
Accelerate? Yes but how? 

Physics + computer simulation + 

+

+



Quantum Machine Learning
‘Quantum machine learning using atom-in-molecule-based fragments selected on the fly’, Huang, von Lilienfeld, Nature Chemistry (2020)
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Any availability heuristic (Tversky & Kahneman (1973))?

Stoichiometry? → Mendeleev’s table, est. in 1879: Well alive 
and kicking 



William Crookes (1832-1919)
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Schrödinger
1933

The fundamental laws necessary for the 
mathematical treatment of a large part of 
physics and the whole of chemistry are 
thus completely known, and the difficulty 
lies only in the fact that application of 
these laws leads to equations that are too 
complex to be solved.
Dirac

QML???
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Model 
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1998
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KohnDFTB



 

Schrödinger

Vapnik

correlation (interpolate)

supervised 
learning

 

Feynman

perturbation (extrapolate)

Vapnik, The Nature of Statistical Learning Theory, Springer (1995)

Hellmann

Fukui
QML

Alchemy

Ab initio view on chemical space

von Rudorff, von Lilienfeld, Phys Rev Res (2020)



AI vs.  Physics



Z

R

Ne
Fias, Chang, von Lilienfeld, J Phys Chem Lett (2019),  https://arxiv.org/abs/1809.03302 

CCS ~ O(4NI + 1)
0 < NI < 106

QM:  M ↦ f(M)

von Rudorff, von Lilienfeld, Phys Rev Research (2020), Science Advances (2021)

“First principles view on chemical space”, von Lilienfeld, Int J Quantum Chem  (2013)

https://arxiv.org/abs/1809.03302


“Give me a lever and a place to stand 
and I will move the earth.” Archimedes

Alchemical Chirality

von Rudorff, von Lilienfeld, Science Advances (2021)



“Give me a lever and a place to stand 
and I will move the earth.” Archimedes

Alchemical Chirality

von Rudorff, von Lilienfeld, Science Advances (2021)

Fig. 1: Illustration of alchemical chirality (from Ref. 7)
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NN+2BC
+CC+2NB

BB+2NC
+CC+2NB

“Give me a lever and a place to stand 
and I will move the earth.” Archimedes

→ NC ~ BC +0.5*(NN-BB)

Alchemical Chirality

von Rudorff, von Lilienfeld, Science Advances (2021)



NN+2BC
+CC+2NB

BB+2NC
+CC+2NB

“Give me a lever and a place to stand 
and I will move the earth.” Archimedes

→ SR ~ QR +0.5*(SS-QQ)

Alchemical Chirality

Q     R     S

von Rudorff, von Lilienfeld, Science Advances (2021)

→ NC ~ BC +0.5*(NN-BB)



von Rudorff, von Lilienfeld, Science Advances (2021)

Alchemical Chirality



Theory

Experiment Simulation

Machine 
Learning

Vapnik

Chervonenkis

The pillars of science



AI vs.  Physics



K.-R. Müller
TU Berlin

A. Tkatchenko
UofLuxembourg

M. Rupp
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Vapnik, The Nature of Statistical Learning Theory, Springer (1995)

Error ~ a/Nb  
→ log(Error) = log(a) - blog(N)

QML
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Vapnik, The Nature of Statistical Learning Theory, Springer (1995)

Error ~ a/Nb  
→ log(Error) = log(a) - blog(N)

QM: > 1000 seconds
QML: ~milli seconds

QML

Rupp et al, Phys Rev Lett (2012), 
Montavon et al, New J Phys (2013)

QML



Experiment

QM
log(E)

log(N)

Summary

QML

`First principles view on chemical space’, Int. J. Quantum Chem. (2013)

`Quantum Machine Learning’, Angew. Chem. Int. Ed. (2018) 

Order
/

Simulation

Evolution or Revolution???  
Control accuracy & speed-up



Weinreich et al, Ab initio machine learning of phase space averages, J Chem Phys (2022)

Ab initio view on chemical space

Predicting
1. structure (Nat Commun 2021)
2. reactivity (J Chem Phys 2021, J Chem Phys 2022)
3. Free energy (J Chem Phys 2021, J Chem Phys 2022)
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Lemm, von Rudorff, OAvL, Nat Commun (2021)
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Lemm, von Rudorff, OAvL, Nat Commun (2021)
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Graph to Structure (G2S)

Lemm, von Rudorff, OAvL, Nat Commun (2021)
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Lemm, von Rudorff, OAvL, Nat Commun (2021)



Weinreich et al, Ab initio machine learning of phase space averages, J Chem Phys (2022)

Ab initio view on chemical space

Predicting
1. structure (Nat Commun 2021)
2. reactivity (J Chem Phys 2021, J Chem Phys 2022)
3. Free energy (J Chem Phys 2021, J Chem Phys 2022)
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von Rudorff, Heinen, Bragato, OAvL, MLST (2020); Heinen, von Rudorff, OAvL, J Chem Phys (2021), arxiv (2020)



RXN

von Rudorff, Heinen, Bragato, OAvL, MLST (2020); Heinen, von Rudorff, OAvL, J Chem Phys (2021), arxiv (2020)

Which is more frequent, E2 or SN2?
Does Hammond’s postulate hold?
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Data: QMrxn
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von Rudorff, Heinen, Bragato, OAvL, MLST (2020); Heinen, von Rudorff, OAvL, J Chem Phys (2021), arxiv (2020)
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Which is more frequent, E2 or SN2? 
~11k R2B estimates: ¾ E2 vs ¼ SN2 

Reactant to barrier (R2B)
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Which is more frequent, E2 or SN2? 
~11k R2B estimates: ¾ E2 vs ¼ SN2 
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Heinen, von Rudorff, OAvL, J Chem Phys (2021),
arxiv (2020)



Heinen, von Rudorff, OAvL, J Chem Phys (2021),
arxiv (2020)

Hammond’s postulate?
Yes for SN2,  No for E2
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TS search

Heinen, von Rudorff, OAvL, under revision in J Chem Phys (2022), arxiv (2021)
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Heinen, von Rudorff, OAvL, under revision in J Chem Phys (2022), arxiv (2021)
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Weinreich et al, Ab initio machine learning of phase space averages, J Chem Phys (2022)

Ab initio view on chemical space

Predicting
1. structure (Nat Commun 2021)
2. reactivity (J Chem Phys 2021, J Chem Phys 2022)
3. Free energy (J Chem Phys 2021, J Chem Phys 2022)



Free energy log(E)

log(N)

Weinreich, Browning, OAvL, J Chem Phys (2021)



log(E)

log(N)

Weinreich, Browning, OAvL, J Chem Phys (2021)

Free energy



Free energy ML (FML)

Weinreich, Browning, OAvL, J Chem Phys (2021)



Weinreich, Browning, OAvL, J Chem Phys (2021)

Training and Test: FreeSolv data base from:
G. Duarte Ramos Matos, D. Y. Kyu, H. H. Loeffler, 
J. D. Chodera, M. R. Shirts, and D. L. Mobley, J. 
Chem. Eng. Data 62, 1559 (2017).

FML
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FML



Weinreich, Lemm, von Rudorff, OAvL, J Chem Phys (2022)

AIML of <...> 



Weinreich, Lemm, von Rudorff, OAvL, J Chem Phys (2022)

AIML of <...> 



https://www.chemspacelab.org
Twitter: @ProfvLilienfeld 

‘Quantum Machine Learning’

https://www.chemie1.unibas.ch/~anatole/
https://twitter.com/ProfvLilienfeld


 



``Quantum machine learning using atom-in-molecule-based fragments selected on 
the fly’’, Huang, von Lilienfeld, 
Nature Chemistry (2020)
``Exploring Chemical Compound Space with Quantum-Based Machine Learning’’, von 
Lilienfeld, Muller, Tkatchenko, 
Nature Chemistry Reviews (2020)
``Ab initio machine learning in chemical compound space”, Huang, von Lilienfeld, 
Chem Rev (2021)

→ Quantum Compound Space inherently 
    multi-scale: Composition/Constitution/Conformation
    (reminiscent of fractal geometry)

Ab initio view on chemical space



``Exploring Chemical Compound Space with Quantum-Based Machine Learning’’, von Lilienfeld, 
Muller, Tkatchenko, accepted in Nature Chemistry Reviews (2019)

Questions?


