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Abstract. 

 NMR crystallography is a powerful tool with applications in structural characterization 

and crystal structure verification, to name two.  However, applying this tool presents several 

challenges, especially for industrial users, in terms of consistency, workflow, time 

consumption, and the requirement for a high level of understanding of experimental solid-state 

NMR and GIPAW-DFT calculations.  Here, we have developed a series of fully parameterized 

scripts for use in Materials Studio and TopSpin, based on the .magres file format, with a focus 

on organic molecules (e.g. pharmaceuticals), improving efficiency, robustness, and workflow. 

We separate these tools into three major categories: performing the DFT calculations, 

extracting & visualizing the results, and crystallographic modelling.  These scripts will rapidly 

submit fully parameterized CASTEP jobs, extract data from the calculations, assist in 

visualizing the results, and expedite the process of structural modelling.  Accompanied with 

these tools is a description on their functionality, documentation on how to get started and use 

the scripts, and links to video tutorials for guiding new users.  Through the use of these tools, 

we hope to facilitate NMR crystallography and to harmonize the process across users. 

 
Keywords. NMR crystallography, density functional theory, crystallographic disorder, solid-

state NMR, automation 
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1 - Introduction 

 Solid-state NMR of organic molecules, e.g. pharmaceuticals, is useful for structural 

characterization, structural verification, and quality control, to name a few of its multiple 

applications.[1-25] Computational methods have been developed to calculate NMR 

observables, such as the chemical shifts, quadrupolar coupling, or J-coupling, with the 

implementation of periodicity facilitating the application to periodic solid-state structures.  

Gauge-including projector augmented wave (GIPAW)[26-28] density functional theory (DFT), 

as implemented in, e.g., CASTEP[29] and Quantum Espresso,[30-32] has been shown to 

reproduce chemical shifts typically within a 1% accuracy of the typical chemical-shift range, 

representing a discrepancy of 2 ppm for 13C relative to experiment.[28, 33-38] Solid-state NMR 

is complementary to other solid-state characterization methods, notably diffraction. The 

combination of experimental solid-state NMR and DFT calculations has been termed NMR 

crystallography,[7, 21, 24, 36, 39-57] finding application, for example, in crystallographic 

refinement. 

Solid-state NMR chemical shifts can provide key crystallographic details, notably the 

number of molecules in the asymmetric unit (Z’),[46, 58-61] thus, for example, facilitating the 

choice of candidate structures from crystal structure predictions (CSP)[49, 52, 62-64] and 

allowing crystal structure refinement using NMR observables.[49, 65-69]  In addition, 1H, 13C 

and 15N NMR chemical shifts are known to be influenced by non-covalent interactions, e.g. 

hydrogen bonding and ring current effects,[12, 70-74] proton positions & protonation sites,[75-

77] and can be useful for characterizing crystallographic disorder.[2, 60, 78-82] As a result, the 

analysis of 1H, 13C, and 15N chemical shifts has been used to address key chemical challenges 

in organic molecules, such as determining whether a compound is a salt or a cocrystal.[6, 75, 

83]  While noting this wide breadth of applicability, in this paper we limit our discussion to 

structural refinement and validation using NMR chemical shifts. 
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 Chemists interested in solids have much to benefit from the current developments in 

NMR crystallography.  However, NMR crystallography can be difficult to adopt, especially in 

industry, in part due to the requirements of highly specialized knowledge and the time taken to 

implement the analysis.  In addition, multiple parameters can be selected when performing 

NMR crystallography calculations, introducing at times a variability in the resulting output.  

These variations can lead to inconsistent results and can take time to correct, one example being 

that there is often different atom labelling between the input structural model and the CASTEP 

output.  In an effort to ease the adoption of NMR crystallography, purpose-made tools are 

required, and ideally these tools would be consolidated within industry-standard software, e.g., 

Materials Studio (Biovia)[84] and TopSpin (Bruker),[85] in order to facilitate a consistent data 

workflow, but while making available the script codes to allow user adaption for more general 

applicability.  Here, we report a series of computational tools to aid in the process of NMR 

crystallography, and we separate these tools into three major categories: performing the DFT 

calculations, extracting & visualizing the results, and crystallographic modelling.  In order to 

standardise their implementation, all calculations have been fully parameterized using settings 

recommended by the Collaborative Computational Project for NMR Crystallography (CCP-

NC), as stated in an online published report.[86] The tools presented here have the advantages 

of harmonizing the way NMR crystallography is performed, accelerating workflow & 

productivity, improving the accessibility to non-specialists, and increasing the robustness of 

the NMR crystallography process by minimizing data manipulations by the user.  The results, 

which can be output in Materials Studio, CASTEP, and Quantum Espresso, are also 

summarized in the Magres file format,[87] and can be deposited to the repository of calculated 

NMR parameters.[88] 

 Materials Studio is widely used throughout industry, and has an excellent scripting 

environment that allows for the development of purpose-made tools.  The scripts reported here 
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make use of functionalities that have been made available within Materials Studio’s scripting 

interface and are developed for the specific purpose of NMR crystallography.  Although these 

scripts were developed with 1H, 13C, 15N, and 19F as the target nuclei, we note that they can be 

adapted for use with all nuclei.  Through this work, our goals are to address the current gaps 

faced in adopting NMR crystallography, to provide users with a starting point for coding 

adapted scripts, and to stimulate the sharing of NMR crystallography tools within the solid-

state NMR community. 

NMR crystallography makes use of experimental data, and in some of the scripts discussed 

herein, the user has the opportunity to input experimental chemical shifts.  While this work 

aims to automates the typical steps involved in NMR crystallography calculations, readers 

interested in the experimental aspects of solid-state NMR are directed towards several 

resources on the topic.[89-92] 

 

2 – The NMR Crystallography Toolbox.  

The typical steps involved in NMR crystallography calculations (see Figure 1) requires 

an input structure obtained from a diffraction experiment or crystal structure prediction 

(CSP).[49, 52, 62-64]  As shown in Figure 1, the typical steps involved in NMR crystallography 

calculations start with creating a model.  Usually, the user can use this input structure as is, but 

at times additional modelling is necessary (see section 2.3 below) and, where necessary, we’ve 

estimated that this process can take up to 4 hours of user time, e.g. modifying bond lengths, 

bond angles, torsion angles, or creating models of isolated molecules.  We note that there are a 

few stumbling blocks which may have to be overcome when using a diffraction X-ray structure, 

namely adding any missing atoms, and removing duplicate atoms, the latter often being present 

when modelling crystallographic disorder. The next step in the NMR crystallography process 
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is geometry optimization, which allows the structure to be energetically relaxed, optimizing 

atomic positions, both hydrogen and heavy atom positions, and hence bond lengths.  We’ve 

estimated that this step requires approximately 20 minutes of user time to fully parameterize 

the calculation, manually upload the job to a cluster, submit the job, and download and verify 

the results.  Note that the user time estimates stated in this section do not include the runtime 

of the DFT calculations. The optimized structure is then used as the input for calculating the 

NMR observables, and we estimate that this also requires 20 minutes of user time to 

appropriately parameterize and submit the calculation.  The final step of the NMR 

crystallography process is to extract the results and prepare the data for interpretation, which 

we estimate could require 1 hour of user time to complete.  With the possibility of automating 

the process, a series of computational tools have been created and are described here, resulting 

in a potentially significant time saving.  A summary of the scripts can be found in Table 1, 

while the scripts, video tutorials, and documentation on using the scripts can be downloaded 

(under a CC-BY 4.0 licence) from the Warwick Research Archive Portal repository at 

https://wrap.warwick.ac.uk/156679.  In addition, the full text version of each script annotated 

with comments is available in the Supporting Information.  To ensure clarity of the discussion, 

we have separated these tools into their respective categories: DFT calculations, data extraction 

& visualization, and structural modelling.  We note that these tools require Materials Studio, 

CASTEP,[29] and ideally a server hosting the Materials Studio gateway, while the 

Magres2TopSpin and CSV2TopSpin scripts require the proprietary Bruker software TopSpin 

to function. Each script and its “user menu” dialogue is shown in the Supporting Information, 

and their functionalities could in principle be implemented using alternative code written in 

Python or Quantum Espresso.[30-32] 

https://wrap.warwick.ac.uk/156679
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Figure 1. (left) Typical steps involved in NMR crystallography calculations.  The workflow 

begins with an input structure (e.g. X-ray crystal structure), modelling the structure (optional 

step), optimizing the model, performing the NMR calculation, and extracting the data. (right) 

Estimated user time required to perform each step manually, and the time required when using 

the scripts discussed here. The user time estimates do not include the runtime of the DFT 

calculations. 

 

Table 1. Section, title, and description of the scripts reported here. 

Section Title Description of functionality 

2.1 DFT calculations Geometry optimization  Performs a geometry optimization of the 

structure using CASTEP 

2.1 DFT calculations NMR calculation Calculates the NMR chemical shieldings 

& electric field gradients using CASTEP 

2.1 DFT calculations Geometry optimization & 

NMR calculation 

Optimizes the structure and 

subsequently calculates the NMR 

chemical shieldings & electric field 

gradients using CASTEP 

2.2 Data extraction 

& visualization 

Extract NMR parameters Extracts all the NMR parameters into a 

table with the original atom labels 

2.2 Data extraction 

& visualization 

Colouring – change in 

atomic coordinates 

Colours atoms based on the changes in 

the atomic coordinates arising from the 

geometry optimization 

2.2 Data extraction 

& visualization 

Colouring – NMR 

chemical shifts (Exp. vs 

Calc.) 

Colours atoms based on the agreement 

between calculated & experimental 

chemical shifts 

2.2 Data extraction 

& visualization 

Magres2TopSpin Parses data from a .magres file into an 

input file for TopSpin’s SOLA tool 

2.2 Data extraction 

& visualization 

CSV2TopSpin Parses data from a .CSV file into an 

input file for TopSpin’s SOLA tool 

2.3 Structural 

modelling 

Create isolated molecules Creates a model of isolated molecules 

for each component in the structure 

2.3 Structural 

modelling 

Iterate interatomic 

distances 

Modifies the selected distance in 

incremental steps 
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2.3 Structural 

modelling 

Iterate interatomic angles Modifies the selected angle in 

incremental steps 

2.3 Structural 

modelling 

Iterate interatomic torsion 

angles 

Modifies the selected torsion angle in 

incremental steps 

  

2.1 - DFT calculations 

 The DFT-calculations[93-95] are performed using the GIPAW[26] method as 

implemented in CASTEP[29] as part of Materials Studio version 17.[96]  As the computational 

capabilities are continuously evolving, we acknowledge that flexibility has to be built into these 

scripts to allow for their modifications.  In order to make these future-proof, the scripts have 

been organized so that all computational parameters, whilst defaulting to the CCP-NC 

recommended values,[86] can be easily modified, either through the Materials Studio interface 

or through the scripting environment.  The GGA PBE functional[97] is employed for all 

calculations.  The calculations are performed with TS DFT-D correction,[98] on-the-fly 

ultrasoft pseudopotentials, and Koelling-Harmon relativistic treatment, with the default cut-off 

energies, k-point separations, and optimization conditions summarized in Table 2.  In addition 

to the calculation outputs, the DFT scripts also output a report file that summaries all the 

computational parameters and the optimization conditions.  These computational parameters 

are also summarized in the .magres output file[87] which can be submitted to the CCP-NC 

database of calculated NMR data.[88]  A series of video tutorials on performing DFT 

calculations using these scripts can be found in the Warwick Research Archive Portal 

repository, see: https://wrap.warwick.ac.uk/156679. 

 An important consideration in NMR crystallography is how to link experimental NMR 

chemical shifts with calculated shieldings.[34, 36, 41, 51, 99-102] Specifically, the calculated 

isotropic chemical shift (iso,calc) can be determined from the raw calculated isotropic chemical 

shielding (iso,calc) using a chemical shielding reference (ref): 

https://wrap.warwick.ac.uk/156679
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𝛿𝑖𝑠𝑜,𝑐𝑎𝑙𝑐 =  𝜎𝑟𝑒𝑓 −  𝑚𝜎𝑖𝑠𝑜,𝑐𝑎𝑙𝑐 

 

Eq 1 

The scripts in this paper set the gradient m to unity. There is debate in the literature as to 

whether best practice is to determine ref either by directly comparing the experimental and 

GIPAW-calculated chemical shifts for each specific compound, i.e., to determine a distinct ref 

for each compound,[34, 36, 51, 99] or to use a single ref as determined from a set of reference 

compounds.[41, 100-102] 

  

Table 2. Default computational parametersa used in the CASTEP geometry optimization, 

NMR calculation, and the combination of geometry optimization followed by an NMR 

calculation.   

parameter 

geometry 

optimization NMR calculation 

geometry 

optimization & 

NMR calculation 

cut-off energy  600 eV 700 eV 600 eV & 700 eVb 

k-point separation 0.05 0.05 0.05 

optimize cell false  false 

only optimize protons false  false 

use DFT-Dc true true true 
a The settings have been fully parameterized using CCP-NC recommended settings.[86] 

Default parameters can be modified through the Materials Studio interface. 

b The geometry optimization uses a cut-off energy of 600 eV, followed by the NMR 

calculation at 700 eV. 
c Using the Tkatchenko-Scheffler (TS) correction.[98] 
 

 

 

2.1.1 - Geometry optimization 

  The first step in the NMR crystallography process is to perform the geometry 

optimization.  This task minimizes the structural energy of the system by optimizing atomic 

positions,[95, 103] notably those of hydrogen atoms.[77] One consideration is whether to use 

a fixed unit cell or to allow the unit cell dimensions to be optimized using dispersion corrected 

DFT.[104]  The script titled “CASTEP – Geometry Optimization” begins by prompting the 

user with the option of modifying the cut-off energy, the k-point separation, and the usage of 

DFT-D employing the Tkatchenko-Scheffler (TS) [98] correction, with the default settings set 
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to those recommended by the CCP-NC.[86]  An additional functionality allows the 

optimization of only the proton positions, as compared to optimizing all atoms. The script 

functions by parameterizing the CASTEP geometry optimization and uses the Materials Studio 

interface to submit the job to the defined gateway.  Upon the completion of the geometry 

optimization, the script will output a file named “filename-Original” for the original geometry, 

and “filename-Optimized” containing the optimized structure.  These files will serve as input 

files for a script described later (vide infra) which colours atoms based on the changes in their 

Cartesian atomic coordinates incurred during the geometry optimization, in order to aid in 

visualizing the impact of the geometry optimization.  The script ends by generating a report 

which summarizes key computational parameters and the optimization conditions. 

 

2.1.2 - NMR calculation 

   Upon completion of the geometry optimization, the structural model is now ready for 

the NMR observables to be calculated.  The script titled “CASTEP - NMR Calculation” 

prompts the user with the option of modifying the k-point separation, cut-off energy, and 

whether to use TS DFT-D in the calculation.[98, 104] The user can simply click “OK” to accept 

the default settings as recommended by the CCP-NC.[86]  The script functions by 

parameterizing a CASTEP energy calculation and uses the Materials Studio interface to submit 

the job to the defined gateway.  A report is generated which summarizes selected computational 

parameters.  Note that while the focus of this paper is on chemical shifts, the script also enables 

the calculation of the electric field gradient (EFG) which yields quadrupolar parameters for 

spin I ≥ 1 nuclei. 

 

2.1.3 – Combined geometry optimization & NMR calculation 
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   As an alternative to the user submitting the geometry optimization and then manually 

submitting the NMR calculation, the script titled “CASTEP – GeomOpt + NMR” automatically 

performs both steps sequentially, as per the discussion in sections 2.1.1 and 2.1.2.  The user is 

prompted with a dialogue to modify the cut-off energy for the geometry optimization and NMR 

calculation, the k-point separation, and select conditions for the geometry optimization 

(optimize unit cell, optimize proton positions, use DFT-D). Upon completion of the geometry 

optimization, the optimized structure is then automatically submitted for the NMR calculation.  

This script includes the data extraction tool, as described below in section 2.2.1, and the results 

from the NMR calculation are automatically summarized in a table. Notably, this table includes 

the original atom labels from the original input structure (vide infra), thus facilitating the 

interpretation of the NMR results.  Using the chemical shielding references provided by the 

user in the script’s initial dialogue, the calculated chemical shielding values are converted to 

chemical shifts using Eq 1.  Overall, this script automates the process of NMR crystallography 

calculations and data extraction into a single mouse click, thus providing the user with a 

significant time saving. 

 

2.2  – Data extraction & visualization 

In order to complete the process of NMR crystallography, the data needs to be extracted 

and interpreted.  The results from the CASTEP calculations are summarized in a .magres 

file[87] which can be easily searched using a text-based editor, or using a parsing tool.  There 

are several tools currently available that accomplish this task, such as MagresView & 

MagresPython,[87] EFGshield,[105] and VMS.[106, 107]  The tools that are described in this 

section aim to simplify the process of extracting the NMR results, interpreting the data, and 

communicating the results, all within Materials Studio.   
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2.2.1 – Data extraction 

The NMR chemical shielding and quadrupolar coupling parameters can be quickly 

extracted into a table for each atom in the structure with their original atom labels using the 

script titled “Extract NMR parameters”.  When using the scripting interface, the NMR 

parameters obtained from the CASTEP calculation are automatically assigned to the correct 

atoms in the input structure, thereby facilitating the task of creating a table with the NMR 

parameters and the original atom labels.  The original atom labels are retained using 

functionalities within Materials Studio.  We note that, when running stand-alone, CASTEP 

drops the original atom labels while generating the cell file and numbers atoms from 1 to Xn 

for each element, whereas crystallographic labels often uses sequential numbering for each 

neighboring atom regardless of whether it is a different element.   If the user manually submits 

the CASTEP calculations, the “CASTEP analysis” tool within Materials Studio must be used 

prior to running the data extraction script.  The analysis process assigns the calculated NMR 

parameters from the CASTEP output file to the atoms in the input structure, which allows the 

script to access the NMR parameters from the atom properties.    

The “Extract NMR parameters” script functions by first creating an array which includes 

all atoms in the structure.  The script then surveys each of the atoms in the array individually 

and extracts the element symbol, the atom name, the isotropic chemical shielding, the 

quadrupolar coupling constant (CQ), and the quadrupolar asymmetry parameter ().  The script 

also converts the chemical shielding values into chemical shifts using the user-defined 

chemical shielding references, and summarizes all the data in a table, as shown in Figure 2a.  

The script outputs the chemical shifts for 1H, 13C, 15N, 17O, and 19F, where these elements are 

present in the system.  If additional nuclei are required, the user can modify the script to include 
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their desired nuclei or calculate the chemical shifts manually.  This process is similar to the 

functionality implemented in MagresView,[87] where chemical shifts can be visualized on the 

3D structure, and exported into a table.   

 
Figure 2. Result of the data extraction & visualization scripts.  (a) Table containing the element 

symbol, atomic labels, NMR chemical shielding, and NMR chemical shifts (ref = 170 ppm for 
13C) obtained from the “Extract NMR Parameters” script (section 2.2.1).  (b) Asymmetric unit 

of the cocrystal (Efavirenz)(L-proline),[108] colouring the atoms based on the RMSDxyz in the 

Cartesian coordinates between the optimized and unoptimized structure using the 

“Colouring_Atomic Coordinates” (section 2.2.2). (c) Experimental and simulated (for the 

GIPAW-calculated chemical shifts) 13C solid-state NMR cross-polarization magic-angle 

spinning spectrum (L(1H) = 500 MHz, MAS = 11750 Hz, contact time = 2 ms, asterisks denote 

spinning sidebands that were subsequently added during the figure preparation) of the cocrystal 

(Efavirenz)(L-proline) using the Magres2TopSpin script (section 2.2.4). (d) Asymmetric unit 

of (Efavirenz)(L-proline) with the carbon atoms coloured based on the RMSENMR using the 

“NMR_Colouring” scripts (section 2.2.3).  The experimental and GIPAW-calculated NMR 

data is taken from Szell et al.[109] 
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2.2.2 – Colour atoms based on the changes in their atomic coordinates 

As also discussed in Section 2.1.1, the geometry optimization process will cause changes 

to the atomic coordinates,[45, 110-114] and a tool that highlights these changes can bring 

attention to areas having incurred significant changes. In addition, geometry optimization can 

at times cause large unexpected changes in the structure to occur, and a method for quickly 

visualizing the magnitude of the change in the atomic coordinates can be helpful in easily 

identifying potential errors in the input structure. To this end, the script titled 

“Colouring_Atomic Coordinates” has been written to colour atoms based on the differences in 

their Cartesian coordinates between the starting point and the optimized structure.  The script 

functions by creating an array of all atoms in the optimized structure and the unoptimized 

structure.  The script then matches the atoms from the optimized and unoptimized structures, 

and calculates the differences in their x, y, and z Cartesian coordinates.  The root mean square 

deviation in the Cartesian coordinates (RMSDxyz) is calculated in Eq 2 using these values as 

input, and a colour is assigned based on the RMSDxyz, as shown in Figure 2b.   

𝑅𝑀𝑆𝐷𝑥𝑦𝑧 =  √
1

3
[(𝑥𝑛𝑒𝑤 − 𝑥𝑜𝑙𝑑)2 +  (𝑦𝑛𝑒𝑤 − 𝑦𝑜𝑙𝑑)2 +  (𝑧𝑛𝑒𝑤 − 𝑧𝑜𝑙𝑑)2]  Eq 2 

In Eq 2, the RMSDxyz is calculated using the Cartesian coordinates of the refined structure (xnew, 

ynew, and znew) and the original structure (xold, yold, and zold).  As set by default, if the RMSDxyz 

is lower than 0.05 Å, signifying only a small change in the Cartesian coordinates, the atom is 

coloured green.  If the RMSDxyz is greater than 0.3 Å, the atom is coloured red.  If the RMSDxyz 

is greater than 0.05 Å but lower than 0.3 Å, the atom is coloured yellow.  This simple 

visualization aid thus highlights large changes in the Cartesian coordinates that result from the 

geometry optimization, allowing the user to easily identify potential errors in the input 

structure.  As shown in Figure 2b, the atoms in the cocrystal (Efavirenz)(L-proline) (Cambridge 

Structural Database[115] reference HUDRAC[108]) are coloured based on the differences in 



16 
 

their Cartesian coordinates between the CSD structure and the optimized structure.[109]  The 

largest changes in the Cartesian coordinates can be seen for the hydrogen positions of the L-

proline molecules, as shown in red, and smaller changes can be seen for the carbon atoms and 

hydrogen positions of the L-proline molecules, as shown in yellow. 

 

2.2.3 – Colour atoms based on the agreement between their experimental & calculated 

chemical shifts 

Communicating NMR crystallography results to the non-NMR specialist is a challenge 

that can be facilitated through the use of visualization tools.  For instance, an ORTEP-like plot 

can be created as part of the NMR crystallography process to show the uncertainty on the 

atomic positions.[68]  Here, a two-step process has been created to visualize the agreement 

between the experimental & computational chemical shifts using the same red-yellow-green 

atom colouring strategy as discussed in section 2.2.2, titled “NMR_Colouring_Step1_Data-

Extraction” and “NMR_Colouring_Step2_Data-Workup”.  In the first step, the user is 

requested to select an element and enter the chemical shielding reference.  The first script 

extracts the NMR data for each atom of the desired element and creates a table summarizing 

their calculated chemical shifts.  For the current functionality, this requires the user to manually 

input the experimental chemical shifts.  The script uses a similar method as the data extraction 

script from section 2.2.1, and creates an array which includes all atoms in the structure.  The 

script creates a table, filters for the atoms corresponding to the desired element, extracts the 

isotropic chemical shielding values, calculates the chemical shift using the chemical shielding 

reference, and adds the data to the table.  The user must then start the second script which 

calculates the absolute difference between the experimental and calculated NMR chemical shift 

for each atom individually, and colours the atoms based on these differences.  The user can 
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specify the limits for colouring the atoms, which can vary from nucleus to nucleus.  As set by 

default, if the difference between experimental and calculated chemical shift is lower than 1 

ppm, the atom is coloured green.  If the difference is greater than 2 ppm, the atom is coloured 

red. If the difference is between 1 ppm and 2 ppm, a typical discrepancy for 13C[28, 33-38], 

the atom is coloured in yellow.   

In addition, the total root-mean square error (RMSENMR) between the experimental (exp) 

and calculated chemical shifts (calc) of the entire structure is determined using Eq 3, as 

introduced by Emsley and co-workers[116] for ranking CSP generated structures using 1H 

NMR, thus allowing the structure to be scored based on the agreement between the 

experimental and theoretical results. 

𝑅𝑀𝑆𝐸NMR =  √
1

𝑁
∑(𝛿𝑐𝑎𝑙𝑐,𝑖 − 𝛿exp,i)

2
𝑁

𝑖

  Eq 3 

In Eq 3, N denotes the number of atoms being surveyed.  As shown in Figure 2d, the atoms in 

the structure are coloured based on the agreement between their experimental and calculated 

13C chemical shifts.  In the example of the (Efavirenz)(L-proline) cocrystal,[108, 109] the 

atoms with large differences between experimental and calculated chemical shifts are shown 

in red, atoms in moderate agreement are shown in yellow, and atoms in good agreement are 

shown in green.  The grey atoms denote non-carbon atoms, and the CF3 carbon which was 

excluded due to uncertainty on the chemical shift arising from 19F-13C J-coupling and spectral 

overlap.  Using this visualization approach, NMR crystallography results can be quickly 

communicated in a way that can be understood by the non-specialist.  We note that approaches 

to rank crystal structures based on experimental and calculated chemical shifts have been 

explored in the literature,[37, 49, 50, 52, 64, 116, 117] and the scripts shown here can be 

modified by the user to implement additional analysis. 
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2.2.4 – Magres2TopSpin & CSV2TopSpin 

A second method of communicating the agreement between experimental and calculated 

NMR results is to overlay the experimental NMR spectrum with a simulated spectrum 

generated from the calculated chemical shifts.  One approach to accomplish this task is to add 

a “sticks” representation of the calculated chemical shifts underneath the experimental 

spectrum, as implemented in MagresView.[87]  However, this is a process that requires several 

steps, and cannot be manipulated directly within the proprietary Bruker software, TopSpin, 

used for recording and processing NMR data.  Consequently, two scripts were created to 

facilitate the simulation of the NMR calculated results directly within TopSpin.  Once the user 

has added the scripts to TopSpin’s Python folder, they can be called by entering the commands 

Magres2Topspin or CSV2Topspin. The user is prompted with several parameters (see Figures 

S9 and S10 of the Supporting Information), including the location and name of the .magres or 

.CSV file, the name of the output model, and the amount of line broadening to be used in the 

simulation. In the case of the Magres2TopSpin script, the user is also required to enter the 

element type and the ref in order to convert the iso into iso using Eq 1.  In the case of the 

CSV2TopSpin script, the user simply has to create a list of iso in a CSV file that is delimited 

by carriage returns.  The purpose of the CSV2TopSpin script is to give the user the ability to 

simulate a list of chemical shifts, such as when using computational tools that don’t use the 

.magres format.  After using the Magres2TopSpin or CSV2TopSpin script, the user must then 

open the Solids Lineshape Analysis (SOLA) tool as integrated into Bruker’s TopSpin[85] and 

read the input files that were created by the script.  To get around SOLA’s limit of 32 spins, 

the scripts generate several input files containing sets of 32 spins, which can be co-added to 

produce the final simulated spectrum. Both scripts support input files with up to 512 spins. 
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  The advantage of this approach is to centralize the workflow within TopSpin, allowing 

data processing to be expedited.  The Magres2TopSpin script functions by parsing data from 

the defined .magres file, which contains a summary of the calculated NMR data, into an input 

file that can be read by the SOLA tool within TopSpin.  The CSV2TopSpin script works using 

a similar approach, but will instead convert the chemical shifts from a .CSV file into an input 

file that can be read by SOLA.  Further, SOLA has built-in capabilities of flexible parameters 

that can be modified by the user, such as the line broadening and peak intensities, and can 

simulate MAS sideband intensities.  As shown in Figure 2c, an NMR spectrum for the 

(Efavirenz)(L-proline)[108, 109] cocrystal was simulated from the .magres file, with the 

process taking only a few seconds.   

 

2.3 - Structural Modelling 

 For more advanced NMR crystallography requirements, modifying the structural model 

may be necessary.  This may be due to the presence of specific areas of uncertainty in the 

structure, such as the proton positions or the occurrence of crystallographic disorder or errors 

in the crystal structure. In order to alleviate the task of creating the structural models, a series 

of scripts was created to streamline the process of structural modelling.  These are discussed in 

the following section. 

 

2.3.1 – Iterative geometrical changes 

Sampling the conformational landscape can be useful for interpreting the influence of 

bond lengths, bond angles, and torsion angles on the NMR observables and the total energy.[68, 

109, 118-122]  For instance, knowing the change in the 15N or 1H chemical shift as a function 

of the N···H distance in the N···H···Y motif (Y = substituent) can be an effective approach to 

investigate whether a particular compound is a salt or a cocrystal.  Alternatively, this approach 
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can be used to sample the total structural energy profile as a function of a geometrical parameter 

(bond distance, bond angle, torsion angle), allowing energy barriers and kinetics to be 

estimated. However, this process can be time consuming, and a series of scripts have been 

created to automate this process.   

Three scripts have been created, allowing the user to make changes to an interatomic 

distance, angle, or torsion angle.  Each script begins by prompting the user to enter the name 

of the distance/angle/torsion that is to be varied, and to define the starting value, the ending 

value, and the step size.  Additional options include adding a constraint to the geometrical 

parameter, and rebuilding the cell to create a fully periodic structural model ready for the 

CASTEP calculations.  Upon pressing the “OK” button, the script will output a series of 

structures following the user parameters, and these structures can be used as input files for the 

CASTEP calculations.  The script functions by iteratively modifying the geometrical parameter 

(distance, angle, torsion angle) applying the user defined parameters, adds the geometrical 

constraints (if requested), and creates a new document containing the geometry of each 

iteration.  Each new document has a unique name that reflects the geometrical parameter and 

its value, and also eliminates the risk of overwriting the original file.   

As shown in Figure 3a, the script was applied to the H···N atoms in a cocrystal of 

(benzoic acid)(4-cyanopyridine),[123] modifying the distance from 1.8 Å (cocrystal form) to 

1.0 Å (salt form) in steps of 0.3 Å.  In this example, the intended use of these models is to 

sample the calculated 15N chemical shift in the continuum between the cocrystal and the salt 

form. A second example is shown in Figure 3b, where the torsion angle between the carboxylic 

acid group and the benzene ring in benzoic acid[124] is modified in steps of 45°, from 0° to 

180°, causing the carboxylic acid to rotate through 180°.  This approach can be useful in 

sampling the conformational landscape of rotating moieties, such as CH3, CF3, SO3, and phenyl 

groups. 
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Figure 3.  (a) Implementation of the “Set distances” script as described in section 2.3.1 on the 

N···H distance in structure PUKPER,[123] a cocrystal of (benzoic acid)(4-cyanopyridine), 

from the cocrystal form (dN···H = 1.8 Å) to the salt form (dN···H = 1.0 Å).  (b) Implementation 

of the “Set torsions” script as described in section 2.3.1, rotating the carboxylic acid group of 

structure BENZAC20[124] by modifying the C-C-C-O torsion angle. 

 

2.3.2 – Isolated molecules 

 Creating models of isolated molecules can be helpful, for instance, in finding 

fingerprints of intermolecular interactions, notably ring currents, and hydrogen bonds using 

NMR-calculated chemical shifts.[38, 51, 125-132]  To create models of isolated molecules, the 

space group is generally modified to P1 in order to eliminate symmetry-related molecules from 

the unit cell, and the unit cell size is usually increased to reduce the occurrence of through-

space interactions between unit cells.  Due to the rising computational costs associated with 

increasing the size of the unit cell, it is undesirable to increase the cell size by more than 10 Å 

in all directions, as has been shown by Tatton et al.[86]  The script prompts the user to input 

the length to be added to the a, b, and c axes of the unit cell, whether to create the new structures 

in the P1 space group, and whether to isolate each molecule individually or to isolate the entire 
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unit cell.  The script functions by first unbuilding the crystal into a non-periodic structure, and 

then modifies the a, b, and c axes of the unit cell parameters to their desired values.  The script 

then creates an array containing the unique molecules from the structure, and outputs each 

molecule individually into a new file. If it has been specified by the user, the unit cell will be 

rebuilt using the new unit cell parameters and the P1 space group. As shown in Figure 4, the 

script titled “Create isolated molecules” allows the user to quickly create models of isolated 

molecules, demonstrating the script on a crystal structure of a ternary furosemide cocrystal 

(CSD[115] reference BOKHUG[133]).  In this case, the script creates a model for each of the 

three unique molecules in the asymmetric unit. 

 

Figure 4. (left) Unmodified unit cell of a ternary furosemide cocrystal (BOKHUG[133]), and 

(right) isolated molecule of furosemide in an enlarged unit cell of the same structure obtained 

from the “Create isolated molecule” script as described in section 2.3.2.  The isolated molecule 

is in the P1 space group. 

  

2.4 - Additional resources & tutorials 

NMR crystallography can be challenging.  Although we hope that these scripts will 

facilitate the process of NMR crystallography, we acknowledge that some expert knowledge 

of NMR crystallography is still required.  As a result, we have created a series of video tutorials 

dedicated to training users and have fully documented how to install and modify these tools.  

The documentation and video tutorials can be found in the Warwick Research Archive Portal 

repository (see: https://wrap.warwick.ac.uk/156679).  Additional details on the scripts, 
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including the full text version of each script with comments, are available in the Supporting 

Information, and users are encouraged to modify these tools to add their desired functionalities.  

These scripts have been created and shared on a free-to-use basis, and made available at WRAP 

under a CC BY 4.0 licence.[134] The authors and owners of the scripts permit the modification 

of the scripts on the condition that appropriate credit is given to the authors. 

 

Conclusions 

A series of computational tools has been created with the purpose of addressing some 

of the bottlenecks associated with carrying out NMR crystallography.  These tools address: 

CASTEP job submission, data extraction & visualization, and modelling.  In the Materials 

Studio environment, we show that the NMR crystallography process can be performed in as 

little as a single mouse click, with a single script submitting the structure for an optimization 

and then automatically submitting the optimized structure for the NMR calculation.  Further, 

we have scripted several useful tools to expedite the process of NMR crystallography, such as 

extracting the NMR results for each atom in the structure, visualizing the results using a traffic-

light system, and modelling the structure.  With the growing interest and capabilities of NMR 

crystallography, we hope that this work will help expedite the process for the user and stimulate 

the sharing of purpose-made tools.  For instance, the automation of more advanced NMR 

crystallography schemes through scripting could benefit users with a higher accessibility and 

ease of use, while reducing the likelihood of errors.  The community is encouraged to share 

their new tools through the CCP-NC (see: https://www.ccpnc.ac.uk/). 

 

Supplementary Information. The supplementary information contains supporting 

documentation, training videos, and scripts. 
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