Disclaimer: please note our pulse sequences are provided free of charge and come with no warranty. They are 
used at your own risk. In par4cular, mis-selng the parameters can poten4ally lead to damage.  
 
; Any pulse sequences derived from this code must include this whole header. 
 
;(Based on: 
;TSE-PSYCHE 
;Pure Shi[ Yielded by Chirp Excita4on 
;Using triple spin echo for suppression of strong coupling artefacts   
;By Mohammadali Foroozandeh: 
;(1)  Foroozandeh, M.; Adams, R. W.; Meharry, N. J.; Jeannerat, D.; Nilsson, M.; Morris, G. A. Angew. Chem. Int. 
Ed. 2014, 53, 6990. 
;(2)  Foroozandeh, M.; Adams, R. W.; Nilsson, M.; Morris, G. A. J. Am. Chem. Soc. 2014, 136, 11867. 
;(3)  Foroozandeh, M.; Adams, R. W.; Kiraly, P.; Nilsson, M.; Morris, G. A. Chem. Commun., 2015) 
 
 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
#include <Avance.incl> 
#include <Delay.incl> 
#include <Grad.incl> 
 
define delay tauA 
define delay tauB 
 
"in0=inf1/2"  
"p2=p1*2" 
 
 
"cnst50=(cnst20/360)*sqrt((2*cnst21)/(p40/2000000))" 
"p30=1000000.0/(cnst50*4)" 
"cnst31= (p30/p1) * (p30/p1)" 
"spw40=plw1/cnst31"  
"d12=20u" 
 
"p31=1000000.0/(cnst51*4)" 
"cnst32= (p31/p1) * (p31/p1)" 
"spw41=plw1/cnst32" 
"spw42=spw41" 
 
"p20=p40" 
"p21=p41" 
"p22=p42" 
 
 
"cnst3=td1/2" 
 
define delay maxT 
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"maxT= (td1*inf1)/4-in0+1us" 
 
"cnst5=(2/(0.000001*inf1))"  
"cnst4=(cnst5*2*3.14*maxT*360)/(2*3.14)"  
"cnst4=cnst4+d10-d10"  
"cnst5=cnst5+d10-d10"  
 
 
1 ze 
2 d12 pl9:f1 
  d1 cw:f1 ph29 
  4u do:f1 
  d12 pl1:f1 
 
  if "l0 <= cnst3"  
   {  
 
    "d0=maxT-((l0-1)*in0)" 
 
 10u pl1:f1 
 
  p1 ph1 
  50u UNBLKGRAD 
  p16:gp1            
  d16 
  10u pl0:f1 
  d16 
  ( center (p41:sp41 ph2):f1 (p21:gp11) ) 
  d16 
  60u 
  p16:gp1             
  d16 
  d0                       
  p16:gp2            
  d16 
  10u 
  d16  
  ( center (p40:sp40 ph3):f1 (p20:gp10) ) 
  d16 
  10u 
  p16:gp2            
  d16   
  p16:gp3            
  d16 
  60u 
  d16 
  ( center (p42:sp42 ph4):f1 (p22:gp12) ) 
  d16 
  10u pl1:f1 
  p16:gp3             
  d16 
  d0 
  50u BLKGRAD        
  
 
lab16, goto lab4 
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   } 
  else  
   { 
   "d10=(l0-cnst3)*in0" 
 
10u pl1:f1 
 
  p1 ph1  
 
  d10  
 
  50u UNBLKGRAD 
  p16:gp1            
  d16 
  10u pl0:f1 
  d16 
  ( center (p41:sp41 ph2):f1 (p21:gp11) ) 
  d16 
  60u 
  p16:gp1             
  d16                  
  p16:gp2            
  d16 
  10u 
  d16  
  ( center (p40:sp40 ph3):f1 (p20:gp10) ) 
  d16 
  10u 
  p16:gp2            
  d16   
  d10  
  p16:gp3            
  d16 
  60u 
  d16 
  ( center (p42:sp42 ph4):f1 (p22:gp12) ) 
  d16 
  10u pl1:f1 
  p16:gp3             
  d16 
  50u BLKGRAD        
  
lab17,goto lab4 
   
  } 
 
                
lab4, go=2 ph31  
 d12 mc #0 to 2 F1QF(calclc(l0,1)) 
 
exit 
 
ph1= 0 2 0 2 0 2 0 2    ; Hard_90  
ph2= 0 0 0 0 1 1 1 1     ; sweep-180 
ph3= 0 0 1 1 0 0 1 1    ; beta 
ph4= 0 0 0 0 0 0 0 0    ; sweep-180 
ph29 = 0 
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ph31=0 2 2 0 2 0 0 2     ; Receiver 
 
;pl0 : zero power 
;pl1 : high power 
;pl9 : f1 channel - power level for presatura4on 
;p1  : 90 degree high power pulse 
;p16 : dura4on of CTP gradients (1m) 
;p20 : dura4on of weak gradient during PSYCHE pulse element 
;p21 : dura4on of weak gradient during 1st 180-degree swept-frequency pulse 
;p22 : dura4on of weak gradient during 2nd 180-degree swept-frequency pulse 
;p40 : dura4on of double-chirp PSYCHE pulse element 
;p41 : dura4on of 1st 180-degree swept-frequency pulse 
;p42 : dura4on of 2nd 180-degree swept-frequency pulse 
;d0 : t1/2 delay (set by the seq) - decremented  
;d10 : t1/2 delay   (set by the seq) – incremented 
;d1  : relaxa4on delay 
;d12: delay for power switching 
;d16 : recovery delay for gradients 
;spw40 : RF power of double-chirp PSYCHE pulse element 
;spw41 : RF power of 1st 180-degree swept-frequency pulse 
;spw42 : RF power of 2nd 180-degree swept-frequency pulse 
;spnam40: file name for PSYCHE pulse element 
;spnam41: file name for 1st 180-degree swept-frequency pulse 
;spnam42: file name for 2nd 180-degree swept-frequency pulse 
;gpz1: CTP gradient (35%) 
;gpz2: CTP gradient (49%) 
;gpz3: CTP gradient (77%) 
;gpz10: weak gradient during PSYCHE element (1-3%) 
;gpz11: weak gradient during 1st 180-degree chirp (1-3%) 
;gpz12: weak gradient during 2nd 180-degree chirp (1-3%) 
;gpnam1: SINE.100 
;gpnam2: SINE.100 
;gpnam3: SINE.100 
;gpnam10: RECT.1 
;gpnam11: RECT.1 
;gpnam12: RECT.1 
;cnst20: desired flip angle for PSYCHE pulse element (degree) (normally 10-25)  
;cnst21: bandwidth of each chirp in PSYCHE pulse element (Hz) (normally 10000) 
;cnst51: RF amplitude for 180-degree chirp pulses (Hz) 
;cnst4  : first order phase correc4on to be applied in F1 
;cnst5  : calcula4ons for cnst4 
;in0 : 1/(2 * SW) = DW 
;nd0 : 2 
;td1 : number of t1 increments 
;MC2 : QF 
 

Scripts 
 
SHEARING_TAZ: 
 
/****************************************************************/ 
/* LRM EPFL Lausanne     */ 
 
/* Short Descrip4on :     */ 
/* Program for shearing an TAZ-COSY spectrum  */ 
/*  Carry out XFB first. 
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   Apply the 1rst phase correc4on needed in F1 (given by cnst4)    */ 
/****************************************************************/ 
/* Descrip4on :      */ 
/* There are two stages to the program:   */ 
/* 1. Shear parallel to F1 with linear interpola4on */ 
/* 2. Shear parallel to F2 with linear interpola4on */ 
/* Based on ajp_shear found at: hPp://www-keeler.ch.cam.ac.uk/u4li4es/index.html */  
 
 
 
#define PAR2D 1 // 2D spectrum 
 
 
int i, 
 row, 
 col, 
 parmode, 
 si2, 
 si1, 
 first, 
 second, 
 *buffer, 
 *backup; 
 
float actual, 
 new, 
 u,  // 
 t,  // Used for the interpola4on during shearing 
 shi[; 
 
double sw2, 
 sw1, 
 ra4oSI, 
 ra4oSW; 
 
char filename2d[PATH_LENGTH]; 
 
FILE *spectrum; 
 
 
// Collect important parameters 
 
GETCURDATA; 
FETCHPARS("PARMODE", &parmode); 
FETCHPARS("SI", &si2); 
FETCHPAR1S("SI", &si1); 
FETCHPARS("SW", &sw2); 
FETCHPAR1S("SW", &sw1); 
 
 
 
// Is it a 2D spectrum? 
 
if (parmode != PAR2D ) {STOPMSG( "Not a 2D dataset"); 
} 
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// First shear (parallel to F1) 
 
 
(void)sprinU(filename2d,"%s/%s/%d/pdata/%d/2rr",disk,name,expno,procno); 
 
// Open the file 2rr 
 
if ((spectrum=fopen(filename2d,"rb")) == NULL) 
{ 
         (void)sprinU(text,"Cannot read 2rr file:\n%s ",filename2d); 
         STOPMSG(text); 
} 
 
 buffer=(int *) malloc((size_t)(si2*si1*sizeof(int))); 
 if (!buffer) STOPMSG("Could not allocate enough memory (buffer)"); 
 
 backup=(int *) malloc((size_t)(si2*si1*sizeof(int))); 
 if (!backup) STOPMSG("Could not allocate enough memory (buffer)"); 
 
 
// Read the 2rr file into the buffer 
 
i = fread(buffer, sizeof(int), si2*si1, spectrum); 
 
 
ra4oSI = (si1*1.0)/(si2*1.0); 
ra4oSW = sw2/sw1; 
 
 
/*  Now try to shear it 
The first loop cycles through the rows 
The second loop cycles through the data points in the present row 
*/ 
 
for (row=0; row<si1; row++) {                          
for (col=0; col<si2; col++) { 
 
 
shi[ = ra4oSI*ra4oSW*(col - si2/2.0); 
 
new = row + shi[; 
 
while (new > si1 - 1) 
{ 
actual = new - si1; 
new = actual; 
} 
 
while (new < 0) 
{ 
actual = new + si1; 
new = actual; 
} 
 
first = new; 
 
if (first < si1 - 1) 
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{ 
second = first + 1; 
} 
else second = first + 1 - si1; 
 
u = new - first; 
backup[row*si2 + col] = (1 - u)*buffer[first*si2 + col] + u*buffer[second*si2 + col]; 
} 
} 
         
spectrum=fopen(filename2d,"wb"); 
fwrite(backup, sizeof(int), si2*si1, spectrum);   
fclose(spectrum); 
 
 
VIEWDATA; 
ssleep(5); 
 
  
// Second shear (parallel to F2) 
 
 
(void)sprinU(filename2d,"%s/%s/%d/pdata/%d/2rr",disk,name,expno,procno); 
 
// Open the file 2rr 
 
if ((spectrum=fopen(filename2d,"rb")) == NULL) 
{ 
         (void)sprinU(text,"Cannot read 2rr file:\n%s ",filename2d); 
         STOPMSG(text); 
} 
 
 buffer=(int *) malloc((size_t)(si2*si1*sizeof(int))); 
 if (!buffer) STOPMSG("Could not allocate enough memory (buffer)"); 
 
 backup=(int *) malloc((size_t)(si2*si1*sizeof(int))); 
 if (!backup) STOPMSG("Could not allocate enough memory (buffer)"); 
 
// Read the 2rr file into the buffer  
 
i = fread(buffer, sizeof(int), si2*si1, spectrum); 
 
ra4oSI = (si2*1.0)/(si1*1.0); 
ra4oSW = sw1/sw2; 
 
 
 
 
/*  Now try to shear it 
The first loop cycles through the rows 
The second loop cycles through the data points in the present row 
*/ 
 
 
for (row=0; row<si1; row++) {                          
for (col=0; col<si2; col++) { 
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shi[ = -ra4oSI*ra4oSW*(row - si1/2.0); 
new = col + shi[; 
 
while (new > si2 - 1) 
{ 
actual = new - si2; 
new = actual; 
} 
 
while (new < 0) 
{ 
actual = new + si2; 
new = actual; 
} 
 
first = new; 
 
if (first < si2 - 1) 
{ 
second = first + 1; 
} 
else second = first + 1 - si2; 
 
t = new - first; 
backup[row*si2 + col] = (1 - t)*buffer[row*si2 + first] + t*buffer[row*si2 + second]; 
} 
} 
 
spectrum=fopen(filename2d,"wb"); 
fwrite(backup, sizeof(int), si2*si1, spectrum);   
fclose(spectrum); 
 
 
free(buffer); 
free(backup); 
 
VIEWDATA; 
ssleep(5); 
 
 
 
QUITMSG("Processing finished"); 
 
AJP_SHEAR: 
 
/********************************************************/ 
/* ajp_sym  26/09/2006   */ 
/********************************************************/ 
/* Descrip4on :     */ 
/* Symmetrizes the spectrum about F1 = 0  */ 
/********************************************************/ 
/* Author(s) :    */ 
/* Name  : Andrew J. Pell  */ 
/* Organisa4on : University of Cambridge */ 
/********************************************************/ 
 
 



 

 226 

#define PAR2D 1 // 2D spectrum 
 
 
int i,   
 row,   
 col,   
 parmode,  
 si2,   
 si1,     
 *buffer;  
 
 
char filename2d[PATH_LENGTH]; 
 
FILE *spectrum; 
 
 
// Collect important parameters 
 
GETCURDATA; 
FETCHPARS("PARMODE", &parmode); 
FETCHPARS("SI", &si2); 
FETCHPAR1S("SI", &si1); 
 
// Is it a 2D spectrum? 
 
if (parmode != PAR2D ) {STOPMSG( "Not a 2D dataset"); 
} 
 
 
 
(void)sprinU(filename2d,"%s/%s/%d/pdata/%d/2rr",disk,name,expno,procno); 
 
//(void)sprinU(filename2d,"%s/data/%s/nmr/%s/%d/pdata/%d/2rr",disk,user,name,expno,procno); 
 
// Try to open the file 
 
if ((spectrum=fopen(filename2d,"rb")) == NULL) 
{ 
         (void)sprinU(text,"Cannot read 2rr file:\n%s ",filename2d); 
         STOPMSG(text); 
} 
 
         buffer=(int *) malloc((size_t)(si2*si1*sizeof(int))); 
 
         if (!buffer) STOPMSG("Could not allocate enough memory (buffer)"); 
                 i = fread(buffer,sizeof(int),si2*si1,spectrum); 
 
         if (si2*si1 != i)   { STOPMSG("Read Error1:  SI != Number of Points Read"); } 
 
/* Now, let's play with the thing */ 
for (row=0; row<si1; row++) {                          
for (col=0; col<si2; col++) { 
         
 if (abs(buffer[row*si2 + col]) < abs(buffer[si1*si2 -si2 - row*si2 + col])) 
 
 buffer[row*si2 + col] = buffer[row*si2 + col]; 
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 else buffer[row*si2 + col] = buffer[si1*si2 - si2 - row*si2 + col]; 
}} 
 
spectrum=fopen(filename2d,"wb"); 
fwrite(buffer,sizeof(int),si2*si1,spectrum);   
fclose(spectrum); 
 
free(buffer); 
 
VIEWDATA; 
 
QUIT; 
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Barriers to Resolu-on in 1H of Rota-ng Solids 
 

Scripts 
 
Matlab func4on to fit lineshapes to GLS func4on 
 
function rmsefit = rmsevalconv_1pe(x,ltd,specs) 
a1 = x(1); 
idx1=x(2); 
g1=x(3); 
l1=x(4); 
  
 
lshape=a1./(1+4*((ltd'-idx1)./l1).^2); % Lorentzian  
  
gshape=a1.*exp(-4*log(2)*((ltd'-idx1)./(g1)).^2); % Gaussian  
  
fitres=conv(lshape, gshape, 'same'); 
  
fitres=fitres./max(fitres); 
  
rmsefit =sqrt(mean((specs - fitres').^2));  % Root Mean Squared Error 
  
end 
 
Matlab func4on to fit lineshapes to Voigt func4on (convolu4on Gaussian with a Lorentzian) 
 
function rmsefit = rmsevalgls_1pe(x,ltd,specs) 
a1 = x(1); 
q1= x(2); 
idx1=x(3); 
c1=x(4); 
  
fitres= a1.*(1-q1).*exp(-4.*log(2).*((ltd'-idx1)./c1).^2)+a1.*q1./(1+4.*((ltd'-idx1)./c1).^2); 
  
 
rmsefit =sqrt(mean((specs - fitres).^2));  % Root Mean Squared Error 
  
end 
 
Matlab Script to extract the an4diagonal of a 2D peak 
 
% Set the angle of the line in degrees 
theta_line = 45; 
  
theta_lineanti=theta_line+90 
  
% Convert the angle to radians 
theta_line_rad = deg2rad(theta_line); 
  
theta_lineanti_rad = deg2rad(theta_lineanti); 
  
% Calculate the slope of the line 
m = tan(theta_line_rad); 
manti=tan(theta_lineanti_rad); 
  
% Calculate the corresponding y coordinates of the line, giving the x 
% coordinates as input 
y_line = m*(xar); 
y_lineanti=manti*(xar); 
  
  
%comparison coordinates of y coordinates and constructed y coordinates 
  
diffs = yar - y_lineanti.'; 
  
% set a threshold for the differences 
threshold=sry/2 
  
% find the indices where the differences are below the threshold 
  
[col_idy, row_idy] = find(diffs < threshold & diffs > -threshold); 
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yantidiag=yar(row_idy); %row is for the index of y, true for other angles 
  
%corresponding antidiagonal x coordiantes 
x_lineanti=yar(row_idy)/(manti); 
  
diffsx= xar + x_lineanti.'; 
  
thresholdx=(srx/2); 
  
[col_idx, row_idx] = find(diffsx < thresholdx & diffsx > -thresholdx); 
  
xantidiag=fliplr(xar(row_idx)); 
  
row_idxflip=flipud(row_idx); 
  
  
  
%INTENSITIES FROM ANTIDIAGONAL 
for i=1:length(row_idy)     
  
row_idy(i); 
row_idxflip(i); 
antidiag(i)=Z(row_idy(i),row_idxflip(i)); 
  
end 
  
%scaling the antidiagonal x coordinates by trigonometry 
tantilt=theta_lineanti_rad; 
  
  
 %antidiagflipcos=xantidiag.*(cos(tantilt)); 
 xantidiagflipcos=xantidiag./(cos(tantilt)); 
 
Script to simulate a 2D convolu4on of a 4lted Gaussian and a Lorentzian 
 
% Define the x and y vectors 
  
  
swx=2; %x spectral width 
swy=2; %y spectral width 
  
tdx=500; %td in x dimension 
tdy=601; % td in y dimension 
  
  
%definition of grid 
xar = linspace(-swx, swx, tdx); 
  
yar = linspace(-swy, swy, tdy); 
  
  
  
%  meshgrid  
[X, Y] = meshgrid(xar, yar); 
XY = [X(:) Y(:)]; 
  
%  mean and std of  Gaussian  
mu = [0, 0]; 
sigma = diag([0.01, 0.3]); % diagonal matrix  
  
  
% Rotate the covariance matrix by an angle 
  
theta = -45; % angle of tilt of gaussian 
thetarad=deg2rad(theta); 
R = [cos(thetarad) -sin(thetarad); sin(thetarad) cos(thetarad)]; 
sigma = R * sigma * R'; 
  
xpt = linspace(1, tdx, tdx); 
ypt = linspace(1, tdy, tdy); 
[Xpt,Ypt] = meshgrid(xpt, ypt); 
XYpt = [Xpt(:) Ypt(:)]; 
  
%sr 
srx=(xar(end)-xar(1))/tdx; 
sry=(yar(end)-yar(1))/tdy; 
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% values of the Gaussian  at each point in the meshgrid 
Zg = mvnpdf([Y(:) X(:)], mu, sigma); 
Zg = reshape(Zg, length(yar), length(xar)); 
Zg=Zg./max(max(Zg)); 
 % Lorentzian 
 gamma_x = 0.1;   % gamma in x direction 
gamma_y = 0.1;   % gamma in y direction 
x0 = 0;          % center in x direction 
y0 = 0;          % center in y direction 
  
  
xar = linspace(-swx, swx, tdx); 
yar = linspace(-swy, swy, tdy); 
[X, Y] = meshgrid(xar, yar); 
 % Lorentzian at each point on the grid 
Zl = 1./ ((X - x0).^2 / gamma_x^2 + (Y - y0).^2 / gamma_y^2 + 1); 
 %Convolution of tilt gaussian and Lorentzian 
Z=conv2(Zl,Zg,'same'); 
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