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Abstract: We first give a brief, incomplete overview over historic milestones leading to the emergence of
quantum chemistry, starting from John Dalton’s earliest attempts to describe the atom in the early 19th century.
After the formulation of the Schrodinger equation in 1926 and the first successful description of covalent bonding
using the new theory, it became soon clear that the main challenge ahead was to find efficient approximations to
the Schrodinger equation, as was famously stated by Paul A. M. Dirac in 1929. Since then, many quantum-chemical
approximations have been introduced, with a key problem being the exponential increase of the computational
cost with the system size when approaching the exact solution of the Schrodinger equation. In the second part, we
will hence focus on selected techniques to overcome the scaling problem. Finally, we close with some insights into
the new and challenging field of reaction network exploration, offering a glimpse into potential future directions
of quantum chemistry.

Keywords: Density functional theory; electronic structure theory; quantum chemistry; quantum science and
technology; reaction network exploration; wavefunction theory.

The birth of quantum chemistry

Understanding the reason why atoms form molecules, the maximum number of groups that a given atom may
attach to itself, and further the geometrical arrangement of these groups has kept scientists struggling for many
decades. In the early 19th century, John Dalton’s pioneering atomic theory provided a quantitative foundation by
showing that elements combine in fixed integer ratios."* Building on these insights, Jéns J. Berzelius utilized a
huge body of analytical data to validate and extend the findings of Dalton.® Berzelius’ work was crucial in
manifesting the concept that atoms bond in fixed stoichiometric ratios, giving rise to the idea of valency — the
bonding capacity of an atom. It took until the middle of the century when August Kekulé proposed in 1857 that
carbon is able to form four bonds* and one year later that carbon atoms can form long chains.’ Independently,
Archibald Scott Couper went a step further in his theory published in 1858 by drawing bonds as lines between
atomic symbols, explicitly depicting the chemical bond for the first time.® In 1861, Aleksandr M. Butlerov
formalized the concept of chemical structure, declaring that the properties of a compound are determined not just
by the types of atoms it contains but also by how these atoms are arranged and connected.’” A further milestone
was achieved another 13 years later in 1874, when Jacobus van’t Hoff® and Joseph Le Bel® independently proposed
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that a compound containing a single carbon atom with four different substituents could exist in two forms that
are mirror images of each other when the four carbon bonds are oriented at the corners of a tetrahedron, which
can be seen as the beginning of stereochemistry.

Up to this point, very little was known about the nature of the chemical bond; however, this began to change
in 1897 when J. J. Thomson discovered the electron. Thomson showed that atoms contain tiny negatively charged
particles (electrons)'® and by 1904 he proposed the “plum pudding” model of the atom — a positive sphere studded
with electrons — in which electrostatic forces hold the electrons in place, manifesting the idea that the nature of a
chemical bond is essentially electronic.! Indeed, in 1916 Gilbert N. Lewis conceptualized chemical bonds via
shared electron pairs (“electron pair bond”), known today as covalent bonds."* Furthermore, he formulated the
“octet rule”, the idea that atoms gain chemical stability by achieving an electron configuration resembling noble
gases (usually eight electrons in the valence shell). Although simplistic, this provided remarkable predictive
power, especially for organic molecules and main-group compounds and the concepts became foundational for
modern chemical bonding and electronic structure theory.

However, these static electron-pair models faced serious theoretical issues. From a classical physics stand-
point, if electrons are simply point charges, two electrons held between two positive nuclei should not remain
fixed in space. Earnshaw’s theorem™ states that it is impossible to maintain a stable equilibrium of static electric
charges under electrostatic forces alone. In other words, modeling a bond as two stationary electrons shared
between atoms would be unstable — the electrons should either collapse onto the nuclei or fly apart. Furthermore,
this model was a purely formal description and did not tell anything about what the sharing of electrons means
and how it arises.

The birth of quantum mechanics in the early 20th century, with the pioneering works of Max Planck,'* Albert
Einstein,” Niels Bohr,'®™® Werner Heisenberg,'** Erwin Schrédinger,”2® Paul A. M. Dirac,” >° Wolfgang
Pauli,**** among others, marked a turning point in this regard. Niels Bohr’s description of the atom was the first
one to mix classical mechanics, describing the electrons as point charges orbiting the nucleus, with quantum
mechanical conditions, so that the angular momentum of the electrons could only take discrete (quantized)
values, leading to orbits with definite energies.'®® Although it was a great advancement that successfully
explained the spectrum of the hydrogen atom, it suffered from severe inadequacies. It struggled with multi-
electron atoms and offered no rigorous explanation for chemical bonding between atoms. Furthermore, the
concept of fixed electron orbits is inconsistent with classical mechanics, which would suggest that moving
charges, such as electrons, should radiate energy and eventually spiral into the nucleus. It was hence soon
recognized that Bohr’s approach, while revolutionary, was not the final answer: it needed the full machinery of
the emerging quantum theory.

A purely quantum mechanical description, famously introduced by Erwin Schrédinger in 1926, which
describes the electrons as waves, solved that problem, and quantum mechanics for the first time allowed for a
coherent and inclusive theory of molecular structure.”** In 1927, Walter Heitler and Fritz London published
a landmark quantum-mechanical study of the hydrogen molecule, demonstrating that a stable bound state
emerges from the quantum-mechanical treatment.*® This was the first ab initio (first-principles) explanation
of a covalent bond and marked the beginning of quantum chemistry (QC). In 1929, Paul A. M. Dirac famously
stated “The underlying physical laws necessary for the mathematical theory of a large part of physics and the
whole of chemistry are thus completely known, and the difficulty is only that the exact application of these
laws leads to equations much too complicated to be soluble”.*® Therefore, the challenge shifted from
uncovering the fundamental laws of chemistry to developing feasible new approaches for their
approximation.

Approximating the electronic Schrodinger equation

Traditionally, quantum chemistry focuses on solving the time-independent Schrodinger equation®® within the
Born-Oppenheimer approximation®
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with the molecular Hamiltonian H , the electronic wavefunction &, the total energy of the chemical system E, the
set of electronic coordinates r, = (ry, ...,Iy,), and the set of fixed nuclear coordinates R, = (Ry, ...,Ry,). The
fundamental importance of the total energy is evident from its central role in the Schrédinger equation; however,
its physical meaning remains rather abstract, as it represents the energy released when the electrons and nuclei
are brought together from infinity to form the molecule. From a chemical perspective, energy differences are of
greater practical relevance, as they play the dominant role in nearly all molecular phenomena. Chemical bonds
form as a result of a decrease in the total energy relative to that of the separated atoms, and molecular geom-
etries — bond angles and bond lengths — adjust to minimize the energy. Accordingly, the theory of molecular
structure can, in broad terms, be regarded as a theory of calculating energies and, more importantly, their
differences.

Early approximations to the Schrédinger equation were pioneered by Hartree in 1928.3° However, as was
pointed out independently by J. C. Slater®” and V. A. Fock®® in 1930, the Hartree method did not account for the
antisymmetry requirement of fermionic wavefunctions,”>*® violating the Pauli exclusion principle introduced in
1925, which states that two electrons cannot share the same set of quantum numbers.*"** Fock solved the problem
of fulfilling the antisymmetry requirement of the wavefunction by approximating it with a single Slater deter-
minant®>?*%’ built from one-particle wavefunctions — the molecular orbitals — resulting in the Hartree—Fock (HF)
method.***® Yet, due to the complexity of the first formulation, the HF method was rarely employed initially, with
simpler empirical methods dominating. A major breakthrough came with the algebraization of the problem in
1951, resulting in the Roothaan—Hall equations®**°

FC = SCe @

where F denotes the Fock matrix, S the overlap matrix, C the matrix of coefficients to expand the molecular
orbitals in a fixed basis of atomic orbitals, and € denotes the matrix of orbital energies. These equations, solved by
diagonalizing the Fock matrix in an orthogonolized basis, transformed the HF method into a practically viable
computational approach and, combined with the advent of digital computers, dramatically increased the
accessibility and popularity of the HF method, laying the foundation of modern ab initio quantum chemistry.
The HF method was a milestone in the development of quantum chemistry, however, it was still far away
from an exact theory. Although same-spin electrons are “correlated” to some extent in the HF method due to the
antisymmetry of the employed wavefunction, opposite-spin electrons are completely uncorrelated. To account
for these missing correlation effects, which are crucial for the accurate description of the electronic structure,
many so-called post-HF methods have been developed. Although the accuracy of these methods can, in principle,
be systematically increased even up to numerical exactness in the full configuration interaction (FCI) or the
coupled-cluster (CC) method, as illustrated in Fig. 1, the increase of the computational cost is extremely steep,*!
limiting the applicability of highly accurate wavefunction methods to molecular systems on the few-atom scale.

Exact Solution
HY =E¥

FCI o(MM)

CCSDT  O(MF)
CCSD(T)  O(M7)
ccsD  O(M®)

MP2 O(M?)

HF O(M*) Fig. 1: Schematic illustration of a modern hierarchy of wavefunction-based methods, along
with the formal scaling behavior of their computational cost with respect to system size M.
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The primary reason why these post-HF methods are so computationally expensive can be rationalized by the
fact that they rely on approximating the electronic wavefunction — a highly complex function depending on the
spatial- and spin-coordinates of all electrons in the system. From a mathematical perspective, representing an
antisymmetric function with N variables exactly, requires a linear combination of all unique N-variable Slater
determinants formed from a complete set of one-variable functions. Even for a finite set of one-variable functions
the number of unique Slater determinants scales combinatorially, making such an approach computationally
extremely expensive. Still, this is precisely what is done in the FCI method (within a finite basis), where the name
originates from the fact that each Slater determinant formed from a specific set of molecular orbitals is called a
configuration.

An alternative approach to solving the Schrodinger equation emerged in 1964 and 1965, when P. Hohenberg,
W. Kohn, and L. J. Sham developed (Kohn—-Sham) density functional theory ((KS-)DFT).***3 DFT circumvents the
complexity of the many-electron wavefunction by employing the electron density as the central quantity — a
significantly simpler quantity that depends only on three spatial variables. Although the initial adoption of DFT
within the quantum chemistry community was slow, it has since evolved into the most successful electronic
structure approach in most areas of quantum chemistry due to its excellent cost to performance ratio.

The balance between accuracy and efficiency is a decisive factor in the success of any quantum chemical
method and, therefore, reducing the computational cost of a given quantum chemical method while retaining its
accuracy is of central importance for its applicability. A crucial metric in this respect is the so-called scaling
behavior, which relates the increase in the computational cost with the growth of the system size. The next section
is dedicated to illustrating some techniques to reduce this scaling behavior to linear.

Linear-scaling electronic structure methods

The development of linear-scaling methods represents a crucial advancement in quantum chemistry, enabling
the treatment of large molecular systems. As mentioned earlier, the scaling behavior of a quantum chemical
method relates the increase in computational cost with the growth of the system size. For example, in conven-
tional formulations of HF and DFT the computational cost scales formally quartic, M*, with M being a measure of
the system size. This means that increasing the system size by a factor of 10 results in a 10 000-fold increase in
computational effort. In contrast, a linear-scaling formulation results only in a 10-fold increase — a notable
reduction of the computational cost and a crucial step when aiming for large systems. But where does the scaling
behavior of a quantum chemical method come from? And what scaling behavior should be expected?

To answer that question, the molecular Hamiltonian of a given system in atomic units within the Born-
Oppenheimer approximation should be considered:

i 1Nel 1Nel Nel 1 Nei Na Z 1Na Na ZZ
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with the nuclear charges Z,, the total number of electrons N, and the total number of atoms N,.. The first term of
the Hamiltonian describes the kinetic energy of the electrons, the second term the electrostatic interaction
between all the electrons, the third term the electrostatic interaction between the electrons and the nuclei, and
finally, the last term the electrostatic interaction between the different nuclei. Since the nuclei are considered as
fixed charges within the Born-Oppenheimer approximation, the by far most complicated contribution is the
electron-electron interaction. On first sight, this interaction does not seem too complicated since it is based on a
two-particle operator. The problem is, however, that (in principle) all electrons within the system are correlated
with each other, meaning that the interaction of any two electrons also affects all other electrons, leading to a
combinatorial complexity of the electronic structure problem with ¢ (M™) scaling. Still, it feels only natural that
for increasingly large molecules the interactions between individual electrons far apart from each other should
become negligibly weak, leading to a constant number of interaction partners for each electron and hence a linear
scaling of complexity. Having successfully worked with concepts like localized functional groups and bonds for
decades, most organic chemists would likely affirm this statement without hesitation. Therefore, at least in
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principle and for large enough systems, the development of linear scaling QC methods should be possible. But why
do conventional QC methods not account for this? And how can we account for it?

The main problem with conventional QC methods is that their formulations are based on canonical molecular
orbitals. These orbitals are delocalized over the entire systems and hence prevent efficient exploitation of locality
in the electronic structure. Over the years, many approaches have been proposed and refined to achieve linear
scaling, see, e.g. refs. 44-46 for an overview. Here, we do not aim to provide a full account, but rather focus on
approaches that are based on local atomic orbitals — and, in particular, atom-centered Gaussian functions — and
the so-called one-particle density matrix P. Although generally applicable, we will illustrate the underlying
concepts using the example of DFT.

The equations that need to be solved in (KS-)DFT are analogous to the HF equations and are given by

FysC = SCe (C)]
with the KS-matrix Fys replacing the Fock matrix F in HF theory. The elements of the overlap matrix S are given by
Syv = IX,_, (I')Xv (I') dr (5)

with the atomic orbitals denoted as y,(r). As the standard choice for the atomic orbital basis is to employ local
Gaussian functions, their overlap decreases exponentially and becomes negligible very quickly. This, in turn,
leads to a constant number of atomic orbitals y, overlapping with a given atomic orbital y, and hence a linear-
scaling number of non-negligible elements in S.

The computationally costly part of Eq. (4) is the formation of the KS-matrix, which is given by

FKS = hcore + ][P] + (1 - V)K [P] + VXC [V> P] (6)

with the one-electron contributions — the kinetic energy and the electron-nuclei interaction — hqy., the Coulomb
matrix J, the (HF) exchange matrix K, and exchange-correlation matrix V.. Here, y = 1 for pure KS-DFT and 0 <
y <1for hybrid schemes. Further, note that the HF method is obtained if y = 0 and correlation is neglected; hence,
the following discussion is also valid for the HF method.

As mentioned earlier, the main complexity of the electronic structure problem lies in the electron-electron
interaction described by J[P], K[P], and Vy[y, P]. Let us start with the Coulomb part, which is given by

Nbas
Jw = AZ (UvlA0)Po ™
with the total number of basis functions Ny,s and the two-electron four-center integrals
1
(uviro) = [[x, (rl))(v(h)r—lz)(a (r2)x, (rz) drydr, (€))

The evaluation of these integrals formally scales as M*, but an asymptotic ¢ (M?) scaling is easily obtained by
accounting for the exponentially decreasing overlap of the atomic orbital pairs with techniques like, e.g.,
Schwarz screening.?” However, the two atomic orbital pairs yv and Ao are coupled by the slowly decaying r—}z
operator, necessitating more sophisticated strategies to further lower the scaling behavior.

The first and nowadays established linear-scaling method for the computation of the Coulomb matrix is the
continuous fast-multipole method (CFMM) by White et al.***° The key idea of this approach is to divide the
molecule into small regions or “boxes” that group nearby charge distributions. Interactions are then classified
based on distance: nearby charges form the “near field” (NF) and are calculated using standard methods, while
distant charges make up the “far field” (FF) and are efficiently approximated using multipole expansions:

Nbpas
]yv = Z (['lvl/‘{o-)P/hT 9

9
Ao NFor FF

NF if (uv) overlaps with (Ag)
FF if (uv) doesnot overlap with (Aag)

In essence, fine grains are used for the description of close interactions and coarse grains for distant ones. Because
each region only directly interacts with a limited number of neighbors, both near- and far-field calculations can
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be performed with an effort that grows only linearly with system size. In this respect, evaluating the NF part is
typically by far the most demanding; thus, various methods have been proposed to reduce the prefactor of the
evaluation. The J-engine method developed by White et al.,*® for instance, sums the density matrix directly into
the Gaussian formulas of the four-center two-electron integrals, constructing the Coulomb matrix without
explicitly forming the full set of two-electron integral intermediates. Another widely used approach, known as RI-
J,>* employs the resolution-of-the-identity approximation to factorize the four-center two-electron integrals into
two- and three-center terms, thereby speeding up the computation of the Coulomb matrix. Both methods can also
be applied outside the CFFM approach; however, in that case, they scale as ¢ (M?).
Let us now turn to the evaluation of the exchange matrix which is given by

Nbas

Ky =) (1o]\w) Py, (10)
Ao

Compared to the evaluation of the Coulomb matrix, the only difference is that now the two atomic orbital pairs uo
and Av are coupled by the one-particle density matrix (highlighted in red). The downside is that the CFMM
technique outlined above is not applicable anymore. The advantage, however, is that the one-particle density
matrix can be interpreted as a measure for the delocalization of a given system: it is dense for delocalized
electronic structures, but it is sparse, i.e., scales linearly for local electronic structures. Thus, for local electronic
structures, the number of significant elements within the exchange matrix naturally scales linearly with the
system size.

Today, one of the most established methods to exploit this sparsity in the one-particle density matrix and to
achieve a linear-scaling computation of the exchange matrix is the so-called LinK method, introduced by Och-
senfeld et al. in 1998.°* The LinK method is designed in such a way that it minimizes the screening overhead,
making it competitive with conventional approaches even for small systems. To further reduce the prefactor of
the K-matrix computation, several seminumerical approaches have been developed, where one integral of the
two-electron integrals is computed numerically on a grid, and the other one is evaluated analytically. For
example, Friesner et al. developed the pseudospectral method,” Neese et al. introduced the “chains-of-spheres
exchange” (COSX) method,”* and Laqua et al. proposed a seminumerical counterpart to the LinK method, the
linear-scaling sn-LinK approach.” An illustrative comparison of the computational cost of the conventional, LinK,
seminumerical, and sn-LinK approaches is shown in Fig. 2.
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Besides extremely efficient exchange matrix builds with fully controlled accuracy, the sn-LinK method
further enables gradient evaluations at almost no additional cost.”® Combined with graphics processing unit
(GPU) acceleration, the sn-LinK method was shown to enable ab initio molecular dynamics (AIMD) simulations
with speedups of up to three orders of magnitude compared to conventional approaches,”® opening the door for
investigations of large and complex systems.

The final contribution to the electron-electron interaction is the exchange-correlation matrix V.. It is the
matrix representation of the exchange-correlation potential, which, in turn, is the derivative of the exchange-
correlation energy with respect to the electron density p(r)

Vi = X, (1) 6(;5)]:;);))(” (r) dr (11
The exchange-correlation energy lies at the heart of KS-DFT and tries to approximate all the unknowns of the
system. For the most common functionals leading to a KS-matrix of the form shown in Eq. (6), the exchange-
correlation energy is a (semi-)local functional of the electron density p(r) and its first (and sometimes also its
second) derivative. The important point is that the integration shown in Eq. (11) is typically performed numer-
ically, using a molecular grid built from separate atomic grids, making the total number of grid points scale
linearly with system size. To evaluate the functional, the electron density (and also its derivatives) is calculated for
each grid point according to

Nhas
p(r) = % Pux, (rx, (r:) (12)
uv

Due to the locality of the Gaussian-type atomic orbitals y,(r), the electron density remains local even for dense
one-particle density matrices P, enabling a linear scaling evaluation of V..

Having dealt with all the electron-electron contributions entering the KS-matrix (Eq. (6)), only the one-
electron contributions remain. The kinetic part only includes overlap-type integrals, which readily enables a
linear-scaling evaluation due to the local nature of the atomic orbitals. The electrostatic interactions between the
electrons and the nuclei show the slow 1 decay just like the interactions between the electrons do, leading to a
quadratic scaling behavior. However, the scaling can be reduced to linear using the same strategies described
earlier for the Coulomb matrix.

In this section, we presented approaches that enable efficient, linear-scaling computations of DFT and HF
energies, allowing for the description of systems that were previously out of reach. We note again, that DFT was
chosen merely as an illustrative example, owing to its importance in the quantum chemistry community; how-
ever, similar challenges and solutions to those discussed here also arise in other quantum-chemical approaches
aiming at exact solutions of the Schrodinger equation.

Furthermore, it should be noted that the presented techniques are not limited to energy computations, but
can also be applied to, e.g., the evaluation of molecular properties, typically computed as energy derivatives with
respect to one or more perturbations. Such properties include nuclear gradients,”’~** hyperfine coupling con-
stants,® or higher order properties®*%* like g-tensors.®® Another important example of such molecular properties
are nuclear magnetic resonance (NMR) shielding constants, which can be computed as the mixed second de-
rivative of the energy with respect to the nuclear magnetic moments and the external magnetic field. The
development of accurate and efficient computational methods for predicting NMR parameters is essential, as
these methods provide an invaluable link to experiment. Here, linear-scaling NMR formulations based on DFT
and HF have allowed for the computation of molecular systems with over 1000 atoms.*®*” However, in some cases
the accuracy obtained with HF or DFT is not sufficient and one has to turn to more advanced QC methods. As
mentioned above, such high level methods come with a significant computational cost, which makes the devel-
opment of low-scaling techniques especially important. One method we would like to mention in this context is
the random phase approximation, a post-KS method that has recently been shown to combine high accuracy with
computational efficiency for the computation of NMR shieldings.®*%°

Bridging theory and experiment is crucial and ultimately determines the practical value of a theoretical
approach. In the following section, we briefly introduce the emerging field of autonomous reaction network
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exploration, which holds great promise in this respect but, due to its substantial computational demands,
critically relies on highly efficient, low-scaling methods as, e.g., the ones discussed in the present section.

A new challenge: autonomous reaction network exploration

Over the past decades, quantum chemistry has established itself as an essential tool of modern chemical research,
providing detailed insights into molecular processes. It serves as an invaluable complement to experimental
work, validating or extending experimental findings. This is particularly true for the investigation of reaction
mechanisms, where experimental methods are constrained by limitations in temporal and spatial resolution.
Nevertheless, the traditional approach where one hypothesizes a mechanism, computes its energy profile, and
then compares it to experimental observations, carries intrinsic limitations and biases. Specifically, such an
approach often overlooks the complexity of real systems, including the presence of multiple competing reactions
and dynamic equilibria among intermediates. Consequently, computational studies focusing only on a single
reaction pathway may provide an incomplete or even misleading view. Addressing this shortcoming requires a
more comprehensive strategy: an extensive exploration of the full reaction network, encompassing both pro-
ductive and non-productive pathways.

At the heart of every reaction network lies a complex potential energy surface (PES), or, when accounting for
finite-temperature effects its thermodynamic counterpart, the free energy surface. This multidimensional hy-
persurface represents the total energy of the system as a function of nuclear coordinates, where local minima and
first-order saddle points correspond to reactants, intermediates, products, and transition states, respectively.
Elementary steps are defined as transitions between such minima via a single transition state.”® Since chemical
compounds are typically represented by different conformers, each elementary step represents only a part of a
broader ensemble of transitions linking different structural arrangements of the compounds. This ensemble,
taken together, constitutes a chemical transformation or reaction.”” Reaction pathways on such free energy
surfaces are then described by one or more chemical transformations and are characterized not only by their
thermodynamics involving the free energy differences between reactants and products, but also by their kinetics
as described by transition state theory,” relating reaction rates to activation barriers. As the number of possible
reaction pathways grows fast with the size of the investigated molecular system, low-scaling methods become
indispensable, especially when exploring the PES by AIMD, where thousands of energy and force evaluations are
needed.

The field of autonomous reaction network exploration is still in its infancy and the challenge presented by
extensively exploring the N,-dimensional PES is truly enormous; however, building on the achievements of
quantum chemists in the last decades, several promising approaches have been put forward in recent years,
including CHEMOTON,”* AutoMeKin,” the artificial force induced reaction method by Maeda et al,” the
metadynamics-based approach by Grimme,” the ab initio Nanoreactor,”® and the hyperreactor dynamics (HRD)
method”’ developed in our group. Taking the reactor-based approaches as an example, the general principle is to
enhance reactivity within the system, or in other words, to accelerate exploration of the PES on achievable
timescales at ab initio level, which is desired for an accurate description of the underlying molecular processes. In
our HRD approach, this is achieved through the combination of two key concepts: The first concept involves a
controlled “boosting” of the PES using so-called hyperdynamics potentials,”® ® which help to prevent the system
from becoming trapped in deep energy minima during the exploration process. The second concept employs an
external, pressure-inducing piston that increases the probability of interatomic collisions. As the system is
compressed, entirely new regions of the PES become accessible and can subsequently be explored. The two
concepts are illustrated schematically in Fig. 3.

We demonstrated the potential of our HRD approach by simulating the interstellar glycinal and acetamide
syntheses at 10K,”” both regarded as essential precursors for peptide formation.*" In these simulations, the
expected target molecules were successfully generated. Furthermore, several new reaction pathways were
identified, and the formation of N-methylformamide and carbamic acid was observed. Notably, carbamic acid is
recognized as the simplest precursor to amino acids, potentially playing a crucial role in chemical evolution.®*
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Fig.3: Schematicillustration of (a) the original PES with two reactants forming a local minium (b) the boosted PES (c) the pressure-inducing
confinement, enforcing movement on the PES (d) the system in a new local minimum on the boosted PES. Although we typically explore the
reactive behavior of larger molecular ensembles, here we focus on visualizing the transition of just two reactants to maintain clarity.

Although there is still a long way to go in the field of autonomous reaction network exploration, this brief
example illustrates the predictive power of these new developments and their potential to inform and guide
experiments, offering a glimpse of what the near future of quantum chemistry may hold for us.
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