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Abstract: For decades, computational theoretical chemistry has provided critical insights into molecular
behavior, often anticipating experimental discoveries. This review surveys twenty notable examples from the
past fifteen years in which computational chemistry successfully predicted molecular structures, reaction
mechanisms, and material properties before experimental confirmation. By spanning fields such as bioinorganic
chemistry, materials science, catalysis, and quantum transport, these case studies illustrate how quantum
chemical methods have become essential for multidisciplinary molecular sciences. The impact of theoretical
predictions across disciplines shows the indispensable role of computational chemistry in guiding experiments
and driving scientific discovery.
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Introduction

The United Nations has designated 2025 as the International Year of Quantum Science and Technology (IYQ). I am
honored to have been invited to contribute to a special issue of Pure and Applied Chemistry that celebrates the role
of quantum science and technology in computational theoretical chemistry during the IYQ. However, discussing
such “impact” feels somewhat odd, as the field itself would not exist without the foundational principles of
quantum mechanics.

Computational theoretical chemistry is the subfield of chemistry that simulates chemical processes through
computational algorithms. Such algorithms directly translate the quantum laws into computer programs that
predict molecular and supramolecular properties. Therefore, computational chemistry only makes sense in the
context of the quantum mechanical description of molecular systems.

As Dirac noted in 1929, “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.” Thanks to the entangled development of
digital technologies and quantum chemical methodologies (Fig. 1), our approaches hold little similarity to those
Dirac had access to at that time. But his assessment is still essentially correct. We still face significant challenges in
solving many-body wave functions for fermionic systems, which typically require classical, statistical, or nu-
merical approximations that inevitably degrade the accuracy of our predictions.

Article note: A collection of invited papers to celebrate the UN’s proclamation of 2025 as the International Year of Quantum Science and
Technology.
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Fig. 1: Milestones in the development of theoretical chemistry (green circles) and its computational algorithmic and software expressions
(red boxes) in a timeline with the key quantum mechanical developments for the field (black circles) and computational science
infrastructure achievements (purple boxes). A profound reshaping of the field is occurring due to data science advances (orange boxes). It’s
still unclear, but future advances can emerge from quantum computing (blue boxes). For the scientific milestones, the dates correspond to
the following references: Schrodinger equation (Ref. 2), Born-Oppenheimer approximation (Refs. 3,4), Kohn-Sham DFT equations (Ref. 5),
Deutsch’s algorithm (Ref. 6), Joos-Zeh’s decoherence (Ref. 7), B3LYP functional (Ref. 8), and Casida’s TDDFT equations (Ref. 9).

All these approximations leave us in constant tension between autonomous predictions and the need for
experimental validation. I would not go as far as Lakatos and require that computational theoretical chemistry
only be considered a progressive research program if it can predict novel empirical facts and at least some novel
facts could be tested.'® I recognize the value of our field by how much meaningful insight it brings to chemistry,
even if its predictions come after the experiments. The chemistry community recognizes this value, too, as the
field has been awarded at the highest level with the Nobel of Chemistry in 1998, 2013, and 2024. However, it’s
enormously satisfying when we can tap into the power of quantum mechanics of molecules and be experi-
mentally corroborated afterward.

Therefore, the question I had in mind is how predictive computational theoretical chemistry is. I asked this
question on X/Twitter in August 2024. (This happened before many scientists, including myself, migrated to other
healthier social networks, mostly Bluesky.) I've gotten tremendous feedback from colleagues, many proudly
showing off how their theoretical research has been empirically corroborated. I collected the answers and
curated them. This paper is the result of this exercise. It aims to survey several case studies where theoretical
chemical predictions were later experimentally corroborated. It spans various subfields — from bioinorganic
chemistry to antimatter physics — illustrating how insightful Dirac was when he mentioned the “whole of
chemistry.”

I limited my survey to the last fifteen years. I also did not include papers lacking experimental confirmation
(not even my favorite, when Chaer Nascimento and I predicted that Hs" clusters made a significant fraction of
dense interstellar clouds composition™). I mostly avoided joint theoretical/experimental publications where it
was unclear how much information flowed between labs.

As a warning, this survey must not be taken as expressing any quantitative publication or field statistics. If
nothing else, it expresses confirmation bias, as only successful cases are reported. As a counterexample, I could
cite the theoretical predictions of cyclobutanone S, lifetime, which span three orders of magnitude depending on
the theoretical approach employed (Fig. 2). Moreover, each section delivers a compact account of the case study in
point, focusing on a couple of theoretical and experimental papers. However, science never happens as isolated
accidents. Each such case has rich histories that deserve in-depth reviews on their own. Therefore, I strongly
recommend that the reader backtrack the literature cited in the papers I mentioned to build a more complete
picture of each field.
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I mentioned how challenging it is to solve the quantum mechanics of molecules. This problem stems from the
appalling sizes of the Hilbert space in many-body systems. Chemists, and not only theoretical ones, also face
another challenge: the size of the chemical space, which means, the number of molecules that could exist. Until a
decade ago, our only way to explore new molecules was through our chemical intuition aided by similarity and
heuristics rules.

Recent developments in data science are reshaping the exploration of the chemical space, using machine
learning to probe millions of different chemical species. Although it is a case of theory ahead of experiment, that’s
not a topic in this paper. I surveyed a couple of cases, but it would require a paper on its own to do a fair job, given
the vast number of such works for material and catalyst designing.">° More information on this topic can be
found in these recent reviews.**

This paper is organized into two main sections. “Computational chemistry minimum?” section reviews some
key concepts and methods in computational theoretical chemistry, which will help non-specialist readers follow
the case studies. “When theory came first: case studies” section surveys twenty studies where computational
chemistry predictions were later experimentally confirmed.

Computational chemistry minimum

Computational theoretical chemistry predicts molecular properties using quantum mechanics. This section
provides a brief overview of the main methods used in the case studies that follow in “When theory came first:
case studies” section, focusing on the techniques applied there while acknowledging the existence of many other

approaches.
Everything starts with the Schrédinger Equation for a molecular system
LU AT ) (1)

where R represents the ensemble of nuclear coordinates, and r is the ensemble of electronic coordinates. ¥ is the
molecular wave function and H the Hamiltonian operator. The enormous mass difference between nuclei and
electrons allows us to invoke the Born-Oppenheimer approximation,® which decouples electronic and nuclear
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subspaces. This decoupling yields an equation for the electrons (with energies E,, and wave function ¢,) at a fixed
nuclear position:

(Tetee + V)0, = Eng, @)

and an equation for the nuclei, with a wave function y, evolving on the potential energy surface (PES) E,, created
by the electrons:

(Toue + En Yo = 101, ®)

The Born-Oppenheimer approximation is the heart of molecular sciences. As expressed by Heller, it is “one of
those wonderful approximations that even in failure forms the basis for discussion and systematic corrections.”**

Alot of the everyday work of computational chemists is concerned with solving the electronic equation (2). A
multitude of methods have been developed. Most adopt a bottom-up approach where one-electron wave func-
tions (atomic orbitals) are combined to form molecular wave functions. The electronic wave function is still raw:
the electrons do not know about each other. We must let them adapt and relax in the multielectron environment.
We do that using electronic structure methods that recover such electronic correlation®? so that Eq. (2) is
satisfied (Fig. 3).

In most practical implementations, Eq. (2) is transformed into a nonlinear algebraic problem, typically solved
iteratively using linear algebra techniques such as matrix construction, projection, and diagonalization steps
within self-consistent or response-based frameworks.?®

Among the electronic structure methods, Density Functional Theory (DFT) is the most widely used.” Instead
of solving for the full N-electron wave function ¢,, DFT predicts the electronic density p(r), reducing the problem
to three spatial dimensions. This impressive dimensionality reduction is achieved by introducing functionals that
curb the electronic energy to hold a specific dependence on p(r). These functionals, ranging from simple ex-
pressions to complex parameterized forms, are imposed ad hoc, meaning DFT is not strictly an ab initio method.*

To describe excited electronic states, we use Time-Dependent Density Functional Theory (TDDFT).* It ex-
tends DFT to capture a molecule’s response to time-dependent external fields, allowing the calculation of exci-
tation energies and absorption spectra with a balance of accuracy and computational cost.

The efficiency of DFT and TDDFT makes them the workhorses of computational chemistry. Most of the cases I
surveyed used DFT. “Computational discovery of dyes” and “Magnetic dipole transition moments in chiral helical
molecules” sections apply TDDFT, too.
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Fig. 3: Schematic illustration of electronic correlation recovered by electronic structure calculations for ethylene mirt* state, starting from a
raw, single-configuration wave function composed of independent-electron orbitals. A significant part of electronic correlation corresponds
to the orbitals’ adaptation to the multielectronic environment; another part, not illustrated here, comes from adopting flexible, multi-
configuration wave functions. See Ref. 27 for a discussion of the ethylene case and Ref. 25 for an analysis of electron correlation in a broader
context.
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For more accurate electronic excitation descriptions, particularly in materials and extended molecular
systems, the GW approximation (named after the Green’s function G and the screened Coulomb interaction W)
and the Bethe-Salpeter Equation (BSE) provide powerful alternatives.*> The GW method improves quasipar-
ticle energy predictions by including electron-electron self-energy corrections, making it essential for
computing electronic band structures. BSE, built upon GW, explicitly treats electron-hole interactions, yielding
accurate optical excitation spectra. These methods are used in “Positronic bonding in molecular dianions”
section.

Describing the electronic structure may require more involved methods when dealing with complex situa-
tions, such as dissociation, bond formation, multielectronic excited states, and conical intersections. Complete
active space perturbation theory to the second order (CASPT2) is one of the primary choices in such cases.*® It
combines complex wave function initial guesses, advanced coefficient optimizations, and perturbative correc-
tions to recover electron correlations. It is used in “Ultrafast heme-CO photolysis and spin-crossover in
myoglobin” section.

Once we have electronic densities and energies, we look back to pick up all the effects left out in the long chain
of approximations we used to solve the electronic problem. Then, computational chemists will work to recover
relativistic effects, nonadiabatic couplings, and interactions with external fields.*

Next, we can focus on the nuclear problem, Eq. (3). However, even before attempting to solve this equation,
we can learn much about nuclear distribution by mapping the PES topography. Their minima will reveal
equilibrium structures, and their maxima will tell us about transition states. Much of computational chemistry
focuses on finding pathways on those surfaces to describe chemical reactions.*®

The quest to solve the nuclear equation starts by realizing that near the minima, PES are nearly multidi-
mensional parabolas. The parabolic shape allows us to analyze the vibrational nuclear motion in terms of a
collection of normal (in the sense of orthogonal) harmonic modes.

The relative simplicity of the ground state PES near the minima even allows us to fit the atomic interactions
with simple functions.*® It yields force fields, which are then used for molecular mechanics (MM), replacing the
quantum nuclear distribution with classical nuclear motions obtained from molecular dynamics (MD). Force
fields are employed in “Molecular insights into supramolecular polymer dynamics”, “Predicting peptide self-
assembly through computational discovery”, “Computational insights into DNA methyltransferase neo-
morphism”, and “Computational screening of enantioselective catalysts” sections. Force fields will not work if
chemical bonds break (or form), electronic charges transfer between nuclei, or the molecule is electronically
excited. In such cases, MD simulations on quantum-derived PES provide a more accurate treatment of nuclear
motion.*’”

When quantum effects play too big of a role, we must step up our treatment of Eq. (3), which must be
reformulated beyond the Born-Oppenheimer approximation to account for multiple states and their couplings.*®
Often, the time evolution of the nuclear wave function y, can be represented by ensembles of mixed quantum-
classical trajectories.39 Nevertheless, if nuclear delocalization or wave-like behavior is dominant (like in
tunneling, for instance), wavepacket-based approaches,*® such as the Multiconfigurational Time-Dependent
Hartree (MCTDH) method, are required, as used in “Ultrafast heme-CO photolysis and spin-crossover in
myoglobin” section.

In case interactions with the environment become too significant, such as in charge transport or quantum
dissipation, different approaches are required for treating nuclear and electronic dynamics. For nuclear motion
in dissipative systems, the reduced density matrix evolving according to a master equation®' provides a frame-
work for decoherence and energy relaxation (see “Shear-induced nucleation in molecular crystallization” and
“Chirality-induced spin selectivity in electron transfer reactions” sections). One of the most advanced methods in
this category is the Hierarchical Equations of Motion (HEOM) approach,”” used in “Chirality-induced spin
selectivity in electron transfer reactions” section. In turn, for electronic transport in molecular junctions and
nanoscale devices, the Nonequilibrium Green’s Function (NEGF) formalism* provides an excellent option,
particularly in molecular electronics. It is used in “Increasing conductance in cumulene wires” section.
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When theory came first: case studies
Bioinorganic chemistry
Revising the oxidation state of an iron-oxygen complex

The oxidation state of iron in transition metal-oxygen species is critical for bioinorganic chemistry and catalysis,
including its role in photosystem II In 2010, Fukuzumi and co-workers** reported a Fe-O complex capped by a
Sc** ligand, assigning a Fe(IV) oxidation state based on crystallographic data. However, this interpretation was
later challenged by theoretical and experimental studies.

Swart employed DFT calculations to analyze the structural and electronic properties of the Sc**-capped iron—
oxygen species.”” His results indicated that the Fe—O bond length (1.75 A) was inconsistent with Fe(IV), instead
corresponding to a high-spin Fe(III) center, with a water ligand rather than hydroxide coordinated to scandium.
The computational analysis provided a strong argument for revising the oxidation state assignment.

Experimental confirmation followed when Prakash et al.*® synthesized and characterized the complex using
Maossbhauer spectroscopy, electron paramagnetic resonance (EPR), and X-ray absorption spectroscopy. Their
results unambiguously established that the iron center was in a high-spin Fe(III) state, not Fe(IV), aligning with
Swart’s theoretical prediction. The study also demonstrated that only one equivalent of ferrocene was needed to
reduce the complex to Fe(Il), further supporting the Fe(IIl) assignment. Because of the finding of a Fe(IIl)
oxidation state, Zhou and co-workers then moved one step further and synthesized the Fe(III)-O-Cr(III) species to
allow further spectroscopic characterization.*’

Materials science
Computational discovery of dyes

Optimizing donor-m-acceptor (D-n—A) dyes is a central goal in improving dye-sensitized solar cells (DSCs).
However, as I discussed in the Introduction, we only started to have the tools to search large regions of the
chemical space with recent developments in data science techniques. The work discussed in this section is such an
example.

Santaloci et al.” applied an automated quantum chemistry approach to design novel D-n—A dyes tailored for
efficient near-infrared (NIR) absorption. The study began with a large-scale computational screening of 7,906
theoretically derived molecular dyes constructed by systematically combining various donor, bridge, and
acceptor moieties. DFT and TDDFT calculations were used to optimize molecular geometries, compute absorption
spectra, and assess electronic properties (Fig. 4-top).

This computational screening resulted in the identification of a promising dye, WM3 (Fig. 4-bottom), which
was predicted to exhibit superior power conversion efficiency (PCE). The researchers then synthesized and
characterized this dye. As expected, WM3 demonstrated strong NIR absorption, with an absorption onset at
760 nm and a PCE of 17.5 %, closely matching the theoretical predictions.

1.17

Shear-induced nucleation in molecular crystallization

Crystallization is traditionally understood through classical nucleation theories, emphasizing temperature and
supersaturation as dominant factors. However, the work I review in this section has suggested that shear flow
may play a nontrivial role in nucleation mechanisms, challenging those conventional models.

Mura and Zaccone® developed a theoretical framework combining the Becker-Doering master equation, the
Smoluchowski diffusion-advection equation, and Kramers’ escape rate theory to model the competition between
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Fig. 4: (Top) Excitation energy distribution of 7,906 screened
D-Ti-A dyes, computed with different DFT functionals. The
LSF curve (green) highlights the trend toward NIR
absorption. (Bottom) Structure of the selected dye (WM3),
HXEt EtHx validated for high DSC performance. Adapted from Ref. 17.

shear-enhanced transport and mechanical straining of nuclei. Their simulations showed that nucleation rates
exhibit a nonmonotonic dependence on shear rate.

Debuysschete et al.* tested Mura and Zaccone’s prediction by studying glycine crystallization under shear
conditions. Their experiments confirmed that nucleation rates increase with shear due to enhanced mass
transport and nucleus coalescence. On the other hand, they also observed that the rates decrease at high shear
due to mechanical deformation of nuclei. Using a microfluidic crystallization setup, they observed a strong
correlation between their data and theoretical models, supporting the role of intermediate aggregation structures
in a nonclassical nucleation pathway.

Localized antiaromaticity-driven cyclization in helicenes

The structural and electronic properties of helicenes make them unique platforms for studying charge delocal-
ization and aromaticity effects. A significant prediction was made by Zhou et al,*® who computationally
demonstrated that negative charge localization could drive a novel reductive cyclization mechanism in bis- and
mono-helicenes. Based on DFT calculations, their study revealed that introducing a pentagonal unit into a
helicene framework creates an antiaromatic hotspot, which drives a sequence of ring closures, leading to new
graphene subunits.”

Deprotonation creates a localized antiaromatic region, selectively guiding electron addition. Nucleus-
independent chemical shift (NICS) calculations using the gauge-including atomic orbitals (GIAO) method
confirmed this effect by providing quantitative evidence of localized antiaromaticity. Meanwhile, molecular
electrostatic potential (MEP) maps revealed the role of charge localization in dictating regioselectivity. Ultimately,
the suppression of antiaromaticity emerged as the key factor facilitating the cyclization reaction. Frontier
molecular orbital (FMO) analysis further supported the regioselective nature of the reaction. The theoretical
findings indicated that the first cyclization step should occur at a site remote from the existing pentagonal unit
rather than adjacent.

This counterintuitive prediction was later confirmed experimentally by interrupting the bis-annulation
cascade through controlled exposure to molecular oxygen, allowing the isolation of the monoanionic interme-
diate. Its structure was unambiguously determined by X-ray crystallography, confirming that the first cyclization
occurs at the remote site as predicted by theory.”
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Supramolecular chemistry
Molecular insights into supramolecular polymer dynamics

Understanding the dynamics of supramolecular polymers is essential for designing materials with tunable
properties, such as self-healing and adaptability. However, experimental characterization of monomer exchange
in these systems has remained challenging due to spatial and temporal resolution limitations. The work I review
here shows how computational chemistry has provided crucial insights into these processes, allowing the pre-
diction of monomer exchange mechanisms ahead of experimental confirmation.

Bochicchio et al.>* used all-atom and coarse-grained MD simulations to examine how monomers exchange in
benzenetricarboxamide (BTA) supramolecular polymers. Their results indicate that exchange primarily occurs at
defect sites along the polymer backbone rather than through a single-step process. Metadynamics simulations
further revealed a two-step mechanism: monomers diffuse onto the fiber surface before detaching into the
solvent. Notably, monomer incorporation and surface diffusion were significantly faster than desorption,
revealing a kinetic asymmetry in the exchange process.

These theoretical predictions were later experimentally validated by Archontakis et al.”” They used a super-
resolution microscopy technique, which directly allowed the visualization of local defects and heterogeneities in
supramolecular fibers. Their findings confirmed that monomer exchange predominantly occurs at structurally
disordered domains, consistent with the computationally predicted exchange hotspots.

1.53

Predicting peptide self-assembly through computational discovery

The self-assembly of peptides into nanostructures is a key for nanotechnology, biomedicine, and materials
science. Despite significant interest, predicting self-assembly behavior directly from peptide sequences has
remained a major challenge. But that may be about to change, thanks to the advances in data science techniques.

Frederix et al.>* addressed this self-assembly problem with computational theoretical chemistry. They sys-
tematically screened all 8,000 possible tripeptide sequences for their aggregation propensity in water. Using
coarse-grained MD simulations, they developed an aggregation propensity score. They introduced a
hydrophilicity-corrected version to prioritize peptides that balance self-assembly with water solubility. Their
analysis revealed that aromatic residues such as phenylalanine, tyrosine, and tryptophan promote aggregation
when placed in the second or third position, while positively charged or hydrogen-bonding residues at the
N-terminus and negatively charged residues at the C-terminus enhance self-assembly.

In the same paper, Frederix and co-authors reported the synthesis and test of multiple tripeptides predicted
by their computational modeling.>* Those peptides that followed the design rules derived from simulations
exhibiting hydrogel formation, representing the first example of unprotected tripeptides undergoing gelation at
neutral pH. Spectroscopic and microscopic analyses confirmed the fibrous nanostructures, supporting the
computational predictions.

Molecular electronics and quantum transport
Increasing conductance in cumulene wires

Understanding charge transport through molecular wires is crucial for developing molecular electronics. When
tunneling is the dominant transport mechanism, the single-molecule conductance decreases exponentially with
molecular length as the tunneling barrier width increases.

The possibility of reversing this exponential attenuation was first suggested in 2004 by Tada and Yoshizawa,
who predicted increasing conductance with length in specific molecular systems.> Subsequent studies proposed
various molecular wires exhibiting this behavior without invoking bond-length alternation (BLA).*® The
connection between BLA and conductance increasing emerged later as a theoretical curiosity’’ before being
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formally investigated in specific molecular systems. Another key insight was that diradical character, rather than
BLA alone, can also facilitate this conductance increase, as demonstrated in subsequent theoretical studies
exploring various molecular candidates.”®

However, no molecules that fulfill this condition had been found until Garner et al.”” demonstrated, using
DFT and NEGF calculations, that cumulenes — linear chains of sp-hybridized carbons with successive double
bonds - exhibit reverse BLA, increasing electronic transmission with length (Fig. 5).

Their computational analysis showed that the dominant n-system has a reversed bond-length pattern for
even-carbon cumulenes compared to polyynes or conjugated alkenes, resulting in a negative decay constant and
meaning that conductance increases with length. They attributed the origin of this effect to the narrowing of the
HOMO-LUMO gap with increasing length.

Zang et al.®° later experimentally confirmed this effect using scanning tunneling microscope break-junction
measurements. They synthesized and studied a series of cumulenes and polyynes ranging from 4 to 8 carbon
atoms. These molecules were functionalized with thiomethyl groups to form junctions with gold electrodes. The
measurements showed that while polyynes exhibited the expected exponential decay in conductance, cuamulenes
displayed the opposite trend, increasing their conductance with molecular length.

1.5

Spectroscopy
Anharmonicity and protonation in water clusters

As discussed in the Introduction, accuracy is a constant challenge for computational chemistry. Therefore, it is
particularly satisfying when theory can tell experimentalists precisely where to look for phenomenological
signatures. Such is the case in the study I review in this section. It deals with the behavior of excess protons in
water, which is central to acid-base chemistry and proton transport.

The H"(H,0) cluster, known for its exceptional stability, has been debated regarding whether its proton
adopts an Eigen (H;0") or Zundel (H;0,") structure. Torrent-Sucarrat and Anglada®! applied vibrational second-
order perturbation theory (VPT2) at a DFT level to model the infrared spectrum of H'(H,0),;, including anhar-
monic effects. Their calculations indicated that the characteristic H;O" stretches, typically observed near
2,500 cm ™, undergo a substantial redshift of over 500 cm™, shifting below 2,000 cm™. This finding suggests that
earlier studies, constrained to higher frequency ranges, may have overlooked crucial protonation signatures.

Fournier et al.®* later explored this spectral window using cryogenic ion vibrational spectroscopy, detecting
features around ~2,000 cm™ that closely aligned with theoretical predictions, supporting the Eigen structure
assignment over the Zundel alternative.

Interfacial water vibrations and their spectroscopic signature

Water’s molecular structure and dynamics at interfaces play a crucial role in atmospheric chemistry and bio-
logical processes. Yet, despite extensive research, some vibrational modes at the air/water interface remain
unidentified.
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Fig. 5: Schematic comparison of bond-length alternation and electronic transmission trends in molecular wires. Left: Structural repre-
sentations of different molecular systems, highlighting distinct bond-length alternation patterns. Right: Schematic representation of how
electronic transmission changes with the molecular length for different bonding motifs, with cumulenes (red) exhibiting increasing
conductance, polyynes (blue) showing conductance decay, and an intermediate system (purple) maintaining nearly constant transmission.
Reprinted with permission from Ref. 59 Copyright 2018 American Chemical Society.
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Perry et al.®® used MD simulations with quantum-corrected time correlation functions and instantaneous
normal mode analysis to predict a previously unknown vibrational mode at 875 cm ™. They attributed it to the
wagging motion of individual water molecules at the interface. In this mode, the water molecules are nearly
parallel to the surface, with their hydrogen atoms oscillating perpendicular to the interface. Simulations of sum
frequency generation (SFG) spectra using a point atomic polarizability approximation model indicated that this
mode is a dominant structural feature alongside the well-established free OH vibrational signal.

These theoretical predictions were later validated by experimental SFG spectroscopy conducted by Tong
et al.>* They observed a librational mode of interfacial water at 834 cm ™", with the same spectral lineshape, that is
unique to the interface and qualitatively different than bulk librations. Their results confirmed that terminating
the hydrogen-bond network at the air/water interface stiffens the rotational potential of water molecules.

Molecular magnetism and spintronics
Record high magnetic exchange in endohedral metallo-fullerenes

Understanding magnetic exchange interactions is critical for the design of single-molecule magnets (SMMs).
Singh et al.”> employed wave-function-based methods and DFT calculations to investigate the magnetic properties
of Ln,@CN (Ln = Gd, Dy) molecules (Fig. 6), predicting record-high magnetic exchange interactions and a
substantial barrier for magnetization reversal. Their computational results revealed an unprecedented ferro-
magnetic exchange interaction of approximately 200 cm™ between the Gd(III) ions and the radical nitrogen-
doped fullerene cage, an order of magnitude larger than previously reported radical-lanthanide interactions.®

For the anisotropic Dy,@C7N system, calculations revealed that the strong Dy-radical exchange significantly
suppresses quantum tunneling of magnetization (QTM), a key limitation in SMM performance. The computed
magnetization blockade barrier exceeded 580 cm™, a value among the highest reported at the time. This
enhancement arises from direct exchange coupling and charge transfer from the fullerene cage to the lanthanide
ions.%

Subsequent experimental studies confirmed these predictions.®® High-frequency electron paramagnetic
resonance (HF-EPR) measurements on Gd,@CoN established a ferromagnetic ground state with a total spin of
$=15/2, which agrees with theoretical predictions. The estimated exchange constant (~170 cm™) closely matched
computational results. Additionally, magnetization studies on Dy,@C;9N demonstrated that the strong Dy-radical
exchange effectively quenches QTM, leading to slow magnetization relaxation and a high blocking temperature.®’

Chirality-induced spin selectivity in electron transfer reactions

Chirality-induced spin selectivity (CISS) has been widely studied in chiral molecules on surfaces.®® Still, its role in
free molecular electron transfer remained unclear. Fay and Limmer®® predicted that CISS could arise in chiral
donor-acceptor systems through spin—orbit coupling, electron hopping, and exchange interactions. Using

Fig. 6: (a) DFT optimized structure
of the Gd,@665-(C59N) isomer
along with (b) its spin density

plot for the S = 15/2 state.
Reproduced from Ref. 65.
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quantum master equations derived via the Nakajima-Zwanzig projection operator technique and validated with
HEOM simulations, their model showed that spin polarization emerges dynamically (Fig. 7), displaying a non-
monotonic temperature dependence independent of spin-orbit coupling strength.

These predictions were experimentally confirmed by Eckvahl et al,”” who used time-resolved electron
paramagnetic resonance (EPR) to directly observe CISS in donor-acceptor molecules. Their results demonstrated
that chiral bridges induce spin-polarized radical pairs, even in free molecules, without requiring an electrode
interface, thereby establishing CISS as an intrinsic molecular property.

Magnetic dipole transition moments in chiral helical molecules

The magnetic dipole transition moment m is pivotal in chiroptical responses such as electronic circular dichroism
and circularly polarized luminescence. However, strategies for systematically optimizing m have remained
elusive, hindering the development of advanced optoelectronic and spintronic applications.

Uceda et al.” tackled this challenge by exploring the relationship between molecular structure and m values
in three distinct families of fully m-conjugated helical molecules: carbo[n]helicenes, ortho-
oligophenylethynylenes (0-OPEs), and chiral molecular circuits based on paracyclophanes. Using DFT and
TDDFT calculations, they found that m values correlate linearly with the inner helical area of these molecules,
akin to the behavior of classical solenoids.

Using unsupervised machine learning clustering,'® the researchers identified specific electronic transitions
where the magnetic dipole transition moment aligns with the helix axis. These transitions exhibited exceptional
mvalues, reaching up to 47 x 10 %’ erg G in specific molecular circuits. This correlation provides a predictive tool
for designing chiral molecules with enhanced chiroptical responses, which is relevant for applications in opto-
electronics and spin-selective electrochemical processes.

Experimental validation confirmed these theoretical predictions:'® the synthesis and X-ray characterization
of 2,3,14,15-tetrabromo[6]helicene, followed by electronic circular dichroism (ECD) measurements, corroborated
the model’s prediction of its exceptional rotatory strength.

Coordination chemistry
Stabilization of neptunyl complexes with pyrrophen ligands

Understanding actinyl coordination is essential for actinide chemistry, particularly in nuclear waste manage-
ment and separation processes. Jennifer G et al.”* used DFT to predict that pyrrophen ligands could stabilize high-
valent actinyl species via strong equatorial coordination. Their study suggested that neptunyl(VI) complexes
would exhibit shorter Np=0 bond lengths and enhanced ligand-field effects.

Ducilon et al.”® later confirmed these predictions by synthesizing and characterizing two neptunyl-
pyrrophen complexes (NpO,L; and NpO,L,). Single-crystal X-ray diffraction revealed near-linear O=Np=0 bond
angles and Np=0 bond lengths consistent with theoretical expectations. Raman spectroscopy further supported
the presence of Np(VI). Their study also showed how ligand modifications influence complex stability. The

8 i;;z / . é \\‘ Increasing J Fig. 7: Mechanism of chirality-induced spin polarization in electron transfer re-
er i £ actions. The left panel illustrates the role of spin-orbit coupling and electron
\j\/ 3l X hopping in charge transfer (CT) between molecular states, where intersystem
s)(T/ (% / \ crossing (SOCT) facilitates spin-mixing. The right panel shows the predicted
2 —————1 temperature dependence of spin polarization, where increasing electronic ex-
ISmperatin change interaction (/) enhances spin selectivity, as modeled by quantum master
Electron hopping Chiralitydependent  equations. Adapted with permission from Ref. 69 Copyright 2021 American

+SOC spin polarization Chemical Society.
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methyl-substituted ligand (L,) resulted in slightly shorter Np=0 bonds, indicating enhanced equatorial electron
donation, as predicted computationally.

Physical organic chemistry
Heavy-atom tunneling in the cope rearrangement of semibullvalene

When we speak of quantum tunneling, we mainly associate it with light particles like electrons and protons.
However, carbon tunneling may significantly affect organic reaction dynamics, at least at cryogenic tempera-
tures, as I survey in this section.

Zhang et al.”* employed theoretical methods to predict that the degenerate Cope rearrangement of semi-
bullvalene could proceed rapidly at temperatures as low as 40 K due to carbon tunneling. Their DFT calculations
of rate constants, including small-curvature tunneling corrections, suggested a rate constant of 1.43 x 10 s at
40 K, leading to a half-life of approximately 8 min for the reaction (Fig. 8). Without tunneling, the process would be
over ten orders of magnitude slower. The study proposed that an isotopically labeled semibullvalene could be a
test case to experimentally confirm the effect.

Years later, Schleif et al.” experimentally validated this prediction using IR spectroscopy with matrix
isolation techniques. They synthesized monodeuterated 1,5-dimethylsemibullvalene isotopomers and observed
their rearrangement at 3 K. As predicted, the less stable isotopomer converted to the more stable one, even in the
dark, with a rate constant of about 10~ s~ Given the experimentally determined activation barrier of 4.8 kcal/
mol, such a rate is too fast for classical thermal activation at these temperatures, thus confirming heavy-atom
tunneling. The study further demonstrated that vibrational excitation via IR light could modulate the tunneling
process, reinforcing the quantum mechanical nature of the reaction.

Triplet diradical carbocations: a new class of reactive intermediates

Carbocations have long been considered closed-shell singlet species. Yet, recent theoretical studies challenge this
paradigm by predicting the existence of triplet diradical carbocations in specific molecular frameworks. A
striking example of this is the work by Albright and Winter,”® who used DFT calculations to demonstrate that
donor-acceptor carbocations can stabilize open-shell configurations. Their computations indicated that certain

T (K)
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28] Su Fig. 8: Arrhenius plot of the rate constants computed with

=0 b transition state theory (TST) and TST including small curvature
it tunneling (TST + SCT) for the Cope rearrangement of
semibullvalene from 40 to 400 K. Reprinted with permission
1000/ (1000 /K) from Ref. 74 Copyright 2010 American Chemical Society.
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coumarin and xanthenyl cations favor a triplet diradical ground state over a closed-shell singlet when substituted
with strong electron-donating groups.

This theoretical prediction found experimental confirmation through spectroscopic studies on photolabile
protecting groups, such as 7-diethylamino-4-methyl coumarin (DEACM) derivatives. In particular, Takano and
Abe”” reported the first direct experimental detection of a triplet diradical carbocation intermediate, con-
firming that the photoreaction of DEACM-Br involves the generation of a radical pair as well as a triplet
carbocation intermediate. Their findings, supported by transient absorption spectroscopy and EPR mea-
surements, provided compelling evidence that these carbocations exhibit diradical character in the
triplet state.

Further supporting this concept, Nguyen and Abe’® extended the study to (coumarin-4-yl)methyl derivatives
with different leaving groups, revealing that the nature of these groups plays a crucial role in determining
whether the reaction proceeds through a radical pair or an open-shell cationic intermediate. Their isotope-
labeling experiments and quantum chemical calculations showed that, in some cases, the cation prefers an open-
shell triplet ground state, preventing recombination with its counterion due to spin selection rules.

Ultrafast heme-CO photolysis and spin-crossover in myoglobin

The photolysis of carbon monoxide from myoglobin and the associated spin-crossover (SCO) transition of iron(II)
plays a fundamental role in ligand dissociation and protein conformational changes. The microscopic mechanism
of these reactions remained unclear due to the interplay between electronic and nuclear motions occurring on
the femtosecond timescale.

In a project led by Huix-Rotllant, my colleague at the theoretical chemistry team in Marseille, Falahati and co-
authors” employed quantum wavepacket dynamics using the Multi-Layer MCTDH method with a high-
dimensional vibronic Hamiltonian fitted to CASPT2 data to elucidate this process. Their model incorporated 179
electronic states spanning singlet, triplet, and quintet manifolds, coupled to 15 vibrational modes, enabling the
accurate description of nonadiabatic dynamics.

The simulations” revealed that upon photoexcitation, the Fe-CO bond undergoes coherent oscillations
with a period of 42 fs and an amplitude of approximately 1 A (Fig. 9). These nuclear motions drive irreversible
CO dissociation and initiate sequential spin transitions, with the system relaxing into a triplet metal-to-ligand
charge transfer (MLCT) state within ~75fs and reaching the quintet state in ~430 fs. These computational
findings demonstrated the crucial role of vibronic couplings in the ultrafast photodynamics of organometallic
complexes.

Subsequent time-resolved serial femtosecond crystallography (TR-SFX) experiments by Barends et al.*
confirmed these predictions. Under low fluence conditions, the expected oscillatory behavior of the Fe—CO bond
was observed, just like in the simulations. However, a different dissociation mechanism emerged at higher
fluences due to sequential two-photon absorption, bypassing the coherent oscillations and altering the spin-
crossover dynamics.

Fig. 9: Potential energy curves along the Fe-C(O) bond distance in myoglobin,
computed using CASPT2. The initial photoexcitation (black arrow) populates the
singlet metal-to-ligand charge transfer ('"MLCT) state, which undergoes vibronic
coupling and nonadiabatic transitions. Wavepacket distributions illustrate the
sequential population transfer from "MLCT to 3MLCT, followed by transitions to
metal-centered (MC) states and the eventual population of the quintet state
(°*MC). The Q states (purple) mediate transitions between MLCT and MC states,

Potential energy (eV)

00 tr—F—7—7—
16 18 2.0 2.2 governing the spin crossover and CO dissociation dynamics. Reproduced from
Fe-C(O) distance (A) Ref. 79.
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Biochemical enzyme engineering
Computational insights into DNA methyltransferase neomorphism

Computational chemistry has proven instrumental in predicting enzymatic function, as demonstrated in the case
of wild-type M.Mpel, a DNA methyltransferase with a neomorphic capability. Loo et al.** employed MD simu-
lations with the AMBER force field to investigate the ability of an N374K mutant to utilize carboxy-S-adenosyl-
t-methionine (CxSAM) instead of its native substrate, S-adenosyl-i-methionine (SAM). Energy decomposition
analysis (EDA) was used to assess nonbonded interactions, revealing that the lysine substitution at position 374
introduces a favorable electrostatic interaction with the negatively charged carboxylate moiety of CxSAM, sta-
bilizing its binding. Further modeling using root mean square fluctuation (RMSF), correlation matrices, and active
site cavity volume calculations (CASTp 3.0) suggested that residue E45 plays a critical role in substrate discrim-
ination, with the E45D mutation predicted to enhance selectivity for CxSAM (Fig. 10).

Experimental assays confirmed these predictions.®” The N374K mutant exhibited methyltransferase and
carboxymethyltransferase activities, while the E45D mutation alone did not affect CxSAM selectivity. However,
when combined with N374K, the E45D mutation led to a pronounced preference for CxSAM over SAM. A direct
competition assay further demonstrated this effect: while N374K retained SAM selectivity similar to the wild-type,
the E45D/N374K variant reversed this preference. The findings have broad implications for biotechnology and
epigenetic research, particularly in the selective modification of DNA.

Catalysis
Computational screening of enantioselective catalysts

The design of enantioselective catalysts is a critical challenge in asymmetric synthesis, impacting fields such as
drug development and fine chemicals production. Computational chemistry has long been used to rationalize and
predict stereoselectivity. Still, computational cost and methodological complexity have limited its application in
large-scale catalyst screening. The path forward may be in the fruitful convergence of computational chemistry
and data sciences.

Rosales et al.®® introduced CatVS, an automated virtual screening tool based on quantum-guided MM, to
efficiently predict stereoselectivity in asymmetric catalysis within hours. The method integrates transition state

NH; CxSAM  SAH NH;
(g N N . °5 N
N’KO M.Mpel E45D/N374K 0 N/KO
AA carboxymethyltransferase HN \
(CxMTase) N =N
NI ,) CxSAM

i -O)\\/d

. Ll

Fig.10: Structural and mechanistic insights into M.Mpel E45D/N374K activity. Left: Active site representation showing key N374K and E45D
interactions with CxSAM. Right: Schematic of the CxMTase reaction, highlighting the role of Lys374 and Asp45 in substrate recognition and
catalysis. Reprinted (adapted) with permission from Ref. 81 Copyright 2023 American Chemical Society.
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force fields derived from DFT calculations for efficient conformational sampling. Automated Monte Carlo and
Low Mode searches further refine the transition states. This work builds on Norrby and co-authors’ developments
in quantum-guided molecular mechanics over two decades, consistently providing accurate enantioselectivity
predictions without prior fitting to experimental data.**** The automation introduced in CatV$ allowed these
predictions to be made before running experiments rather than as a post hoc validation, marking a shift in
workflow rather than accuracy.

CatVS was applied to two well-known reactions to validate the method: the OsO4-catalyzed cis-
Dihydroxylation and the Rh-catalyzed asymmetric hydrogenation of enamides.* In the former, computational
predictions closely matched experimental stereoselectivities, demonstrating the accuracy of the automated setup.
In the latter, CatVS was used to screen a library of diphosphine ligands, successfully identifying the most selective
candidates. Subsequent experimental testing confirmed the accuracy of the predictions, with four out of five
ligands predicted to give high enantiomeric excesses (>98:2 e.r.) validated in the laboratory. While this approach
remains highly predictive, specific systems present more significant deviations, which Rosales and co-authors
analyzed in Ref. 85.

Computationally designed catalysts for the Morita-Baylis-Hillman reaction

Catalyst discovery is a cornerstone of modern synthetic chemistry, yet it has historically relied on intuition and
trial-and-error experimentation. However, as I demonstrated in several earlier cases, data-driven approaches are
revolutionizing this process. The following example further illustrates how such methodologies are reshaping
catalyst design.

In a recent study, Seumer et al."® applied computational techniques to accelerate this process, using a genetic
algorithm (GA) to explore chemical space in search of novel catalysts for the Morita—Baylis-Hillman (MBH)
reaction. This reaction, catalyzed by tertiary amines, is widely used in organic synthesis, but improving its
efficiency remains an open challenge.

The computational approach began with randomly selected tertiary amines, optimizing their structures for
catalytic efficiency by iteratively evolving candidate molecules based on their predicted activation barriers. These
barriers were estimated using GFN2-xTB (a semiempirical method increasingly employed for high-throughput
screening® %), allowing for rapid screening of many candidates. The GA identified 435 potential catalysts, with
an overwhelming majority containing azetidine nitrogen as the active site. Notably, azetidines had not been
previously reported as catalysts for the MBH reaction. Among the candidates, two molecules were chosen based
on their synthetic accessibility and their predicted lower reaction barriers compared to the established catalyst
DABCO. The most promising candidates were further refined using DFT calculations to compute complete re-
action profiles and confirm the accuracy of the initial predictions.

Experimental validation confirmed the computational predictions.'® One of the suggested azetidine catalysts
was successfully synthesized and demonstrated an eightfold increase in catalytic activity over DABCO. The results
validated the computational methodology and provided the first de novo discovery of an efficient catalyst using a
generative algorithm.

Antimatter physics
Positronic bonding in molecular dianions

Positronic bonding offers a novel mechanism for stabilizing otherwise repulsive dianionic systems. Cassidy
et al.®° used many-body theory, a framework that accounts for complex electron-positron interactions beyond
mean-field approximations, to predict the stability of positronically bonded molecular dianions of the form [A~;
e’; A7], where A” includes H, F7, CI7, (CN)~, and (NCO)". Their calculations, solving the Dyson equation for the
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positron in the field of two anions, incorporated electron-positron correlations, including polarization, screening,
and virtual-positronium formation. They employed the GW approximation for electron screening, BSE for
electron-hole interactions, and ladder diagrams for positron-electron attraction. These methods revealed stable
bonding configurations with bond energies around 1 eV and bond lengths of several angstroms. For [H~; e*; H7],
they confirmed a local minimum at ~3.4 A, while at shorter separations (r < 1.6 A), the system dissociates into H,
and Ps™. Their study extends prior theoretical work on positronic bonding in atomic anions, demonstrating its
feasibility in molecular dianions like (CN),>~ and (NC0),*".

Recent experimental work by Arthur-Baidoo et al.”’ on positron binding and annihilation in aromatic
molecules supports the role of electron-positron correlations in determining binding energies. Their results show
excellent agreement with the many-body theory, reinforcing its predictive accuracy.

Conclusions

Computational theoretical chemistry is remarkably flexible, as the case studies I selected for this review tell. From
bioinorganic chemistry to quantum transport and antimatter studies, they illustrate how theoretical predictions
may precede empirical discoveries and guide experimental design and interpretation. These success stories
portray quantum chemical methods as tools enabling multidisciplinary research to explore the most diverse
phenomena despite the inherent challenges of solving many-body quantum mechanical problems.

As computational techniques continue to evolve, particularly with the integration of artificial intelligence
algorithms, the predictive capability of theoretical chemistry should expand even further. The dialog with
experimentalists will always remain essential. However, the sizable number of cases where theory comes first
reaffirms the fundamental role of quantum mechanics in chemistry and the ability of computational approaches
to shape the future of molecular sciences.

My advice for young computational theoretical chemists is always to strive to make predictions. The ability to
anticipate new molecular phenomena, reaction mechanisms, or material properties not only advances scientific
knowledge but also strengthens the role of theoretical chemistry as a driving force for discovery. Even when
predictions are later revised or refined, they provide valuable insights and challenge experimentalists to explore
new possibilities. The most impactful theoretical work often arises from the courage to venture beyond known
experimental data and propose something new.
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