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General information

7/

% |t may not be possible to complete all the exercises discussed during the workshop. Participants are encouraged to skim
through the exercises and select the problems they would like to work on during the hands-on sessions. Some exercises
can also be attempted in the evenings after the lectures and discussed informally during breaks.

% During the workshop, you may pertorm a full DFT calculation for one selected exercise, while for the remaining tutorials,
you can work through the provided input and output files to understand the methodology and results.

% Please work on the exercises in small groups to encourage discussion and collaborative learning.
% All workshop materials will be maintained on GitlLab: https://gitlab.com/raghurama123/nmrworkshop2026



https://gitlab.com/raghurama123/nmrworkshop2026

Software requirements (optional)

» Electronic structure calculation
o Orca (input/output files are provided)
o Quantum Espresso (input/output files are provided)

% Structure visualisation
o Jmol/Avogadro/Vesta/VMD/Pymol, use anything that works
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Basic tasks and keywords in DFT

It is the most popular electronic structure method, founded on the Hohenberg-Kohn existence theorem. The ground state

energy and all other ground state properties are uniquely determined by the electron density p(7). So, the ground state

energy can be written as an energy functional
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The wave function in KS-DFT is a Slater determinant, defined using molecular orbitals of a hypothetical reference system of
non-interacting electrons.

The exchange—correlation functional Ex [p] is not known exactly; ditterent approximations have well-understood strengths
and limitations.

For new applications, multiple XC tfunctionals are often tested to rationalise method selection (benchmarking).

Common XC functionals include: LDA, PBE, BP86, PBEO, B3LYP, CAM-B3LYP, wB97X, M0O6 tamily.

Typical Gaussian basis sets used in molecular DFT: STO-3G, 3-21G, 6-31G, 6-31+G(d,p), cc-pVDZ, cc-pVTZ, det2-SVP,
def2-TZVP

Total energy E[p] is the central quantity in DFT calculations.

The equilibrium molecular structure (determined with optimization, Opt) corresponds to a stationary point on the potential
energy surface where all nuclear gradients {dE/dﬁA} vanish.

Harmonic vibrational frequencies (determined with Freq) are obtained from the Hessian matrix; a true minimum is
characterized by all real (positive) frequencies.



Exercise 1: Geometry optimization of ethanol molecule with ORCA

The first step in geometry optimization is to obtain a reasonable initial molecular structure. Visit the MolDis-Lab interactive
application: https://moldis.tifrh.res.in/C13.html.

% Use the SMILES input CCO to generate the structure of ethanol and download the corresponding XYZ tile, which will be
saved locally as Mol CCO UFF.xyz.

MoILDIS .
A Uig data analytics platiorm {or molecalar discovery & tlfl"

SMILES — 13C Shifts Structure Viewer + Output

SMILES: CCO Download SVG Download XYZ

Paste SMILES, render 2D structure, compute 13C shifts.

SMILES

/
Try: clcccccl (benzene), CCO (ethanol), CC(=0) 0 (acetic acid) /O/Q\Q
Render + 13C shifts Load Example Clear O H

Show atom numbers

3D XYZ (ETKDG + UFF) downloaded.

Nntes:

% The downloaded structure is an approximate geometry obtained using the Universal Force Field (UFF) and requires further
refinement. Later, we will see that an ML model uses this force-field-based geometry to predict chemical shifts.

% You can visualize the downloaded XYZ tile using any molecular viewer installed on your system (e.g., PyMOL) to inspect the
3D structure.


https://moldis.tifrh.res.in/C13.html

Download the workshop materials (this presentation PDF, exercises, and their solutions) from
https://gitlab.com/raghuramal23/nmrworkshop2026

+ Navigate in your terminal to
nmrworkshop2026/exercises/ex01,
which contains the ORCA input file for geometry optimization (opt.com).

+ Copy the file Mol CCO UFF.xyz into this directory.

+ The ORCA input file opt.com specities a DFT geometry optimization followed by a harmonic frequency calculation using
the B3LYP functional and the 6-31+G (d,p) basis set. Empirical dispersion (D4) and the RIJCOSX approximation (with
def2/J auxiliary basis set) are used to improve accuracy and efficiency. On Windows the last line should be replaced by

==~ * xyz 0 1
|! B3LYP D4 6-31+G(d,p) def2/J RIJCOSX Opt Freq | .

f 1" coordinates
(* xyzfile 0 1 Mol CCO UFF.xyz 4

+ The keywords Opt and Freq request geometry optimization and evaluation of the harmonic force constant matrix,
respectively. The Freq calculation is used to verity the nature of the stationary point and to obtain harmonic vibrational
frequencies.

% You are now ready to run the calculation from your terminal using:
/Users/rr/ORCA/orca 6 0 O macosx openmpi4ll/orca opt.com | tee out.out

Replace the ORCA executable path with the location of ORCA on your system.

+ After the calculation finishes, the optimized geometry is written to the file opt.xyz.


https://gitlab.com/raghurama123/nmrworkshop2026

These are the two key sections of the output file (opt.out) that should be inspected after a geometry optimization and

frequency calculation.

Item value Tolerance
Energy change —-0.0000074133 0.0000050000
RMS gradient 0.0000878235 0.0001000000
MAX gradient 0.0002851820 0.0003000000
RMS step 0.0007460608 0.0020000000
MAX step 0.0016162100 0.0040000000
Max (Bonds) 0.0006 Max (Angles) 0.05
Max(Dihed) 0.09 Max(Improp) 9.00

Everything but the energy has converged. However, the energy
appears to be close enough to convergence to make sure that the

final evaluation at the new geometry represents the equilibrium energy.

Convergence will therefore be signaled now
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This confirms that a stationary point on the potential
energy surface has been reached; however, it does
not indicate whether the structure corresponds to a
local minimum or a saddle point, as both satisty the
stationary-point condition.
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(already applied!)

For a non-linear molecule, three
normal modes correspond to
pure translation and three to pure
rotation. These six modes have
zero eigenvalues of the force
constant matrix, as they do not
represent internal degrees of
freedom. The absence of
imaginary frequencies confirms
that the optimized structure is a
true minimum.



Exercise 2: Calculation of the NMR shielding tensor ot ethanol

+ Navigate in your terminal to
nmrworkshop2026/exercises/ex02,
which contains the ORCA input file for calculation of the shielding tensor (hmr.com).

+ Copy the file opt.xyz, which contains the DFT-optimized geometry from nmrworkshop2026/exercises/ex01, into
this directory.

+ Compare nmr . com with opt .com from Exercise 1. The keywords Opt and Freq are replaced with NMR. Empirical
dispersion (D4), which improves the description of intermolecular interactions and equilibrium geometries, is not requirea
for NMR shielding calculations and is therefore omitted.

! B3LYP 6-31+G(d,p) def2/J RIJCOSX NMR |

[ - |

'. e srssmesmssnen e AN Windows the last line should be replaced, see slide 7.

+ The keyword NMR requests the calculation of nuclear magnetic shielding tensors at the fixed, DFT-optimized geometry
provided in opt.xyz.

% You are now ready to run the calculation from your terminal using:
/Users/rr/ORCA/orca 6 0 O macosx openmpi4ll/orca nmr.com | tee nmr.out

Replace the ORCA executable path with the location of ORCA on your system.

% Once the calculation finishes, you may notice that the directory contains many files with
extensions .gbw, .densities, .properties.txt. These files can be used for further analysis, such as visualization and
post-processing of shielding tensors. Remember, ORCA calculates the shielding tensor and not chemical shifts directly.



0°E 0°E

. . P — 5 ) .
Key sections of the output file (nmr . out) . 0B,0m, , 7 om, 0B, s Non-symmetric in general
______________ # Total shielding tensor
Nucleus 0C S=np.array([
““““““““ [189.874, =-2.775, 5.629],
. . . i / [ 5.155, 162.771, 9.440],
Diamagnetic contribution to the shielding tensor (ppm).~ [11.076, 8.330, 163.056]
2B 2.394 4.364 ' 1)
3.560 242 .196 1.087
4.913 1.224 243'7?~  # Principal values via ST S (eigenvalue approach)
: . : . L STS=np.matmul(S.T,S)
Paramagnetic contribution to the shielding”tensor (ppm): E,V=np.linalg.eig(STS)
-63.449 -5.170 g 1260 L1,L2,L3=np.sqrt(E)
1.595 -79.425 Ve 8.353 print(f'{L1:.3f} {L2:.3f} {L3:.3f}")
6.163 adls)s -80.738
x5 192.789 169.749 153.292
Total shielding tensor (ppm):
189.874 <) s 5.629 V # Principal axis of the shielding tensor
1?'3?2 162'223 163'322 array([[ 0.94767951, 0.28330007, -0.14712111],
y 5 . [ 0.11688777, -0.73682026, -0.66590777],
[ 0.29705353, -0.61387049, ©0.7313837711])
Diagonalized sT*s matrix: # Principal values via singular value decomposition (preferred)
U, s, Vt = np.linalg.svd(S)
sDSO 2500760 241.880 255.681 1iso= 246 .437 L1,L2,L3=s |
sPSO -88. 460 -72.191 -62.960 iso= -74.537  print(f'{L1:.3f} {L2:.3f} {L3:.3f}")
_____________________________________________ : 192.789 169.749 153.292
Total szl 2ionl 169.689 192.720 1so= 171.900
T e e V # Principal axis of the shielding tensor
X 9.1471320 9.2833014 -0.9476774 array([[ 0.94767951, 0.28330007, -0.14712111],
Y 0.6658981  -0.7368294  -0.1168856 [ 0.11688777, -0.73682026, —0.66590777],
Z -0.7313904 -0.6138590 -0.2970611 [ 0.29705353, -0.61387049, 0.731383771]11])

% The diamagnetic contribution is always positive (shielding), whereas the paramagnetic contribution is typically negative

(deshielding).



import numpy as np

1 1
Oiso = 3 (011 T 0y t+ 033) Caniso = 033 ~ 5 (011 + 022) S = np.array([
189.874, -2.775, 5.629],

| 5.155, 162.771, 9.440],
[ 11.076, 8.330, 163.056]

.
S — ——— — —— — — — — —— — — . T — —— — ——— — — — — ——

1)

# Principal values via sinqular value decomposition
U, s, Vt = np.linalg.svd(S)

Nucleus Element IS OIERO PG Anisotropy

______________________________________ # Sort descending: sigma_33 >= sigma_22 >= sigma_1ll
0 C 171.900 31.230 sigma_33, sigma_22, sigma_11 = np.sort(s)[::-1]
1 C 131.349 62 .948 print(sigma_33, sigma_22, sigma_11 )
2 0 283.056 40.440
3 H 30.730 6.935 # Isotropic shielding
4 . 30.217 7.393 sigma_iso = (sigma_11 + sigma_22 + sigma_33) / 3.0
5 H 30.544 9.089
6 H Iall )72 6.311 # Anisotropy (ORCA convention)
7 H 27.770 6.830 delta_sigma = sigma_33 - 0.5 * (sigma_11 + sigma_22)
8 H SISO T 15.080

print("sigma_iso ", sigma_iso)
print("anisotropy =", delta_sigma)

192.78912167510836 169.74904569824645 153.29236793876893
sigma_iso = 171.94351177070791
anisotropy 31.268414856600685

+ NOTE: 6y, 05,, and o35 are eigenvalues of the shielding tensor; 635 > 0,, > 06y;.

+ In solution, rapid molecular tumbling averages the chemical shielding tensor.
+ Only the isotropic shielding o, is observed.

+ Anisotropy — directionality of electronic response

+ C, O: large anisotropy (directional bonding, lone pairs)

. * H: I ani i i i t
Ethanol (optimized geometry) small anisotropy (isotropic environment) »



Exercise 3: Calculation of the 1

and 13C chemical shifts of ethanol

+ As done in Exercise 1, visit MolDis-Lab and use the SMILES input [Si] (C) (C) (C) C to generate the structure of the

reference compound tetramethylsilane (TMS). Navigate in
and perform geometry optimization (opt . com) and calcu

+ Calculate "H and 13C chemical shifts using isotropic shielc

TMS

_ ethanol
— OX

— Oy ~where X is the nucleus TH or 13C.

as Oy

+ Compare the DFT-based predictions of TH and 3C chemical shifts and compare them against the experimental values

shown in the image below.

your terminal to nmrworkshop2026/exercises/ex03,
ate the isotropic shielding values (nmr.com).

ing values of ethanol from Exercise 2 and TMS from this exercise

Integration curve

H H TMS
H H
H—(C—C—O0H H—C—C—OH "
s H H o
Ethanol Ny
_ Fthanol 2 i
CHC] 3.6 112
18120 | ) .
impurity in (quartet) (triplet)
™S cpcls |
I l . OH |
T e e e e i S o ; K
160 140 120 100 20 €0 P 2 o 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm
ppm
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M. A. Fox, J. A. Whitesell, “Organic Chemistry”



TMS from Exercise 3

Nucleus Element Isotropic
0 Si 408.100
al C 192.880
2 C 192.901
3 C 192.887
4 C 192.882
5 H 31.634
6 H SO
7 H 2l il
8 H 31.630
9 H S

10 H 31.633
1lal H S G2
2 H 21| (R
il H SO S
14 H SO0
15 H 31.630
16 H 2l (o

T™S _

o> = 1929 ppm o,

'H

will be used for all problems

(unless stated otherwise) as long

as the geometry optimization

and shielding tensor calculation

were done with the same
method.

Fthanol from Exercise 2

Nucleus

oNOCC OO PP WDNPEPEO®O

= 31.6 ppm

Conformer structure of Ethanol

Element

C
C
0
H
H
H
H
H
H

Isotropic

1bp/al -
1lzial -
283.
30.
30.
30.
Tall -
Pafl -
sl

900
349
056
730
217
544
972
770
670

TMS_C=192.9; TMS_H=31.6

C_ethanol=np.array([171.900, 131.349])
H_ethanol=np.array([30.730, 30.217, 30.544,
27.972, 27.770, 31.670])

C_shifts=TMS_C-C_ethanol
H_shifts=TMS_H-H_ethanol

for shift in C_shifts:
print(f'{shift:.3f} ppm"')

21.000 PPM e s
61.551 ppm

for shift in H_shifts:
print(f'{shift:.3f} ppm"')

0.870 ppm . . _
1.383 ppm For comparison with experiment, average the

1.056 ppnm L .
3.628 ppm COMputed shieldings over symmetry-equivalent

Eé?é%pggm nuclei (e.g., CH, and CH, groups).

H shifts_mean=[ (0.870+1.383+1.056)/3, (3.628+3.830)/2]

for shift in H_shifts_mean:
print(f'{shift:.3f} ppm"')

1.103 ppm
3.729 ppm




Exercise 4: Convergence of 3C chemical Shifts in Alicyclic Rings

et us verify the textbook trends for '3C chemical shifts ot
MolDis-Lab: https://moldis.tifrh.res.in/C13.html.

non-aromatic monocyclic rings using the interactive app provided on

Use the following SMILES inputs to generate predicted "3C shifts:

Molecule
Cyclopropane
Cyclobutane
Cyclopentane
Cyclohexane

Cycloheptane

SMILES
1CC1
1CCC1T
1CCCCT
TCCCCCT
1CCCCCCT

ONONONON®

You may notice small numerical differences compared to standard textbook tables, since the app uses simplitied empirical

parameters.

Q1. From the app, determine from which ring size onward the predicted '3C chemical shift for the ring CH, carbon no longer

changes (i.e., has effectively converged).

Q2. Now consider the simple empirical model, 6y = 6, —

A = 25 ppm) to estimate oy for N = 10, 20, 30 and check i
Compare your conclusions from (Q1) (the app) and (Q2) (t

A/N, where N is the ring size. Use this model (with 6, = 30 ppm and

the shift has converged to within 0.1 ppm of the limiting value.
he model).

Q3. Why is the carbon signal in cyclopropane extremely s

nielded, even appearing at a negative chemical shift?

14
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Molecule

Cyc
Cyc
Cyc
Cyc
Cyc
Cyc
Cyc

opropane

obutane
opentane

onhexane

oheptane
OocCtane

ononane

SMILES

C1CC1

C1CCC1
C1CCCC1
C1CCCCCT
C1CCCCCCT
C1CCCCCCCT
C1CCCCCCCCT

import numpy as np

delta_inf=30

A=25

def delta _N(N):
return delta_inf - A/N

N=np.array([10,20,30])

delta N(N)

array([27.5

, 28.75

s1°C in ppm

-2.6

23.3
26.5
27.8
29.4
30.0
30.0

, 29.16666667])

Saturated Monocyclic Alicyclics (0 in ppm)

n
va (o :

11

12
(CH,), 13
14

15
20
30

72

260
25.1
26.3
23.8
26.2
25.2
270
28.0
29.3
294
29.7

E. Pretsch, P Buehlmann, A. Affolter,
"Structure determination of organic compounds”
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Atoms-in-molecule machine learning for chemical shifts: Kernel-ridge regression

P e e

C shifts of 130,831 small organic molecules in

/ N
\
/ _ .o :
 Property prediction Training ‘I QM9INMR dataset (with up to 9 CONF atoms)
I
I
| >0.044 [Type |# H s
| 5q = Z Ctkqt; kqt = exp <— | dq —d.|/o [K T /H] C=Pp : I sp | 56027 |942 |19.8 C(sp)
| " ) sp?2 | 176914 [156.7 [29.3
| \ ¢ \ | ,' g sp3 | 598984 (446 (233
\ ‘ . . ~ . 5
. A\chemical shift of query atom, g  hyperparameter X Q002 L 1% |78 920 C(sp~)
T s T T T o T VOt [ C(sp?)
+ NMR properties calculated using mPW1PW91/6-311+G(2d,p) for 5
: : : Z
geometries determined with the B3LYP/6-31G(2df,p) 0.00 | | |
300 250 200 150 100 50 0
eTTT T Atomic descriptor: atomic bag-of-bonds based on radial basis functions, aBoB-RBF(4) - ---------- <
\
[
, Pairwise functions: 7 7 \I
I d4B)(r) = 2 81y(r) - Ig ! - 5(Rpy) O1 |
| ) J£LIEA,JEB L X / query atom |
I
| Query atom <C A c2 Neighboring atoms are indexed :
| 1N as per distance from the query atom |
I < H4 H2 \¥/ H4 |
| Qo5 e |
:H1 o C2 » j\ //\ d(0) = dey Query atom’s descriptor vector |
M . . ; . . |
| y o d(1) = des dH4F/rst neighbour’s descriptor is padded |
: 3 /\ d2)=dg, dyg dOlSecond neighbour :
: L y d(3) — dC2 dH4 d01 dCIThird neighbour |
: I
I Concatenated pairwise functions: d4)=d¢y, dyy dp; deg dHlF ourth neighbour |
‘ [

Fifth neighbour
d5)=dcy dygy do; dep dyg; dp 9

e e e e o e e D o e e e e e e o e e e e e o e m— e e e e o e e e e e o e e e e e e e e e e e e e e e e e e e e e m—

S. Das et al., J. Chem. Phys. (2026)




Exercise 5: 3C Chemical shifts of 2,2,4-trimethyl-1,3-pentanediol
The SMILES strings of propane, isobutane, and neopentane are CCC, CC(C)C, and CC(C)(C)C, respectively.

Q1. Write the SMILES string for 2,2,4-trimethyl-1,3-pentanediol and verity the structure by entering it into the MolDis-Lab 3C
NMR app. The app will first display the 3C chemical shitts estimated using the additivity rule.

Q2. Next, click Predict 13C shifts using KRR-ML to obtain predictions from a pre-trained kernel ridge regression
(KRR) machine-learning model, and compare these values with the reference data provided below.

¢ a c,c' <+ The structural descriptor used to
H,C OH CH; P
; \d | e f train the KRR-ML is based on
g CH—CH—C—CH,OH d b .
VAR a molecular geometries calculated
O H3S, (E)H3 . with universal force field (UFF).
A
O T T <+ For a new query, MolDis-Lab
75.5 MHz e | ] | | 225 ppm query
/ / generates such a structure on
R B L B B B B B B B B B A L L L D .
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10  ppm the fly from a SMILES string.
c,C'
|y small splitting at high-field
N
150.9 MHz 23.5 ppm
. - — A_‘JL______J |

8 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm

R. M. Silverstein et al., Spectrometric identification of organic compourids (2015) 17



13C Nuclei ~ Exp.  Emp.Model ML

..............................................................................................................................................................................................................................

_____________________ a(n 1920 282 183
_____________________ b@® 22 282 26
_____________________ c@ 2324 189 169
< I 2324 189 198
e oH e o dm 803 %2 M7
Na | let e® 373 368 423
CH—CH—C—CH,0H fe 7274 743 718
/ & | g4 = 838 = 88 795
H;C CH; A
c' b

Q1. Why is the empirical model unable to difterentiate the inequivalent 13C nuclei a (7) and b (8)?

Q2. What physical effects lead to very close chemical shift values for the inequivalent nuclei ¢ (2) and ¢’ (3) in the experimental
spectrum??

Q3. Why does the ML model predict a larger separation for the atom pairs a (7)/b (8) and ¢ (2)/c’ (3) compared to experiment?



Exercise 6: Structure assignment using computed 3C Chemical shitts

Two candidate structures (1 and 2), shown below, are proposed tfor a compound whose experimental 3C NMR spectrum
exhibits four resonances (four chemically non-equivalent 13C nuclei) at 23, 34, 66, and 110 ppm.

Q1. The SMILES strings of both structures are as follows.

Structure 1: €12 (0CC02)C2 (0CCO2)CCCC1, Structure 2: C123C(0CCO2) (OCCO3)CCCCl

Enter each SMILES string into MolDis-Lab and estimate the 3C chemical shifts using the additivity (empirical) model. Tabulate
the predicted shifts for both structures.

Q2. Use the ML model in MolDis-Lab to predict the 3C chemical shifts for both structures. Compare the empirical and ML
oredictions with the experimental values and determine which structure provides the better match. To quantify the
comparison, you may compute the mean absolute error (MAE) and standard deviation of the errors (SDE).

Q3. Perform geometry optimizations of both structures and calculate the '3C shielding tensors using ORCA. Use the
computed isotropic shieldings of TMS as a reference and estimate the corresponding chemical shifts. Compare the DFT-based
shifts with those obtained from the empirical and ML models. Do the DFT results support the same structural assignment?
Comment on the agreement or discrepancies among the three approaches.

OO 00

L. J. Tilley et al., J. Chem. Educ. 79, 593 (2002) 19



Structureé Type Emp. Model ML

--------------------------------------- Symmetry averaging must be

__________________ 1CH2214213(212’213) T performed after ML prediction (or
~ CH2 36.4 28.5 (26.5, 33.9) prediction based on one structure)

""""""""""""""""""""""""""" CH. 608  66.6(65.9,66.2 66.4,67.8) and before comparison with

""""""""""""""""""""""""""""""""""" c 1201  1235(121.4,1256) experiment.

""""""""" >  CH 214  220(206,234)

""""""""""""""""""""""""""""""" CH. 364  324(340,308

"""""""""""""""""""""""""""" CH. 621  66.4(63.9,658,67.0,688)

""""""""""""""""""""""""""""""""""" c 1214 1118(1110,1121)

Experimental peaks at 23, 34, 66, and 110 ppm

20



import numpy as np

exp = np.array([23.0, 34.0, 66.0, 110.0]) # Experimental 13C peaks (ppm)

# Structure 1

emp_1l = np.array([21.4, 36.4,
ml_1 = np.array([21.3, 28.5,
# Structure 2

emp_2 = np.array([21.4, 36.4,
ml_2 = np.array([22.0, 32.4,
mae, sde =

120.1])
123.5])

121.1])
111.6])

np.mean(np.abs(emp_1-exp)), np.std(emp_1-exp)

print(f"{'Empirical, structure 1':25s} MAE = {mae:5.1f} ppm

mae, sde =

np.mean(np.abs(emp_2-exp)), np.std(emp_2-exp)

print(f"{'Empirical, structure 1':25s} MAE = {mae:5.1f} ppm

mae, sde =

mae, sde =

Empirical, structure 1
Empirical, structure 2
ML, structure 1
ML, structure 2

MAE
MAE
MAE
MAE

4.8 ppm
4.7 ppm
5.3 ppm
1.2 ppm

STD
STD
STD
STD

np.mean(np.abs(ml_1-exp)), np.std(ml_1-exp)
print(f"{'ML, structure 1':25s} MAE = {mae:5.1f} ppm
np.mean(np.abs(ml_2-exp)), np.std(ml_2-exp)
print(f"{'ML, structure 2':25s} MAE = {mae:5.1f} ppm

5.7
5.7
7.1
1.2

STD

STD

STD

STD

{sde:

{sde:

5

5

{sde:5.1f} ppm")

{sde:5.1f} ppm")

.1f} ppm")

.1f} ppm")

PP Empirical model based on connectivity fails

Ppm
Ppm

ppm ML suggests structure 2 (small deviation)

Recall that ML prediction is based on UFF geometry
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Force field and DFT geometries difter signiticantly

Force field (UFF)

DFT (B3LYP/6-31+G(d,p) D4)

22



Structure Type Emp. Model ML DFT

]
..............................................................................................................................................................................................................................................................................................................................................................................................................

1 CH: 21.4 21.3 (21.2, 21.3) 24.2 (24.3, 24.1)
- CH. 64 285(265,335)  37.2(375241)
- CH 60.8  66.6(65.9,66.2,66.4,67.8)  67.5(68.1,67.2,68.0,66.5
- c 1201 123.5(121.4,1256) 113.5(113.2,113.8)
2 CH 214 220(20.6,234)  215(07,224)
""""""""""""""""""""""""""""""""""""""" CH. 364  324(340,308 325(319,832)
""""""""""""""""""""""""""""""""""""" CH. 621  66.4(63.9,65867.0,688 607 (57.8,620,59.3,637)
¢ 1211 1me@ito 1121 093 (96.1,102.6)

Experimental peaks at 23, 34, 66, and 110 ppm



* Low MAE and SDE between the
experiment and the model are

strl1_DFT=[113.167,68.073,67.245,113.783,67.996,66.525,37.465,24.31,24.127,36.928]

a=np.mean([24.31,24.1271])
b=np.mean( [37.465,36.928])

C=np.mean( 68-073,67-245,67-996,66-525]) < Agreement W|th mu|t|p|e (1|—|I |R’
d=np.mean([113.167,113.783])

not sufficient.

etc.) experiments is necessary.

print(a,b,c,d) + High-level theoretical modeling,
dft_l1=np.array([a,b,c,d]) combined with conformational
mae, sde = np.mean(np.abs(dft_1-exp)), np.std(dft_1-exp)

reference.
24.2185 37.1965 67.45974999999999 113.475

DFT, structure 1 MAE = 2.3 ppm STD = 1.0 ppm DFT suggests structure 1 (small deviation), which is correct

str2_DFT=[96.103,102.581,57.78,61.96,59.313,63.731,31.878,20.677,22.365,33.161] - J- Tilley etal, J. Chem. Educ. 7%, 593 (2002)

a=np.mean([20.677,22.365])
b=np.mean([31.878,33.161])
c=np.mean([57.78,61.96,59.313,63.731])
d=np.mean([96.103,102.581])

print(a,b,c,d)

dft_2=np.array([a,b,c,d])
mae, sde = np.mean(np.abs(dft_2-exp)), np.std(dft_2-exp)
print(f"{'DFT, structure 2':25s} MAE = {mae:5.1f} ppm STD = {sde:5.1f} ppm")

21.521 32.5195 60.696 99.342
DFT, structure 2 MAE = 4.7 ppm STD = 3.8 ppm

24



Q4. Let's diagnose the source of ML error. The ML model uses descriptors computed from a UFF-optimized geometry. How
can one determine whether discrepancies between ML-predicted and experimental '3C chemical shifts arise primarily from

(i) inaccuracies in the UFF geometry used to generate the descriptors, or

(i) residual model error due to limitations of the ML training set or model architecture?

To address this, perform DFT NMR shielding calculations on the UFF geometries of Structures 1 and 2 (without further
geometry optimization) and compare the resulting chemical shifts with experiment.

Exp. shifts (ppm) ML (UFF geometry)  DFT (UFF geometry)  DFT (DFT geometry)

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

o e e e e e e e e = = e = e = e = = = = = = = = = = = = B e e e e e e e e e e e e e e e e e e e e e e e e m e = e = e = e = e = e = e = e = e = e = = e = = e = = e = = e = [ = = = e = = e = = e = = e = = e = = e = = e = = e = = e = = = = = = = = e = = e = = = = e = = = = e = = e = = = = = = = = e = e = = = = = e = = e = = = e = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ==

Training set lacks

““such C environment

2.4 ppm increase in error due to 0.6 ppm increase in error due to Error in DFT (method error,

ML model limitations geometry quality (UFF vs. DFT) missing conformer sampling)

o\) 05



Exercise 7: Statistical vs probabilistic (DP4) error metrics for structure assignment

17
Me

BC calcd
position 15a 15b 13C expt
1 40.56 40.97 41.0
2 27.05 28.56 26.3
3 22.15 22.53 20.9
4 34.93 37.92 34.6
5 58.27 58.34 56.1
6 41.39 39.27 40.0
7 36.06 34.78 34.5
8 41.01 41.11 41.9
9 56.48 57.31 58.5
10 40.18 41.75 37.4
11 33.74 32.35 32.5
12 39.09 39.35 36.9
13 63.03 63.21 65.1
14 39.54 39.5 40.0
15 24.46 24.43 22.0
16 24.25 24.33 23.0
17 41.07 41.39 43.4

Simple statistical comparison (MAE, SD): The structure of nankakurine was
originally assigned as b. Using the data below, compute the mean absolute
error (MAE) and standard deviation (SD) of the error between the calculated 13C
chemical shifts for structures a and b and the experimental values.

Based on these statistical metrics alone, which structure appears to be the most
likely?

Note: In this step, calculated and experimental shifts are compared directly,
without any scaling.

S. G. Smith, J. M. Goodman, J. Am. Chem. Soc. 132, 12946 (2010). 26



Probabilistic assignment using the DP4 method: In the DP4 approach, the Bayesian probability that a candidate structure i

L, [1-7, (1),
(with N nuclei) corresponds to the experimental spectrum is given by P (i |0, 0y, -, 5N) = , where

Zjnilnzk\;l [1 — 1, (tk)]

T, (¢) is the cumulative distribution function of Student's t-distribution with v degrees of freedom and ¢, is the standardized

| < slcaled,k o exp,k> -yl

error for nucleus k given by f, =
o

Before computing DP4 probabilities, the calculated shifts must be linearly corrected. A linear regression of calculated shifts (y-
axis) against experimental shifts (x-axis) is performed 041 = m 5exp + b. The regression is then inverted to map the

Ocalc — b

calculated shifts back onto the experimental scale: 6 . This step removes systematic oftset and slope errors.

scaled "

Use 4 = 0 ppm, 6 = 2.306 ppm, and v = 11.38 from Smith and Goodman’s article.

Perform the linear scaling separately for structures a and b. Compute the DP4 probabilities using the scaled errors. Decide
which structure is most consistent with the experimental 13C NMR spectrum.

S. G. Smith, J. M. Goodman, J. Am. Chem. Soc. 132, 12946 (2010). 21



13C NMR (from Smith and Goodman)

a b
Mean absolute error 1.50 1.62
Standard deviation of the error 1.59 1.83
DP4 probability 79 59% 20.5%

Do your results agree with the values from Smith and Goodman’s article? It there is any disagreement, what do you think is the
reason? You can also repeat the exercise for the 'TH NMR data from Smith and Goodman.

Take-home message: MAE averages errors, and DP4-like scores penalize unlikely errors.

S. G. Smith, J. M. Goodman, J. Am. Chem. Soc. 132, 12946 (2010).
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Exercise 8: Solid state NMR spectrum of uracil

Input/Output files for the program Quantum Espresso tor geometry relaxation of uracil crystal with a guess initial structure are
orovided in the folder nmrworkshop2026/exercises/ex08/opt, and nmrworkshop2026/solution/ex08/opt. The

DFT method PBE was used along with many-body dispersion correction to long-range interactions for optimizing the structure
» 1.80 A

ot uracil crystal using the keywords input_dft = pbe and vdw_corr=‘mbd’

Space group (No. 14): P2,/a

_ Source  a(hy  bh eh el fleg  ydey)
___________ Be-MBb 1210 0 lesd o 88t oo 102 9%
EXp. 1194 1238 366 90 1205 90

R. F. Stewart, L. H. Jensen, Acta Crystallographica, 23, 1102, (1967)
29



Q1. Which nuclei in uracil are expected to be most sensitive to crystal packing and hydrogen bonding, and why?

primitive unit cell (Z=4, Z'=1)
(four equivalent molecules)

»”

/-mer unit suitable for
probing the periodic effect on the
central molecule through
” molecular DFT

calculation

30



C:170.9 ppm

C: 99.9 ppm ==

C:147.0 ppm‘

C 151.7 ppm

O: 245 ppm

N:-185.2 ppm 1 200 175 150

N:-207.3 ppm

C4

N2

-100 -150

-200 -250 -300
O("*N) / ppm

Experimental chemical shitts
R. Uldry, et al., J. Am. Chem. Soc., 130, 945 (2008)
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Input/Output tiles for NMR calculations are provided in the folder nmrworkshop2026/exercises/ex08/nmr, and
nmrworkshop2026/solution/ex08/nmr. This is a two-step process. First is to do a single-point energy calculation
(scf.in) with the keyword restart mode = ‘from scratch' to save the wavefunctions. In scf.in, we will use the
optimized coordinates and lattice vectors taken from opt.out. The keyword restart mode = ‘from scratch' isusedto
do an NMR calculation (amr . in). This latter part of the calculation is done using Quantum Espresso’s extension gipaw. x

: : uracil — IMS ethanol
key sections of the output file (nmr . out) e OC Oc = 0o > — 64

Total NMR chemical shifts in ppm: ————————————————cge= et
(adopting the Simpson conygn;igl,,a~~u“*“6'ropy and asymmetry)-—-——————————

Atom 1 C ¥ pos: ( ©.148060 ©.217129 —0.003254) Total sigma:

~25.9104 —54.2685 ~0.6696
—90.3/38 —9./642 1.3966 As an approximation, we use the reference shieldin
_2.1644 3.7688 72.8027 PP ’ 9
values adopted in the experimental study. This avoids
C | anisotropy: -124.04 eta: -0.4197 , , ,
¢ 1 signa 11= 38.37  axis=( —-0.627615 0.773482 —0.088454) introducing separate reference calculations, but can
C 1  sigma_22= 73.08  axis=( -0.052115 ©0.071621 ©.996069) fribute to d; :
C 1  sigma 33=  -68.32  axis=( ©.776777 ©.629758 —0.004640) contrioute 1o discrepancies.
AtomE 206 poS St Ol 686360 N RESGT | S0E e a8 ) T oEa sl ma 1L/ el
~25.9104 ~54.2685 ~0.6696 B - ggMS = 167.8 ppm
~50.3738 657 1.8066
_2.1644 3.7688 72.8027 Iy - Gng = 29.7 ppm
C 2 anisotropy: -124.04 eta: -0.4197 15nT . nitro methane __
C 2 sigma_11= 38.37 axis=( —-0.627615 ©.773482 -0.088454) N: oy = — 154.3,ppm
C 2  sigma_22= 73.08  axis=( -0.052115 ©0.071621 ©.996069) . t
C 2  sigma_33=  -68.32  axis=( 0.776777 ©.629758 —0.004640) O: o057 =261.5ppm
Ladeln) 2l (G pos: ( 0.186622 0.729259 0.286926) Total sigma: 14.38
oy SNt By R. Uldry, et al., J. Am. Chem. Soc., 130, 945 (2008)
50.3738 —3.7642 ~1.8066

—2.1644 -3.7688 72.8027 32


http://nmr.in

C: 151.7 ppm (150.5)

(173.4)™ N: -185.2 ppm ] i Q2. Which nuclei show the largest
| | discrepancies between

C: 170.9 ppm (-213.2) | O: 45 ppm (249.8)

298 6 experiment and calculation?Are
(-228.6) these differences more likely due
N: -073 PPM 1o

(265.1) O: 275 ppm _ (i) residual structural errors in the

crystal geometry,

(ii) missing effects such as nuclear
motion or temperature averaging,
(101.3) C: 99.9 ppm = (iii) limitations of the exchange-
correlation functional, or

(iv) the use of experimental
reterence shielding values rather

than reference shieldings

computed at the same DFT level?
C: 147.0 ppm

(153.4)
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What did we learn?

Empirical models capture trends

ML interpolates learned chemistry

DFT provides physical grounding but is sensitive to structure
Probabilistic methods (DP4) encode confidence

Solid-state NMR requires thinking beyond isolated molecules
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