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Introduction .

Design: sample by guided trial-and-error.
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Global Search Problem Local Search Problem
Which class of compounds? Which particular species within that class?
Drug-like: 1080 BN-doped 8x8 graphene: 10°°

G. Ceder, Science1998. A. Franceschetti, A. Zunger, Nature, 1999. A. Mullard, Nature, 2017.
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Machine Learning

Foundations | Statistical modelling
O,/O

Accuracy | Systematically improvable through data and training
Specialty | Universal, scale-bridging, data-driven approach

Q/ \ Limitation | Requires training data, no black box

Quantum Alchemy
O O

g O O Foundations | Perturbation theory

O ﬁ O Accuracy | Systematically improvable through higher orders terms
e e

o v O Specialty | Combinatorial scaling with chemical diversity

o O e OQ Limitation | Finite range in chemical space
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Perspective shift
Few highly accurate calculations
instead of many intermediate ones

I:I = I:I(ZZ, R,L', Ne, O')

1D

4N 1D, close to E Z;
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Quantum Alchemy Taylor expansion
- Energy function of
QO O O - Geometry Forces, Vibrations
O O O O - Nuclear charges Alchemical changes
A - ldea: obtain dominant leading derivatives, predict many
O‘(—.-»‘ systems

v O
O O ® O
O O O B

E. B. Wilson, /. Chem. Phys. 1962.
GFVR, O. A. von Lilienfeld, Phys. Rev. Res., 2020.
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Interpolate between molecular isoelectronic Hamiltonians

H(\) = MH, + (1 - N\ H, A€ [0,1]
Taylor expansion around reference molecule
=1 o . =1 0"E(\
E, = < H(\ ‘ > — E,
t nzzon!axn UM )) +va (‘Mn .

Hellmann-Feynmantheorem

ONE = (| H, — I

>:AENN+/erMpA(r)
=Av

0. A.von Lilienfeld, /. Chem. Phys. 2009.



Quantum Alchemy g

Alchemical Perturbation Density Functional Theory (APDFT)
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— E AT THIS PONT, YOURE PROBABLY
10 t ' a )\n THINKING, “T LOVE THIS EQUATION
— T =0 AND WISH IT JOULD NEVER END!"

n=0 \

WELL, GOOD NEWS!
- Gives consistent energies, densities, forces, ... EX )

- Uses the same derivatives for all predictions
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() ferchault/APDFT

GFVR, O. A. von Lilienfeld, Phys. Rev. Res., 2020. xkcd.com/2605
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GFVR, /. Chem. Phys. 2021.



Convergence

—E=p— g
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GFVR, /. Chem. Phys. 2021.
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- Large changes still converge (more slowly)

- Geometric response can be recovered



Covalent interactions

Scaling with chemical space
- 1derivative for second order
- 5 derivatives for third order

n

>

(1]

©

g

S

©

e

R

©

5

Qo

-

(@]

Q
Czo 3.1 ¢ 106
targets

GFVR, O. A. von Lilienfeld, Phys. Rev. Res., 2020.
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Non-covalent interactions

BN-doped coronene dimer

- ldentify most/least attractive
doping pattern

- Design case

Maximglly 1.5+
- —e— Repulsive

—u— Attractive
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GFVR, O. A. von Lilienfeld, PhAys. Rev. Res., 2020.



Alchemical enantiomers

Quasi-degeneracy for systems if this symmetry applies to them.

73
» ®/+1

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.
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Alchemical enantiomers

Alchemical enantiomers are
- two spatially non-superimposable, HNT

7,
“  SNH*

A

These are no alchemical enantiomers!

NH*
< N

H[L"'\ |

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

Alchemical enantiomers are
- two spatially non-superimposable, Eele A
- alchemically coupled,

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

Alchemical enantiomers are

- two spatially non-superimposable,
- alchemically coupled,

- and iso-electronic compounds with the
same formal charge,

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

Alchemical enantiomers are

_

- two spatially non-superimposable, HNT N X

- alchemically coupled, |

- and iso-electronic compounds with the B A Z
same formal charge, BH

- where each transmutating atom is
assigned to exactly one subset within
each of which averaging of nuclear

chargesresults in identical chemical
environments.

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

Fundamentally new symmetry Speed up machine learning
Electronic energy only
e ‘ - 8001
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GFVR, O. A. von Lilienfeld, Scr. Adv. 2021. GFVR, O. A. von Lilienfeld, /n preparation.



Alchemical enantiomers

P _ NHT Consecutive Elements
HN d QRS
‘ I BCN
HN"'% % . EQR FEsr + 0. 5(EQQ ESS)
N H

Other skeletons and all substitution patterns
- More such rules

CC CC : )
2BC INC No violations
2BN 2BN

NN BB

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

UFF
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GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical enantiomers

C-C bond counts per CC pair
llBN 10BN GBN 5BN 4BN 3BN 2BN 1BN

0.0

B N bond counts per BN pair \ X 41 4 M
RN\WWMWM“M ]

N-N bond counts per BN pair —

o W Tl

B B bond counts per BN pair

D'—'[\JOI—\MOD—'NDH

ot Design rules in order of decreasing strength
A A A M, - I
Average difference of B and N counts in any ring Ad d .BI\.I pal rs
W v - Maximize CC bonds
Root mean squared distance B-B [A] - Substitute sites shared between rings
G.Wwwmmm - Maximize BN bonds
4 Root mean squared distance B-N [A] = AVOid N SU bStitUtiOl’lS On I’ingS Sharing a
e A ] larger amount of bonds with other rings
* Root mean squared distance N-N [A] - Balance BN substitutions in each ring
B R
4 T r T T T ™ T | . . .
|
0 993k 22M 320M M02M AISM 41IM 41AM 411M Not a single QM calculation required!

GFVR, O. A. von Lilienfeld, Scr. Adv. 2021.



Alchemical Integral Transform

Derivatives without electronic perturbations
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r — r()\) + chain rule + partial integration e.g. for second order in 1D

L Op(r(A)) Or
AFE(2) — 5/QalfrAv(T()\)) or  OX|,_g
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SL Krug, GFVR, O. A. von Lilienfeld, /. Chem. Phys., 2022.




Alchemical Integral Transform

Derivatives without electronic perturbations

@)

L A, 9"pa(r)

E, = E. + AEYN /d
‘ i i O g O(n+1)! O™

n —

3D, arbitraryorder 2n +1 — 0

AE:/drK(r,vi,vf)p(vi)
Q

Ugly, but analytical Only one!

SL Krug, GFVR, O. A. von Lilienfeld, /. Chem. Phys., 2022.

A=0



Alchemical Integral Transform

Hydrogen-like atom Multi-electron atom
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Both energy and density derivatives are hard

- Finite differences expensive, numerical instabilities €) ferchault/APDFTE) ferchault/APHF
- Hellmann-Feynman finite order, basis set inaccurate
- Coupled-perturbed finite order, tedious
- Conceptual DFT memory hungry, no post-HF
niche: DiffiQult, Quax, dqg, ... O aspuru-guzik-group/DiffiQult

: . . CCQC/Quax
Gaussian basis sets not overly cooperative Y,

- Elements are discrete, derivatives are not O diffgc/dqc  Alchemy!
- Density converges more slowly with basis set quality than
energy: Problem for APDFT and AIT
- Unless complete basis set limit: Pulay terms
Convergence
- Finite radius

- Not all systems are made equally



Summary

O X 414 M
O O O
Quantum Alchemy Closed expressions Efficient ways to Combinatorial scaling
yields systematically  reveal structure of obtain derivatives with size of system.
improvable results. chemical space. In progress.

Quantum Alchemy | Phys. Rev. Res. 2020, 2, 023220.
Convergence | J. Chem. Phys. 2021, 155(22), 224103.
Alchemical Chirality | Sci. Adv. 2021, 7, eabf1173.
Integral Transform | J. Chem. Phys. 2022, 157(16), 164109.

PN Simon Anatole
() ferchault 9 @ferchault ~ &¥ nablachem.org Krug von Lilienfeld
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