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Y. Chen, Y.-F. Hou, O. Isayev, P. O. Dral. Universal and Updatable Artificial Intelligence-Enhanced Quantum 
Chemical Foundational Models. 2024, submitted. https://doi.org/10.26434/chemrxiv-2024-604wb.

UAIQM: Universal and Updatable AI-QM models

We put them together in a 
library and just give new 
models version numbers!
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4Figure: P. O. Dral, J. Phys. Chem. Lett. 2020, 11, 2336 
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Ab initio ML-
ab initio

ML-SQC

ML-DFT

P. O. Dral, M. Barbatti, Nat. Rev. Chem. 2021, 5, 388 

AIQM1

ANI-1ccx, AIMnet-2, 
ANI-1xnr, …

ML-
ab initio

DM21, CF22D, DENS24…

Can we do better?

Every model 
(DFT or AI ...)
has some problems!
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5Perspective: P. O. Dral, J. Phys. Chem. Lett. 2020, 11, 2336 

Accuracy

Ti
m

in
g

Molecular
Mechanics

Semi-
empirical

DFT

Machine Learning

ML-SQC

ML-DFT

Ab initio ML-
ab initio

ML-SQC

ML-DFT

P. O. Dral, M. Barbatti, Nat. Rev. Chem. 2021, 5, 388 

AIQM1

ANI-1ccx

Universal models (no training required):

ANI-1ccx: J. S. Smith,
et al. Nat. Commun. 
2019, 10, 2903

AIQM1: P. Zheng, R. 
Zubatyuk, W. Wu, O. Isayev, 
P. O. Dral, Nat. Commun. 
2021, 12, 7022

Machine learning in quantum chemistry

ML-
ab initio
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Design

P. Zheng, R. Zubatyuk, W. Wu, O. Isayev, P. O. Dral, Nat. Commun. 2021, 12, 7022
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Traditional 
reparametrization
(molecule-specific 

orbital exponents in 
the basis set)

6.3

2.1
2.5

1.7

Improving Hamiltonian

P. O. Dral, O. A. von Lilienfeld, W. Thiel, J. Chem. Theory Comput. 2015, 11, 2120



dr
-d
ra
l.c
om

8

Multi-fidelity data: Δ-learning

Figure: Pavlo O. Dral, Tetiana Zubatiuk, Bao-Xin Xue, Learning from multiple quantum 
chemical methods: Δ-learning, transfer learning, co-kriging, and beyond. In Quantum 
Chemistry in the Age of Machine Learning, Pavlo O. Dral, Ed. Elsevier: 2023. Paperback 
ISBN: 9780323900492

Δ-learning: R. Ramakrishnan, P. O. Dral, M. Rupp, O. A. von Lilienfeld, 
J. Chem. Theory Comput. 2015, 11, 2087

H2 dissociation curve

HF
HF

HF
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Automatic procedure to find optimal training 
points for each delta-model

Hierarchical ML (hML): generalized Δ-learning

hML for H2

Figure: Pavlo O. Dral, Tetiana Zubatiuk, Bao-Xin Xue, Learning from multiple quantum 
chemical methods: Δ-learning, transfer learning, co-kriging, and beyond. In Quantum 
Chemistry in the Age of Machine Learning, Pavlo O. Dral, Ed. Elsevier: 2023. Paperback 
ISBN: 9780323900492

Hierarchical ML: P. O. Dral, A. Owens, A. Dral, 
G. Csányi, J. Chem. Phys. 2020, 152, 204110

hML = ∆!HF + ∆HFFCI
HF

HF
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P. O. Dral, A. Owens, A. Dral, G. Csányi, J. Chem. Phys. 2020, 152, 204110

Δ-ML models:
saved 99% of CPU-time
Weighted RMSE:
1.12 cm−1 = 0.003 kcal/mol

Pure ML-model trained on saved 
90% of CPU-time

Weighted RMSE:
3.49 cm−1 = 0.01 kcal/mol

Hierarchical ML for CH3Cl PES

1

2

3

eq 4

5

6

Structure-based sampling:
P. O. Dral, A. Owens, S. N. Yurchenko, W. 
Thiel, J. Chem. Phys. 2017, 146, 244108
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Multi-fidelity data: Transfer learning

Figures: Pavlo O. Dral, Tetiana Zubatiuk, Bao-Xin Xue, Learning from multiple quantum 
chemical methods: Δ-learning, transfer learning, co-kriging, and beyond. In Quantum 
Chemistry in the Age of Machine Learning, Pavlo O. Dral, Ed. Elsevier: 2023. Paperback 
ISBN: 9780323900492
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12P. Zheng, R. Zubatyuk, W. Wu, O. Isayev, P. O. Dral, Nat. Commun. 2021, 12, 7022

Ground-state geometries
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wrong!

P. Zheng, R. Zubatyuk, W. Wu, O. Isayev, P. O. Dral, Nat. Commun. 2021, 12, 7022

Revising DFT & X-ray geometries

13
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AIQM1 investigation of cycloparaphenylenes

2 CPU-minutes 1200 CPU-minutes

Tobias Schaub

Yang Wudi
T. A. Schaub, A. Zieleniewska, R. Kaur, M. Minameyer, W. Yang, C. M. Schüßlbauer, L. Zhang, 
M. Freiberger, L. N. Zakharov, T. Drewello, P. O. Dral, D. Guldi, R. Jasti. Tunable Macrocyclic 
Polyparaphenylene Nanolassos via Copper-Free Click Chemistry. Chem. Eur. J. 2023, 29, 
e202300668
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AIQM1 investigation of cycloparaphenylenes

T. A. Schaub, A. Zieleniewska, R. Kaur, M. Minameyer, W. Yang, C. M. Schüßlbauer, L. Zhang, 
M. Freiberger, L. N. Zakharov, T. Drewello, P. O. Dral, D. Guldi, R. Jasti. Tunable Macrocyclic 
Polyparaphenylene Nanolassos via Copper-Free Click Chemistry. Chem. Eur. J. 2023, 29, 
e202300668

15 CPU-minutes 30 CPU-minutes 
−41.9…−38.3 kcal/mol−36.7…−35.4 kcal/mol
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Example ML-uni-1. Calculate the bond length in H2 and H2O 
molecules 

with ANI-1ccx and AIQM1 (you can try UAIQM if you want!).

Check:
• method you used
• bond length (and angle for H2O) you obtained
• how much time it took to complete the calculations

geomopt # Request geometry optimization
ANI-1ccx
XYZfile='
2

H             0.0000000000000           0.0000000000000           0.0000000000000
H             0.0000000000000           0.0000000000000           0.8000000000000
'
optXYZ=h2_opt.xyz     # optimized geometry output
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H

O

H

0.958 Å
0.958 Å
0.969 Å
0.958 Å

0.958 Å
0.958 Å
0.969 Å
0.958 Å104.56°

104.43°
103.63°
104.48°

ANI-1ccx
AIQM1
B3LYP/6-31G*
Experiment
A. R. Hoy and P. R. Bunker, 
J. Mol. Spectrosc., 1979, 74, 1–8

H2 bond length:
• 0.4368 Å (ANI-1ccx)
• 0.726 Å (AIQM1)
• 0.7122 Å (HF/STO-3G)
• 0.7415 Å (KREG & FCI/aug-cc-pV6Z)
• 0.7414 Å (experiment)

AIQM1 and ANI-1ccx are approaching CCSD(T)/CBS but AIQM1 ≠ ANI-1ccx ≠ CCSD(T)/CBS!

Any ML model might have limitations (like QM models too). Hence, always pay attention and 
use your expertise to check whether results are reasonable:
• other high-level QM calculations (can be unavailable or expensive)
• compare to experiment (maybe not reliable either!)
• check uncertainty (easiest and often works)
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After geometry optimization, the next step is to calculate frequencies
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After geometry optimization, the next step is to calculate frequencies

Example ML-uni-2. Calculate frequencies in H2, H2O, and 
vinylacetylene molecules 

with ANI-1ccx.

Report:
• Are your optimized geometries true minima?
• What are the heats of formation?
• Is any of the calculations uncertain?

freq # Request frequency and thermochemistry calculations
ANI—1ccx
XYZfile=h2_opt.xyz # file with optimized geometry
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Creation of the initial XYZ geometry of vinylacetylene takes time. We do provide 
you with the initial guess, but what is a faster way to get XYZ geometry for a new 
molecule?
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https://cccbdb.nist.gov/exp2x.asp?casno=689974&charge=0

In some cases you can find the calculated geometries online
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H

O

H
Gas-phase water!

Experimentb: −57.8 kcal/mol
b J.B.Pedley, R.D.Naylor, and S.P.Kirby, 
"Thermochemical Data of Organic 
Compounds", 2nd ed., Chapman and Hall, 
London, 1986.
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The program tells 
yourthat H2 is uncertain!
Treat with caution
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29P. Zheng, W. Yang, W. Wu, O. Isayev, P. O. Dral, J. Phys. Chem. Lett. 2022, 13, 3479

Uncertainty quantification
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H2 bond length:
• 0.4368 Å (ANI-1ccx)
• 0.726 Å (AIQM1)
• 0.7122 Å (HF/STO-3G)
• 0.7415 Å (KREG & FCI/aug-cc-pV6Z)
• 0.7414 Å (experiment)
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Experiment:
73 kcal/mol
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32P. Zheng, W. Yang, W. Wu, O. Isayev, P. O. Dral, J. Phys. Chem. Lett. 2022, 13, 3479

Heats of formation in kcal/mol

Experiment: 73 kcal/mol

theory
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Revising experimental heats of formation

P. Zheng, W. Yang, W. Wu, O. Isayev, P. O. Dral, J. Phys. Chem. Lett. 2022, 13, 3479

Heats of formation in kcal/mol

exp

theory



dr
-d
ra
l.c
om

34

Example ML-uni-3.

Calculate heat of formation of H2O with B3LYP/6-31G*.

Report:
• What is the heats of formation?
• Is this calculation uncertain?

freq # Request frequency and thermochemistry calculations
method=B3LYPG/6-31G*     # Using PySCF instead of Gaussian
qmprog=pyscf
freqprog=pyscf
XYZfile=h2_opt_B3LYP.xyz # file with optimized geometry
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H

O

H
Gas-phase water!

Experiment: −57.8 kcal/mol

No way to tell uncertainty!
Experiment can be also wrong as we saw!
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Heats of formation

P. Zheng, W. Yang, W. Wu, O. Isayev, P. O. Dral, J. Phys. Chem. Lett. 2022, 13, 3479

‘Outliers’ – 
uncertain 
predictions
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38L. Zhang & Y. Hou, F. Ge, P. O. Dral, Phys. Chem. Chem. Phys. 2023, 25, 23467

Dissociation curves


