
Advanced NMR & 
Imaging

Week 14: Structure Determination from Chemical Shifts



Objectives
• Understand how chemical shifts are related to 

structure. 

• Understand how to calculate chemical shifts. 

• Understand how chemical shifts can be used for 
strucutre determination.



A spectrum of chemical shifts

If we could calculate chemical shifts,  
we could deduce the coordinates of the atoms....  
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This is quite  
easy to measure.
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De novo full crystal structure of AZD8329 from a powder sample.
 RMSD of 0.17 Å (ADP of 0.0095 Å2); 100% confidence

Salager et al., J. Am. Chem. Soc. 132, 2564 (2010),  
Baias et al., Phys. Chem. Chem. Phys. 15, 8069 (2013) 
Baias et al., J. Am. Chem. Soc. 135, 17501 (2013) 
Hofstetter et al, J. Am. Chem. Soc. 139, 2573 (2017) 

Engel et al., Phys. Chem. Chem. Phys. 21, 23385 (2019) 
Hofstetter, et al., J. Am. Chem. Soc. 141, 16624 (2019) 
Cordova, et al., Nature Communications 12, 2964 (2021)



NMR UnCrystallography

J. Phys. Chem. C 121, 32, 17188 (2017) 
J. Am. Chem. Soc. 142, 25, 11060 (2020) 
J. Am. Chem. Soc. 144, 50, 22915 (2022)

Cementitious calcium  
silicate hydrates

Nature Commun. 12, 2964 (2021). 
Nature Commun. 14, 5138 (2023). 

Amorphous drugs 2D layered perovskites

J. Am. Chem. Soc. 143, 3, 1529 (2021) 
Nature, 592, 381 (2021) 
Science 370, 74 (2020).



We Need to Talk About Chemical Shifts

chemical shifts contain all the information we need to determine complete 3D crystal structures

spectra of curcumin from Dai, Terskikh, Brinkmann, Wu, Crisi. Growth Des. 20, 7484 (2020)

Form I

Form II

Form III

carbon-13 chemical shift (ppm)



We Need to Talk About Chemical Shifts

“A Cat”
image recognition 

google, apple 



We Need to Talk About Chemical Shifts
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Why can’t we determine structures directly from chemical shifts?



Predicting Shifts from Structures 

GIPAW / DFT
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We can predict shifts directly from structures…



de novo Powder NMR Crystallography  
from Chemical Shifts

generate a
comprehensive ensemble of 

candidate structures
calculate 

chemical shifts

measure and 
assign chemical shifts 

from a powder 
sample

compare experiment with 
predictions and determine 

the structure from 
the ensemble of 

candidates

Salager, Day, Stein, Pickard, Elena, Emsley, J. Am. Chem. Soc. 132, 2564 (2010),  
Baias, Widdifield, Dumez, Thompson, Cooper, Salager, Bassil, Stein, Lesage, Day, Emsley, Phys. Chem. Chem. Phys. 15, 8069 (2013) 
see also early study by Harper & Grant, Crys. Growth & Des. 6, 2315 (2006)



de novo Powder NMR Crystallography  
from Chemical Shifts

generate a
comprehensive ensemble of 

candidate structures
calculate 

chemical shifts

measure and 
assign chemical shifts 

from a powder 
sample

compare experiment with 
predictions and determine 

the structure from 
the ensemble of 

candidates

Salager, Day, Stein, Pickard, Elena, Emsley, J. Am. Chem. Soc. 132, 2564 (2010),  
Baias, Widdifield, Dumez, Thompson, Cooper, Salager, Bassil, Stein, Lesage, Day, Emsley, Phys. Chem. Chem. Phys. 15, 8069 (2013) 
see also early study by Harper & Grant, Crys. Growth & Des. 6, 2315 (2006)



de novo Powder NMR Crystallography  
from Chemical Shifts

generate a
comprehensive ensemble of 

candidate structures

measure and 
assign chemical shifts 

from a powder 
sample

compare experiment with 
predictions and determine 

the structure from 
the ensemble of 

candidates

Salager, Day, Stein, Pickard, Elena, Emsley, J. Am. Chem. Soc. 132, 2564 (2010),  
Baias, Widdifield, Dumez, Thompson, Cooper, Salager, Bassil, Stein, Lesage, Day, Emsley, Phys. Chem. Chem. Phys. 15, 8069 (2013) 
see also early study by Harper & Grant, Crys. Growth & Des. 6, 2315 (2006)

calculate 
chemical shifts



Δδiso ??

Predicting Shifts from Experience?



Ab Initio Calculation of Chemical Shifts 

Ramsey, 1950s. 
Facelli & Grant, Nature 365, 325 (1993) 

De Dios, Pearson & Oldfield, Science 260, 1491 (1993) 
Pickard & Mauri,  Phys. Rev. B, 6324, (2001). 

Sebastiani, Mod. Phys. Lett. B 17 1301 (2003).

Hartman & Beran,  
J. Chem. Theory Comput. 10, 4862 (2014). 

Hartman, Kudla, Day, Mueller, Beran,  
Phys. Chem. Chem. Phys. 18, 21686 (2016).



Lodewyk, M. W.;  Soldi, C.;  Jones, P. B.;  Olmstead, M. M.;  Rita, J.;  Shaw, J. T.; Tantillo, D. J., The 
Correct Structure of Aquatolide-Experimental Validation of a Theoretically-Predicted Structural Revision. 
J Am Chem Soc 2012, 134 (45), 18550-18553.

"The structure of aquatolide originally proposed on the basis 
of 1D and 2D NMR analysis [...] contains an exceedingly rare 
[2]ladderane substructure. Intrigued by this structural unit, 
we initiated quantum-chemical calculations to verify the 
reported connectivity in preparation for studies of the 
biogenesis of aquatolide in nature. As described below, 
however, these seemingly innocuous calculations set us on a 
journey toward an extensive structural revision of this 
complex natural product."

San Feliciano, A.; Medarde, M.; Miguel del Corral, J. M.; Aramburu, A.; Gordaliza, M.; 
Barrero, A. F., Aquatolide. A new type of humulane-related sesquiterpene lactone. 
Tetrahedron Lett 1989, 30 (21),2851-2854,

Why do we need computed shifts? 



Lodewyk, M. W.;  Soldi, C.;  Jones, P. B.;  Olmstead, M. M.;  Rita, J.;  Shaw, J. T.; Tantillo, D. J., The 
Correct Structure of Aquatolide-Experimental Validation of a Theoretically-Predicted Structural Revision. 
J Am Chem Soc 2012, 134 (45), 18550-18553.

San Feliciano, A.; Medarde, M.; Miguel del Corral, J. M.; Aramburu, A.; Gordaliza, M.; 
Barrero, A. F., Aquatolide. A new type of humulane-related sesquiterpene lactone. 
Tetrahedron Lett 1989, 30 (21),2851-2854,

Why do we need computed shifts? 



3D coordinates in the solid state?

? ?

?

Microcrystalline powder

Baias, M.;  Widdifield, C. M.;  Dumez, J. N.;  Thompson, H. P. G.;  Cooper, T. G.;  
Salager, E.;  Bassil, S.;  Stein, R. S.;  Lesage, A.;  Day, G. M.; Emsley, L., Powder 
crystallography of pharmaceutical materials by combined crystal structure prediction and 
solid-state H-1 NMR spectroscopy. Phys Chem Chem Phys 2013, 15 (21), 8069-8080.

Why do we need computed shifts? 



Kubicki, D. J.;  Prochowicz, D.;  Hofstetter, A.;  Zakeeruddin, S. M.;  Gratzel, M.; Emsley, L., Phase Segregation in Potassium-
Doped Lead Halide Perovskites from K-39 Solid-State NMR at 21.1 T. J Am Chem Soc 2018, 140 (23), 7232-7238.

Why do we need computed shifts? 



Ii: Nuclear spin i, µi = �i~Ii

<latexit sha1_base64="u1JyAg9SQjNT2PlgHJASFYPW7hU="></latexit>

¯̄�: Nuclear chemical shielding tensor

<latexit sha1_base64="2hxBpY6MUellFTzQ3w9F0S+1oMU="></latexit>

¯̄Qi: Nuclear quadrupolar coupling tensor

<latexit sha1_base64="gojULqeM1UV9cHQ9sZw8HIBy5aU="></latexit>

¯̄Jij : Scalar coupling tensor

<latexit sha1_base64="j8zL/WepsON/qDgW/47irZzZvuI="></latexit>

¯̄Dij : Dipolar coupling tensor

<latexit sha1_base64="x6U1MrPRpL8cBt33hFZjUpNaZMI="></latexit>
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<latexit sha1_base64="mpPZrM+Xk5uTYA0Jc26EHx88Jho="></latexit>

The NMR Hamiltonian 
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<latexit sha1_base64="fZkGwCIhbTDAKMLmXnIg0Qp6DTc="></latexit>

Bind = �¯̄�Bext

<latexit sha1_base64="r1vsBysc8ADx7Bps4yZPD97kScM=">AAACHXicbVDLSsNAFJ34rPUVdelmsAhuLIkEdCOUunFZwT6gCWEymbZDZ5IwMxFLyI+48VfcuFDEhRvxb5y0WdTWAzMczj2Xe+8JEkalsqwfY2V1bX1js7JV3d7Z3ds3Dw47Mk4FJm0cs1j0AiQJoxFpK6oY6SWCIB4w0g3GN0W9+0CEpHF0ryYJ8TgaRnRAMVJa8k2n6WcuR2okeEajMM/hNTx3AySy4nMlHXKUz3nIo8pz36xZdWsKuEzsktRAiZZvfrlhjFNOIoUZkrJvW4nyMiQUxYzkVTeVJEF4jIakr2mEOJFeNr0uh6daCeEgFvpFCk7V+Y4McSknPNDOYkm5WCvE/2r9VA2uPH11kioS4dmgQcqgimERFQypIFixiSYIC6p3hXiEBMJKB1rVIdiLJy+TzkXddurOnVNrNMs4KuAYnIAzYINL0AC3oAXaAIMn8ALewLvxbLwaH8bnzLpilD1H4A+M719j1aNj</latexit>

Be↵ = Bext +Bind

<latexit sha1_base64="M2bX2kalYcEpSIDNq26KhGoBmzk=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiCUBIJ6EYodeOygn1AG8JkMmmHTh7MTMQS5kfc+CtuXCjiwo34N07aLGrrgYHDOfcy9xw/ZVRIy/oxVlbX1jc2K1vV7Z3dvX3z4LAjkoxj0sYJS3jPR4IwGpO2pJKRXsoJinxGuv74pvC7D4QLmsT3cpISN0LDmIYUI6klz3SaXj6IkBzxKCdhqBS8hvPSo1TqfE6gcaCUZ9asujUFXCZ2SWqgRMszvwZBgrOIxBIzJETftlLp5ohLihlR1UEmSIrwGA1JX9MYRUS4+TSdgqdaCWCYcP1iCafq/EaOIiEmka8niyPFoleI/3n9TIZXrk6UZpLEePZRmDEoE1hUBQPKCZZsognCnOpbIR4hjrDUhVZ1CfZi5GXSuajbTt25c2qNZllHBRyDE3AGbHAJGuAWtEAbYPAEXsAbeDeejVfjw/icja4Y5c4R+APj+xeXUaOB</latexit>

r⇥B = µ0J

<latexit sha1_base64="HPkBKVWN3zu0djrw+c7+aUE8Ebo=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiIF3QilbsRVBfuAJoTJdNIOnZmEmYlQQv/Ajb/ixoUibt2682+ctBG09cCFwzn3cu89YcKo0o7zZS0tr6yurZc2yptb2zu79t5+W8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJX7nXsiFY3FnR4nxOdoIGhEMdJGCuwTT6CQIU9TTpTHkR6GEWzAS+jxNHB+hJvArjhVZwq4SNyCVECBZmB/ev0Yp5wIjRlSquc6ifYzJDXFjEzKXqpIgvAIDUjPUIHMej+b/jOBx0bpwyiWpoSGU/X3RIa4UmMems78QDXv5eJ/Xi/V0YWfUZGkmgg8WxSlDOoY5uHAPpUEazY2BGFJza0QD5FEWJsIyyYEd/7lRdI+q7q1au22Vqk3ijhK4BAcgVPggnNQB9egCVoAgwfwBF7Aq/VoPVtv1vusdckqZg7AH1gf35Phm7g=</latexit>

The applied (external) magnetic field induces current 
within the electron cloud, which in turns generates 
an induced magnetic field (Maxwell's equations)

� = �ref � �

<latexit sha1_base64="u+8KjeusySncTPLxtsCTiSVUQv4=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwYkmkoBeh6MVjBfsBTSib7aRdupuE3Y1QQn+BF/+KFw+KePXszX/jps1BWx8MPN6bYWZekHCmtON8Wyura+sbm6Wt8vbO7t6+fXDYVnEqKbRozGPZDYgCziJoaaY5dBMJRAQcOsH4Jvc7DyAVi6N7PUnAF2QYsZBRoo3Ut6veALgm+Ap7ig0F6WeeIHokRSYhnE7PCtWuODVnBrxM3IJUUIFm3/7yBjFNBUSacqJUz3US7WdEakY5TMteqiAhdEyG0DM0IgKUn83emeKqUQY4jKWpSOOZ+nsiI0KpiQhMZ36rWvRy8T+vl+rw0s9YlKQaIjpfFKYc6xjn2eABk0A1nxhCqGTmVkxHRBKqTYJlE4K7+PIyaZ/X3HqtflevNK6LOEroGJ2gU+SiC9RAt6iJWoiiR/SMXtGb9WS9WO/Wx7x1xSpmjtAfWJ8/n2Scfw==</latexit>

The chemical shift is then defined as:

⌫

<latexit sha1_base64="J/JQRn4S84jWscFBDs1dsiPEAt8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI9FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoS/TQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPYzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+2rqler1u5rlcZNHkcRzuAcLsGDOjTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifP2Epjd4=</latexit>

Isotropic chemical shielding: � =
¯̄�11 + ¯̄�22 + ¯̄�33

3

<latexit sha1_base64="QJ2aHlQGD+fcqAcEQGoWxqAJ2gc=">AAACR3icdZDNS8MwGMbT+TXnV9Wjl+AQBGG020AvwtCLxwnuA9Za0izdgklbklQYpf+dF6/e/Be8eFDEo1nXg27zhYSH53lf3uTnx4xKZVmvRmlldW19o7xZ2dre2d0z9w+6MkoEJh0csUj0fSQJoyHpKKoY6ceCIO4z0vMfrqd575EISaPwTk1i4nI0CmlAMVLa8sx7R9IRR/ASOoFAOHV8JIorD7LMS207g2dwWVKv/5c0GlmWNjLPrFo1Ky+4KOxCVEFRbc98cYYRTjgJFWZIyoFtxcpNkVAUM5JVnESSGOEHNCIDLUPEiXTTnEMGT7QzhEEk9AkVzN3fEyniUk64rzs5UmM5n03NZdkgUcGFm9IwThQJ8WxRkDCoIjiFCodUEKzYRAuEBdVvhXiMNE+l0Vc0BHv+y4uiW6/ZzVrztlltXRU4yuAIHINTYINz0AI3oA06AIMn8AY+wKfxbLwbX8b3rLVkFDOH4E+VjB9/vLLo</latexit>

Bext
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Bind(r)
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E
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From Chemical Shielding to Chemical Shift 



Ground-state 
wavefunction

Perturbed 
wavefunction

Induced 
current

Induced 
magnetic field

Chemical 
shielding tensor

External magnetic 
field introduced via 
perturbation theory

To compute the chemical shielding, we need 
"expensive" quantum mechanical computations.

| (0)i �! | (1)i �! J(1)(r) �! B(1)
ind(r) �! ¯̄�(r)

<latexit sha1_base64="N4t8OUA7tGRJPWDYDgULB1+LQrk="></latexit>

From Chemical Shielding to Chemical Shift 



accuracy

sy
st

em
 s

iz
e

From Chemical Shielding to Chemical Shift 



Goal: solve the Schrödinger equation

This is too complicated, we need approximations!

1) Only treat electrons quantum mechanically: 
Born-Oppenheimer approximation

2) Replace the wavefunction by the electronic density: 
Hohenberg-Kohn theorem

Born, M.; Oppenheimer, R., Zur Quantentheorie der Molekeln. Annalen der Physik 1927, 389 (20), 457-484.

H = E 

<latexit sha1_base64="imjEjqRV477zAgjPN+JjtKX1u4k=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSSEEvQlGEHitYW2hC2Ww37dLNJuxuhBJ68a948aCIV3+GN/+NmzYHbX2w7OO9GWbmBQlnSjvOt1VaWV1b3yhvVra2d3b37P2DBxWnktA2iXksuwFWlDNB25ppTruJpDgKOO0E45vc7zxSqVgs7vUkoX6Eh4KFjGBtpL595EVYjwjmqIm8lmLoCt3mf9+uOjVnBrRM3IJUoUCrb395g5ikERWacKxUz3US7WdYakY4nVa8VNEEkzEe0p6hAkdU+dnsgCk6NcoAhbE0T2g0U393ZDhSahIFpjJfVy16ufif10t1eOlnTCSppoLMB4UpRzpGeRpowCQlmk8MwUQysysiIywx0SazignBXTx5mTyc19x6rX5XrzauizjKcAwncAYuXEADmtCCNhCYwjO8wpv1ZL1Y79bHvLRkFT2H8AfW5w+mm5Uo</latexit>

Hel el = Eel el

<latexit sha1_base64="hDXkys1THeASbGyDo9jNMJwjFWE=">AAACOHicbVDNSsNAGNzUv1r/oh69LBbBU0mkoBehKEJvVrC10ISw2W7apbtJ2N0IJeSxvPgY3sSLB0W8+gRu0hxs68DCMDMf+33jx4xKZVmvRmVldW19o7pZ29re2d0z9w96MkoEJl0csUj0fSQJoyHpKqoY6ceCIO4z8uBPrnP/4ZEISaPwXk1j4nI0CmlAMVJa8sxbhyM1xojBtpcWXPCUsCyDTkfSBekS3swryxnPrFsNqwBcJnZJ6qBExzNfnGGEE05ChRmScmBbsXJTJBTFjGQ1J5EkRniCRmSgaYg4kW5aHJ7BE60MYRAJ/UIFC/XvRIq4lFPu62S+o1z0cvE/b5Co4MJNaRgnioR49lGQMKgimLcIh1QQrNhUE4QF1btCPEYCYaW7rukS7MWTl0nvrGE3G827Zr11VdZRBUfgGJwCG5yDFmiDDugCDJ7AG/gAn8az8W58Gd+zaMUoZw7BHIyfX7ivr2w=</latexit>

Hohenberg, P.; Kohn, W., Inhomogeneous Electron Gas. Physical Review 1964, 136 (3B), B864-B871.

 �! ⇢(r) = | |2

<latexit sha1_base64="ZFnuc4/LQklHhiuV53fwQ+p8VMw=">AAACFnicbVDLSgMxFM34rPU16tJNsAh1YZkpBd0IRTcuK9gHdMaSSTNtaCYZkoxSpv0KN/6KGxeKuBV3/o2ZtgttPRA4nHMuufcEMaNKO863tbS8srq2ntvIb25t7+zae/sNJRKJSR0LJmQrQIowykldU81IK5YERQEjzWBwlfnNeyIVFfxWD2PiR6jHaUgx0kbq2KdeTVGPCd6TtNfXSErx4Mm+KHoR0v0ghPIEXsBRlhrdlTt2wSk5E8BF4s5IAcxQ69hfXlfgJCJcY4aUartOrP0USU0xI+O8lygSIzxAPdI2lKOIKD+dnDWGx0bpwlBI87iGE/X3RIoipYZRYJLZsmrey8T/vHaiw3M/pTxONOF4+lGYMKgFzDqCXSoJ1mxoCMKSml0h7iOJsDZN5k0J7vzJi6RRLrmVUuWmUqhezurIgUNwBIrABWegCq5BDdQBBo/gGbyCN+vJerHerY9pdMmazRyAP7A+fwD0jJ80</latexit>

E = E[⇢(r)]

<latexit sha1_base64="5WMGkE9ovUDSDX5kjfuKExBKYf8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbMSEE3QlEKLivYB8wMJZNm2tBMMiQZodQu/BU3LhRx62+482/MtLPQ1gOBwzn3ck9OmDCqtON8W4WV1bX1jeJmaWt7Z3fP3j9oK5FKTFpYMCG7IVKEUU5ammpGuokkKA4Z6YSjm8zvPBCpqOD3epyQIEYDTiOKkTZSzz5qwCvY8Hw5FBU/RnoYRlCeBT277FSdGeAycXNSBjmaPfvL7wucxoRrzJBSnuskOpggqSlmZFryU0UShEdoQDxDOYqJCiaz/FN4apQ+jIQ0j2s4U39vTFCs1DgOzWQWUS16mfif56U6ugwmlCepJhzPD0Upg1rArAzYp5JgzcaGICypyQrxEEmEtamsZEpwF7+8TNrnVbdWrd3VyvXrvI4iOAYnoAJccAHq4BY0QQtg8AiewSt4s56sF+vd+piPFqx85xD8gfX5A7Y0lKM=</latexit>

Every observable of a stationary quantum 
mechanical system can be calculated from 
the electronic density

Density Functional Theory 



Kohn-Sham equation: replace the system of interacting particles (electrons) by 
a system of non-interacting particles which yield the same electronic density

E[⇢] = Te[⇢] + VeN [⇢] + Vee[⇢]

<latexit sha1_base64="7i4bslHXp6NBuXC1WejDkaF6AOE=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQTdCUQRXUqEvSEOYTG/aoZMHMxOhhH6HG3/FjQtF3Ikb/8Zpm4VtPTBw7jn3cuceP+FMKsv6MQorq2vrG8XN0tb2zu6euX/QknEqKDRpzGPR8YkEziJoKqY4dBIBJPQ5tP3hzcRvP4KQLI4aapSAG5J+xAJGidKSZ9q3TlcMYhdf4YYHOT/DLS+D+/FcCXnpmWWrYk2Bl4mdkzLKUffMr24vpmkIkaKcSOnYVqLcjAjFKIdxqZtKSAgdkj44mkYkBOlm09PG+EQrPRzEQr9I4an6dyIjoZSj0NedIVEDuehNxP88J1XBpZuxKEkVRHS2KEg5VjGe5IR7TABVfKQJoYLpv2I6IIJQpdMs6RDsxZOXSeu8Ylcr1YdquXadx1FER+gYnSIbXaAaukN11EQUPaEX9IbejWfj1fgwPmetBSOfOURzML5/Aetgn5c=</latexit>

⇢(r) =
X

i

|�i(r)|2

<latexit sha1_base64="8sNOSjGmtmybJZlBJwhtK/w+8X0=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh1YUlKQTdC0Y3LCvYBTQyT6aQdOpOEmYlQ0n6FG3/FjQtF3Io7/8ZJm0VtPXDhcM693HuPHzMqlWX9GCura+sbm4Wt4vbO7t6+eXDYklEiMGniiEWi4yNJGA1JU1HFSCcWBHGfkbY/vMn89iMRkkbhvRrFxOWoH9KAYqS05JnnjhhEZYcjNfADKM7gFXRkwj06duIB9eicNX6oembJqlhTwGVi56QEcjQ889vpRTjhJFSYISm7thUrN0VCUczIpOgkksQID1GfdDUNESfSTadvTeCpVnowiISuUMGpOj+RIi7liPu6MztSLnqZ+J/XTVRw6aY0jBNFQjxbFCQMqghmGcEeFQQrNtIEYUH1rRAPkEBY6SSLOgR78eVl0qpW7Fqldlcr1a/zOArgGJyAMrDBBaiDW9AATYDBE3gBb+DdeDZejQ/jc9a6YuQzR+APjK9fjQieXg==</latexit>
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Density Functional Theory 
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Interaction of the electron density at r with 
the electron density at r'. But QM exchange 
should be taken into account!

E[⇢] = Te[⇢] + VeN [⇢] + Vee[⇢]
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The kinetic energy is expressed for non-interacting 
electrons. In reality, the multi-electron system is 
correlated!

Interaction of the electrons with a classical 
potential generated by static nuclei

Self-interaction should also be dealt with

Density Functional Theory 
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Local density approximation (LDA) 
VWN, PW92, ...

Generalised gradient approximation (GGA) 
PBE, BP86, BLYP, ...

meta-GGA 
M06-L, TPSS, ...

Hybrid functionals 
B3LYP, PBE0, ...
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DFT: exchange-correlation 



Initial guess  or ρ(r) ϕi(r)
Compute the potentials 

 VeN[ρ], VCoulomb[ρ], Vxc[ρ]
Veff[ρ] = VeN[ρ] + VCoulomb[ρ] + Vxc[ρ]

Solve the Kohn-Sham equations: 

ϵiϕi(r) = [− 1
2 ∇2 + Veff] ϕi(r)

Compute the new density 
ρ(r) = ∑

i
|ϕi(r) |2Is the density self-consistent?

No

Yes

Compute the property of interest 

Energy, force, chemical shielding, ...

Because DFT is based on 
the variational principle, 
self-consistency 
corresponds to the true 
ground-state density (within 
the approximation of the 
XC functional)

DFT: self-consistent field (SCF) loop and variational principle



DFT is exact in principle 
Failures of DFT refer to failure of the XC functional

No functional (so far) is accurate for all properties of interest 
No matter what functional we use, there is always a case where it fails

Any functional can be applied to any electronic structure problem 
The theory is ab initio but experience and intuition will determine which 
functional is best for a particular use

DFT: remarks



Single molecules

Atomic orbital-like basis set 

Gaussian (GTO) 
ORCA (GTO) 
ADF (STO)

6-31G 
6-311G 
6-311G* 
6-311++G**

Gauge-Including Atomic Orbitals (GIAO) formalism for chemical shift computation
Periodicity is not taken into account

DFT: Software



Periodic systems

Plane wave basis set 

CASTEP 
Quantum ESPRESSO 
VASP

Gauge-Including Projector Augmented Waves (GIPAW) formalism for chemical shift computation

More expensive than atomic orbital-like basis sets 

DFT: Software



Computing NMR shieldings in solids
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DFT-based calculations

Examples: Molecular crystals 
(Cocaine Free Base)
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J. Am. Chem. Soc. 132, 2564 (2010),  
Phys. Chem. Chem. Phys. 15, 8069 (2013)

Unit Cell 
ΔV to Single Crystal X-Ray: 0.8%

Single Molecule 
RMSD to Single Crystal X-Ray: 0.07 Å

Powder NMR Crystallography from Proton Chemical Shifts 
(Cocaine Free Base)



cis-conformation 
P-1 triclinic space group 

a = 10.09 Å, b = 11.39 Å,  c = 13.17 Å 
α = 99.1°, β = 59.5°, γ = 73.3°

First de novo determination of an unknown structure of an organic solid from a powder sample. 
 RMSD of 0.17 Å (ADP of 0.0095 Å2); 100% confidence.

J. Am. Chem. Soc. 135, 17501 (2013)

De Novo Determination of a Previously Unknown Structure  
(Form 4 of AZD8329, a large drug molecule)
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Paruzzo, F. M.;  Hofstetter, A.;  Musil, F.;  De, S.;  Ceriotti, M.; Emsley, L., Chemical shifts in molecular solids by machine learning. Nat Commun 2018, 9.

Years!

828 atoms 768 atoms

860 atoms

945 atoms

816 atoms

1584 atoms

DFT is widely used, but large system require a 
prohibitively large computational time. We need a 
way to accelerate the computation of chemical shifts

Computational Time 



Proteins Gas-phase / solvated molecules

Amorphous silicates Molecular solids

OH

O
H
N

O

O

OH NH2

SHIFTX2
Han, B.;  Liu, Y. F.;  Ginzinger, S. W.; Wishart, D. S., 
SHIFTX2: significantly improved protein chemical shift 
prediction. J Biomol Nmr 2011, 50 (1), 43-57.

SPARTA+
Shen, Y.; Bax, A., SPARTA plus : a modest improvement in 
empirical NMR chemical shift prediction by means of an 
artificial neural network. J Biomol Nmr 2010, 48 (1), 13-22.

PROSHIFT
Meiler, J., PROSHIFT: Protein chemical shift prediction using 
artificial neural networks. J Biomol Nmr 2003, 26 (1), 25-37.

ACD NMR Predictor Software 
https://www.acdlabs.com/products/adh/nmr/nmr_pred

MNova NMR Predictor 
https://mestrelab.com/software/mnova/nmr-predict

Cuny, J.;  Xie, Y.;  Pickard, C. J.; Hassanali, A. A., Ab Initio 
Quality NMR Parameters in Solid-State Materials Using a 
High-Dimensional Neural-Network Representation. J Chem 
Theory Comput 2016, 12 (2), 765-773.

ShiftML 
https://shiftml.epfl.ch

Paruzzo, F. M.;  Hofstetter, A.;  Musil, F.;  De, S.;  
Ceriotti, M.; Emsley, L., Chemical shifts in molecular 
solids by machine learning. Nat Commun 2018, 9.

Machine Learning Chemical Shifts 



ML algorithms learn patterns from data only (statistical learning), without any rules given to them 

The model is constructed using labelled training data,  

Predictions can then be made very quickly for new data.

Machine Learning 



ML algorithms require a lot of consistent training data 

Experimental data scattered across the literature, 
may lack consistency 

Computed properties are generally better suited 
for statistical learning

Training Dataset 
Experimental / computed

ShiftML: 2,000 structures, 185,000 environments

Machine Learning: ShiftML 



Dataset 
Experimental / computed

Representation / 
features

Vectors of numbers should be given as inputs to the ML model 

These feature vectors should capture the property of interest 

Chemical shift is determined by the local atomic environment 

SOAP vectors: determines atomic positions around the nucleus 
of interest

Machine Learning: ShiftML 



Dataset 
Experimental / computed

Representation / 
features

ML model 
Neural network / KRR / ...

Kernel Ridge Regression (KRR): generalisation of linear regression 

Apply a non-linear transformation (kernel function) to the input data to 
make the regression easier

(x, y) �!
⇣
x, y,

p
x2 + y2

⌘
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Machine Learning: ShiftML 



Dataset 
Experimental / computed

Representation / 
features

ML model 
Neural network / KRR / ...

Training / Validation

The model should be able to predict properties for data 
not inlcuded in the training set (no underfitting) 

We have to make sure that the model does not fit the 
noise from the training set (overfitting)

Underfitting Overfitting

RMSE = 15.03 RMSE = 2.17 RMSE = 7.80

Machine Learning: ShiftML 



Dataset 
Experimental / computed

Representation / 
features

ML model 
Neural network / KRR / ...

Training / Validation

Cross-validation can help us tune the 
parameters of the model

The model should be able to predict properties for data 
not included in the training set (no underfitting) 

We have to make sure that the model does not fit the 
noise from the training set (overfitting)

Machine Learning: ShiftML 



Dataset 
Experimental / computed

Representation / 
features

ML model 
Neural network / KRR / ...

Training / Validation

Predictions

After training the model, predictions can be made 
very quickly
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Paruzzo, F. M.;  Hofstetter, A.;  Musil, F.;  De, S.;  Ceriotti, M.; Emsley, L., Chemical shifts in molecular solids by machine learning. Nat Commun 2018, 9.

Machine Learning: ShiftML 
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R2 = 0.97 

RMSE = 0.49 ppm

R2 = 0.99 

RMSE = 4.5 ppm

R2 = 0.99 

RMSE = 13.3 ppm

R2 = 0.99 

RMSE = 17.7 ppm

ShiftML: Comparison with DFT 
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ShiftML: Comparison to Experiment 



High accuracy at low cost 
Ideal for large-scale screening 

NOT ab initio 
ML methods can only reliably be applied to systems that are similar to the training set 
Prediction confidence is generally difficult to obtain

Machine Learning: Remarks 



Conclusions
• Chemical shifts can today be quite accurately predicted using 

computational methods, and they are widely used for assignment, 
elucidation, and strucutre determination. 

• DFT is the most widely used purely computational method to predict shifts 

• Different methods/programs/basis sets are used for DFT predictions for 
single molecules or for periodic solids.  

• Predictions based on experimental databases of chemical shifts are the most 
accurate tools for predicting chemical shifts in solution NMR today. 

• Machine learning models are becoming increasingly important for both solids 
and liquids.

[none of today’s lecture content will be included in the exam]



Questions?


