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Spectroscopy, the exploration of matter through its interaction with electromagnetic radiation, is relevant in
many diverse research fields, such as biology, materials science, medicine, and chemistry, and enables the
qualitative and quantitative characterization of samples. Machine learning has revolutionized spectroscopy
by enabling computationally efficient predictions of electronic properties, expanding libraries of synthetic
data, and facilitating high-throughput screening. While machine learning has strengthened theoretical
computational spectroscopy, its potential in processing experimental data has yet to be adequately
explored. At the same time, automating structure and composition predictions from spectra remains

a formidable challenge that requires theoretical simulations and expert knowledge. This review addresses
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DOI: 10.1039/d55c05628d learning, summarizes the techniques, and previews future developments to fully exploit the potential of
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Introduction

Spectroscopy, the study of matter through the interaction with
electromagnetic radiation, dates back to Isaac Newton's exper-
iments on prisms that split light into its constituent wave-
lengths in the 1660s. Since then, it has evolved into a versatile
set of techniques that are crucial to various fields, including
biology, material sciences, medicine, and chemistry. Spectros-
copy is valuable for characterizing samples qualitatively and
quantitatively, and time-resolved experiments can elucidate
dynamic changes in response to perturbations. Nevertheless,
achieving the automated prediction of a sample's structure and
composition based on a provided spectrum continues to be
a formidable task.

The growing complexity of experiments has further compli-
cated the comprehension of structures, compositions, and
mechanisms within intricate samples. Therefore, theoretical
simulations are often needed to assist in interpretation, but
they are limited by the high computational efforts required for
underlying quantum chemical calculations. In addition, stan-
dard approaches that aim to predict structures based on
a spectrum often rely on search engines and spectral libraries,
which can miss compounds not present in screened libraries.
Expert knowledge and chemical intuition are often necessary,
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machine learning and advance the field.

especially for complex sample characterization with mixed
chemicals. As a consequence, studying molecules and materials
in realistic environments and on experimentally relevant time
scales remains challenging.*

The use of machine learning (ML) has greatly advanced
spectroscopy, revolutionizing existing computational theoret-
ical techniques by enabling computationally efficient predic-
tions of electronic properties. This breakthrough has not only
facilitated advancements in computational high-throughput
screening but also enabled the study of larger scales over
longer periods. Specifically, ML algorithms have increased the
efficiency of predicting spectra based on a given structure,
resulting in the enhancement and expansion of libraries with
synthetic data. While this advance has made theoretical
computational spectroscopy an effective tool for supporting and
complementing experimental results, the full potential of ML in
the field of spectroscopy, especially in the context of experi-
mental data, has yet to be exploited. This review aims to explore
spectroscopy through the lens of ML, examining the challenges
and prospects for enhancing various spectroscopic methods
with ML, from both, an experimental and theoretical point of
view.

The review starts with a brief overview on ML, summarizes
the different ML techniques and models used in spectroscopy
and concludes with a discussion on open challenges and
possible avenues towards further enhancing spectroscopy with
ML. The spectroscopic techniques covered in this review are
optical spectroscopy using light in the ultraviolet (UV), visible
(vis) and infrared (IR) region, X-ray spectroscopy, nuclear
magnetic resonance spectroscopy (NMR), and mass
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spectrometry (MS). We will not cover surface analysis tools like
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) and refer the reader to excellent reviews on
this topic.»?

Machine learning overview

ML has emerged as a state-of-the-art method for predicting
electronic properties in chemistry, accelerating molecular
dynamics simulations and spectra computations. However, ML
for experimental data is still in its infancy and faces several
challenges. To advance experimental and theoretical spectros-
copy, we will outline the basic ML concepts.

ML techniques can learn complex relationships within
massive amounts of data that are difficult for humans to inter-
pret visually. Three main types of algorithms exist: supervised
learning, unsupervised learning, and reinforcement learning. In
contrast to classical physical models, which are based on
assumptions made by researchers, ML models can learn, at least
in principle, any arbitrary function, f, that maps an input space X
to a query space Y: f:X — Y. This capability allows for computa-
tional efficiency because, once trained on data from expensive ab
initio simulations, ML models enable rapid inference of proper-
ties like electronic energies or spectra, often orders of magnitude
faster than traditional quantum-chemical methods.

Supervised learning

Training, i.e., learning, is achieved by minimizing a so-called
loss function, L. Therefore, randomly initialized model param-
eters are optimized during training. In supervised learning, the
loss function requires that the target properties, y € Y, are
known. The loss function to be optimized, L(f(x), y), can thus be
formulated by computing the error between the predicted
values f(x) and the query values, y, in the training set: L, = flx) —
y", with n referring to the norm of the loss function. L, and L,
are among the most frequently used loss functions.

Most supervised ML models that have been developed in the
last couple of years are based on theoretically computed
quantum chemical data to learn either primary, secondary, or
tertiary outputs,* see Fig. 1. These types of models refer to
regression models. Learning the primary output of a quantum
chemical calculation (red arrow in Fig. 1), which could be, for
instance, the electronic wavefunction - from which any property
one wishes to know could be calculated - is probably the most
powerful way but requires a 3-dimensional structure. At the
same time, it is also the most complex task to be achieved as the
electronic wavefunction is high-dimensional and dependent on
all electrons of a molecule or material. Hence, this task is still
an unsolved challenge, especially when dealing with multiple
molecular systems in one ML model, multiple electronic states,
or materials that need consideration of an infinite number of
electrons. A recent perspective summarizes approaches devel-
oped to advance the search for a ML-enhanced solution of the
Schrodinger equation.®

Most ML models applied in spectroscopy predict the
secondary output of a quantum chemical calculation (green
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arrow in Fig. 1). A secondary output is a property that can be
computed from the Schrédinger equation, such as the elec-
tronic energy, dipole moment vectors, or couplings, of which
tertiary outputs (blue arrow in Fig. 1), such as the oscillator
strength or a spectrum, can be computed. Knowing the
secondary output is beneficial compared to learning the tertiary
output directly as usually more physical information is avail-
able. For instance, by learning electronically excited states and
transition dipole moment vectors, absorption spectra can be
computed via convolution and information about the contri-
bution of different electronic states to different peaks in
a spectrum can be obtained. When learning spectra directly,
which could be done by distributing a spectrum into a certain
number of data points, this information is lost. When using
experimental data, the only viable way is most often the learning
of tertiary outputs. Again, the task of learning secondary
outputs requires 3-dimensional structures for accurate predic-
tions as secondary properties exhibit a stronger dependence on
precise 3D geometry due to their direct ties to electronic struc-
ture variations across conformations, making 2D representa-
tions like SMILES strings insufficient for accurate prediction
without significant loss in fidelity. For instance, in IR spec-
troscopy, learning secondary outputs such as electric dipole
moments from molecular dynamics trajectories demands
robust handling of conformational ensembles, whereas direct
prediction of the tertiary spectrum integrates these variations
implicitly, allowing viable approximations from 2D inputs that
focus on overall composition rather than atomic positions.

Learning experimental data compared to theoretical data is
powerful as ML models could directly be coupled with experi-
ment and often, the holy grail of theoretical simulations is to
achieve experimental accuracy. However, the learning of
experimental data is still in its infancy. Reasons include limited
data available and the inconsistency in generated data that stem
for instance from human constitution or different experimental
setups and protocols used within different researchers. Another
disadvantage is that additional insights into electronic struc-
ture and interpretability are lost. Systematic theoretical calcu-
lations can significantly reduce human effort.

Besides regression models, classification tasks fall under the
category of supervised learning, which can be used to find
patterns and groups in data. In chemistry, classification tasks
can be, for instance, to select an appropriate quantum chem-
istry method*™ or to classify biological systems like enzymes.®

As one usually deals with finite training sets, meaning that
many possible solutions to map inputs, x € X (where x is one
input from the set of possible inputs X), to outputs, y € Y, exist.
Looking only at training instances in supervised learning, it can
thus happen that functions that are overly complex are used to
fit simpler functional relationships, leading to generally bad
generalization. This event is known as overfitting and can be
avoided by regularization, which adds a penalty to complex
solutions. Further, to obtain a good fit, it is important that the
training set is sufficiently large and covers the chemical space of
interest comprehensively. This requirement makes the appli-
cation of ML to experimental data extremely difficult, as
experiments are often costly and time-consuming, hence
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Fig.1 Use of machine learning for computational spectroscopy. The use cases can be divided into (i) from structure to spectrum, and (ii) from
spectrum to structure. The former can be subdivided into (a) learning primary outputs of quantum chemistry calculations (e.g., wavefunctions)
and using conventional techniques to compute spectra, (b) learning secondary outputs (e.g., potential energy surfaces), and (c) learning spectra

directly, which can be seen as tertiary outputs.

limiting the amount of data that can be produced. In addition,
experimental data can depend on factors that are hardly
controllable when executed by humans, such as fluctuations
when weighing samples or errors due to varying human
constitution. The automation and miniaturization of chemical
processes thus offers great promise for high-throughput
experiments and consistent data generation.

Unsupervised learning

In contrast, unsupervised learning is concerned with finding
patterns in data without access to target properties, y. Unsu-
pervised learning techniques used in chemistry include
dimensionality reduction, such as principal component anal-
ysis, or clustering, which are mainly used to post-process and
analyze data,'®" respectively, or generative models that can be
used to learn from a data distribution to generate data similar to
it, often applied in molecular design studies.””®

Reinforcement learning

Besides unsupervised and supervised learning, reinforcement
learning exists, which is learning from interaction with an
environment and corresponding rewards/punishments. Rein-
forcement learning is what humans do. For instance, when we
play a game like chess, we learn how to strategically adapt our
actions to win based on our experience while playing.’* In
reinforcement learning, similarly, an agent takes actions on an
environment in a specific state. The action is defined by
a probabilistic policy and is adapted by consideration of
a reward, ie., the immediate outcome of an action, and a value
function, which is the long-term reward. As an example, playing
chess is considered here. In chess, immediate rewards are
gained by making moves that directly benefit the current posi-
tion, while long-term rewards are achieved by making moves
that contribute to winning the game overall, which may involve
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sacrificing immediate gains for strategic advantage. In this way,
the agent can learn to adapt actions such that not only imme-
diate actions, but also long-term rewards are maximized,
enabling exploration in addition to exploitation of successful
actions. While reinforcement learning usually ends up with lots
of data, it has the advantage of allowing for exploration starting
with little data. As a drawback, the model might explore inef-
ficiently and can profit from restrictions or policies that guide
initial exploration.” Examples of reinforcement learning
models are e.g., AlphaGoZero, which has learned the strategy
game Go via self-playing and has bet the world-best player.
Examples of reinforcement learning in chemistry are sparse but
have so far been used for transition state searches,**** identi-
fication of retrosynthetic pathways,'® and molecular design."”

Molecular descriptors

One consideration that has to be made when applying ML to
chemistry and spectroscopy is that representing a molecular
geometry by xyz coordinates is usually disadvantageous. Rather,
the input should be transformed into a rotationally and trans-
lationally invariant descriptor in order to incorporate physical
principles and get by with small training set sizes. In general, local
and global descriptors can be distinguished. Global descriptors are
for instance the matrix of inverse distances, which cover the whole
molecule and become larger the larger a molecule. As a result, the
representation of large systems, like proteins or nanomaterials, is
inefficient using global descriptors. The Coulomb matrix, for
instance, scales with the number of atoms squared. Local
descriptors offer a solution by representing atoms in their chem-
ical and structural environment within a cutoff region that is seen
by an atom. The cutoff is often a critical parameter as a too large
cutoff leads to large descriptors, hence to inefficient training, but
a too small cutoff can result in missing long-range effects. Models
like Behler's fourth generation neural network potentials’®'* or
external long-range dispersion calculators based on partial atomic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charges have been developed that allow to account for long-range
interactions implicitly or explicitly, respectively. The generation
of a representation that is rotationally and translationally invariant
typically means that we can go from a molecular structure to
a prediction, but not the other way around, i.e., the 3d molecular
structure cannot simply be reproduced when given an output
property. This has a direct consequence on the application of ML
to spectroscopy, where an important task is the search and
reconstruction of 3d structures of molecules and materials from
a given spectrum (going from right to left in Fig. 1). For a more
detailed overview of the representation of molecules and materials
for ML, we kindly refer the reader to ref. 21.

Spectroscopy overview

Spectroscopy is concerned with the study of the interaction of
matter with electromagnetic radiation and can be classified in
a number of ways, such as by the type of material studied, the
nature of the interaction, ie., absorption, scattering, or

a) Electromagnetic spectrum: Wavelength [m]

| I | I
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emission, or by the type of detection. Analysis involves how
effects change with varying energy of radiation. In this review,
we will classify techniques by the wavelength of radiation used
to excite a molecular system or material. Fig. 2a shows the
electromagnetic spectrum and corresponding spectroscopic
techniques that use different spectral regions. A spectrum is
often recorded by measuring changes in the intensity,
frequency, polarization, or other properties of radiation or
induced signals arising from interactions such as absorption,
emission, scattering, reflection, or free induction decay when
the radiation interacts with a sample. Samples can be identified
as each chemical system has a unique spectral fingerprint that
can be analyzed and matched against a database.

Optical spectroscopy

Some of the earliest ML works on spectroscopy are applied to
a set of techniques summarized under the term optical spec-
troscopy (Fig. 2b). Optical spectroscopy involves transitions
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Fig.2 Overview of spectroscopic techniques covered in this review. (a) Electromagnetic spectrum. (b) Potential energy surfaces that represent
electronic energy levels. Each electronic energy level (black) is divided into vibrational energy levels (blue) that are themselves divided into
rotational energy levels (purple). The potential energy curves are dissociative. Dissociated systems could be detected in a (c) mass spectrum that
shows the relative abundance of fragments with a certain mass to charge (m/z) ratio. From a theoretical point of view, molecular dynamics
simulations can be conducted that then help interpret the mass spectrum. (d) X-ray spectroscopy using the Siegbahn notation. K, L, and M denote
the electron energy levels, with K being the closest to the nucleus. « and 8 represent transition sizes. M to L or L to K transitions are labeled as L, or
K. while M to K transitions are referred to as Kg. (e) Nuclear magnetic resonance, where nuclei interactions rather than those of electrons are
measured using a magnetic field.
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between rotational, vibrational, or electronic energy levels that
occur via absorption or emission of light in the range of
microwaves, infrared, or UV/vis light, respectively. In general,
a quantum chemical system can only take certain discrete
energy values, which are referred to energy levels. Energy levels
can be separated into electronic energy (Eciec) levels, which are
ground and excited electronic states involving electron transi-
tions (shown in black in Fig. 2b), vibrational energy (Ey;,) levels
associated with oscillatory motion of atoms or groups of atoms
in a molecule (shown in blue in Fig. 2b), and rotational energy
(Eror) levels, the latter involving a change in the angular
momentum of a molecule (shown in purple in Fig. 2b). The total
energy of a molecule (including translational kinetic energy)
can then be written as:

E= Erot + E vib T Eelec-

Excellent reviews on deep learning for Raman spectros-
copy,” near-IR spectroscopy,” vibrational spectroscopy in
general,* and data analysis of optical spectra* can be found in
ref. 12-15.

From structure to spectra

Optical spectra can be computed either statically by taking
a pre-determined structure of a molecular system as input or
dynamically from a set of structures obtained from a time-
dependent simulation. This is exemplified in Fig. 3, top right.
While the former is powerful for high-throughput screening,
the latter provides a more accurate picture of the spectroscopic
fingerprint of a system and goes beyond the assumption of
a simple harmonic oscillator, including finite temperature
effects.

To obtain a UV/vis absorption spectrum, information about
the excitation energies between the ground state, E,, and an

View Article Online
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from the corresponding transition dipole moment, ug;, is
needed:

I = AEoJ (e

The oscillator strength provides information about the
intensity of a peak at the position of the excitation energy, AEy;.
A spectrum can be obtained via convolution with a line shape
function, often a Gaussian or Lorentzian function, using a pre-
defined width, which is dependent on the system studied and
the number of molecules sampled. This line shape function
mimics line broadening effects because of e.g,, molecular
motion. The latter is better represented when sampling struc-
tures via molecular dynamics or a Wigner distribution. Note
that in case of molecules exhibiting different conformers, such
as it is the case with amino acids or peptides, it is important to
sample the different conformers and weighing their contribu-
tions accordingly, for instance via a Boltzmann distribution.>®

The computation of IR spectra can be done via the Fourier
transform of the time autocorrelation function of the dipole
moments with the intensity, Iz, depending on the time deriv-
ative of the molecular dipole moments, g, of a given state, j:

Iig % J (@ my(r+0) e

where w denotes the vibrational frequency and t a time lag. In
contrast, Raman spectroscopy relies on scattering events and
depends on the polarizability tensor, of which derivatives with
respect to normal modes are computed in case of static calcu-
lations.**** Instead of the dipole moment, the autocorrelation
function can be formed of the polarizability tensor for Raman
spectra in case of dynamics simulations. Both, Raman and IR
spectra are powerful to obtain information on chemical
bonding and structural arrangement in samples.

One of the first ML studies applied to spectroscopy was re-

excited state, E;, as well as the oscillator strength, fo°, obtained ported in 1993, when Affolter et al. trained neural networks on
515 H Tra‘eclory;
Quantum S0l
chemistr 1 \AK\ |
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Fig. 3 Different ways to generate absorption spectra. With quantum

chemistry, electronic properties like energies and forces (secondary

outputs) or transition probabilities between quantum levels like oscillator strengths (tertiary outputs) of a molecule can be computed. Machine
learning can be used to predict these properties for many conformations. The latter can be obtained either via molecular dynamics and then
calculating an autocorrelation function to get a spectrum (ML alternative 1) or via sampling and subsequent convolution (ML alternative 2).
Another alternative is to collect experimental spectra of many different molecules and learn from this data to predict spectra of unseen

compounds (ML alternative 3).
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306 IR spectra of organic compounds. In their approach, tertiary
outputs, meaning the spectra, were discretized into 1801 data
points each between 4000 and 400 cm™ " outputs, that were then
learned based on 5 structural descriptors.'*® Both concepts are
exemplified in the bottom of Fig. 3. Later in 2015, the first
studies dealt with the prediction of UV/vis absorption spectra by
learning secondary outputs, which are the oscillator strengths
and excitation energies at time dependent density functional
theory (TDDFT) level of theory. To this end, the QM9 data set (a
benchmark database for small molecules) was used in combi-
nation with kernel ridge regression models. The quality of the
spectra could further be improved by a A-ML model trained on
the difference between TDDFT and CCSD properties.”® For
learning oscillator strengths, which are scalar values, conven-
tional ML models can be used for static (ie., single point
quantum chemical calculations of sampled structures that are
obtained for instance via Wigner sampling) as well as dynamic
(i.e., via autocorrelation functions of electronic properties ob-
tained from molecular dynamics simulations) absorption
spectra calculations.

In the context of IR And Raman spectroscopy, Ren et al.*®
trained two separate neural networks on vibrational frequencies
and IR and Raman intensities of molecules in the QM9 data set,
respectively. In the condensed phase, data is often limited,
hence Kananenka proposed® an approach for improving the
accuracy of the prediction of OH-stretch frequencies and dipole
derivatives of liquid water. Therefore, Gaussian process
regression models were used to generate a data set via molec-
ular dynamics that was then used to train artificial neural
networks.” When dealing with molecules on surfaces, surface-
enhanced Raman spectroscopy can capture electronic-
vibrational fingerprints. To advance this technology, Hu et al.
used random forest models to predict vibrational frequencies
and Raman intensities of ¢rans-1,2-bis(4-pyridyl)ethylene
adsorbed on a gold surface.” Park and co-workers™ have
developed a deep graph convolutional neural network to predict
seven properties as single values of organic compounds to
characterize optical properties. In addition, the authors
included environmental effects to study influences of environ-
ments on optical properties. The method has been applied for
screening to design a blue emitter with target optical and
photophysical properties. Learning these properties can be
applied, at least in principle, to any type of systems and can be
seen as a very general and versatile approach of using ML for
optical spectroscopy. The accuracy of the predictions typically
follows the one of the training data. However, limitations might
arise when trying to interpret which electronic state contributes
to which peak in a spectrum. Here, an attribution is often
impossible. Therefore, it can be beneficial to learn energies and
dipole moments instead.

Compared to learning single values like energies or oscillator
strengths, learning vectorial properties like dipole moment
vectors requires additional considerations. Either equivariant
representations are required to accurately predict vectorial or
tensorial properties with ML, which has been shown to be
accurate for the prediction of spectra in polarizable atom
interaction neural network (PaiNN),* or physical relations need

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

to be incorporated into the ML model for accurate learning. The
latter approach has been conducted via the charge model,
developed by Gastegger et al.,** who used the model to predict
IR spectra from molecular dynamics simulations. The charge
model makes use of the relation of the dipole moment vectors
with the atomic partial charges, g, , of atom a, and the distance
of each atom to the center of mass of the molecule with N,

atoms, r$M:

Na

COM

W = § Gaj X T, .
a

By learning the dipole moment vector via inferring the
atomic partial charges and using the above relation, vectors can
be predicted accurately and in addition, information on atomic
partial charges based on the reference method can be ob-
tained.”**> Worth mentioning is that this model fails to capture
out-of-plane transition dipole moment vectors when planar
molecules are described. This problem has been solved by
Zhang et al.,”® who built the dipole moment vector via the
addition of three independently predicted vectors, two of which,
wr' and wr, should be non-identical and are obtained by the
above equation. The third one is obtained via:

Na
we =g (e <),
a

guaranteeing that the third vector is perpendicular to the plane
spanned by the first two vectors. This approach has been used
for the prediction of IR spectra and vibrational as well as elec-
tronic spectra of N-methylacetamid and proteins and is
reviewed in detail in ref. 24.

Another challenge that arises when modeling properties that
arise between two electronic states, like transition dipole
moment vectors, is due to the arbitrary phase of the wave
function, which leads to inconsistent signs, impeding training
of conventional ML models. Therefore, data has to be corrected
with respect to this inconsistent phase or a phase-free training
algorithm has to be applied that allows for the learning of
transition dipole moment vectors.”® Different approaches for
phase correction exist and are reviewed in ref. 26. With the
phase free training algorithm, the absorption spectra of small
molecules could be predicted and transferability across chem-
ical compound space has been shown.*

ML is especially powerful when it comes to transferring
knowledge from small building blocks to large systems,
advancing the prediction of extended systems, such as molec-
ular crystals or proteins, of which data are hardly accessible.”>**
Zhang et al., for instance, learned amino acid residues and
peptide bonds to predict a Frenkel exciton Hamiltonian with
which UV/vis spectra of proteins could be computed with high
accuracy.” A similar approach that cuts proteins into peptide
bonds and amino acids that are independently modeled with
ML was conducted by Zhao et al. to predict protein circular
dichroism spectra.*® Circular dichroism spectra are based on
electronic transitions and are highly sensitive to structural
changes in a protein's structure. They were computed from
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electric and magnetic transition dipole moments of peptide
bonds predicted with ML using embedded density descriptors.
Besides IR and absorption spectra, Raman spectra were
modelled by Raimbault et al. using symmetry-adapted Gaussian
process regression. Therefore, static polarizability and dielectric
susceptibility of molecular crystals were predicted during
molecular dynamics to obtain anharmonic vibrational
spectra.®® Another powerful approach to achieve transferability
is the application of foundational models, which have been
demonstrated for molecules and materials for a variety of
applications,*** such as molecular dynamics of nanoparticles
using the message-passing atomic cluster expansion model,**
MACE-off,** oscillator strength predictions* and have recently
been adapted for excited states using X-MACE.*” In general,
equivariance has shown to improve transferability also in the
excited states, as, e.g., shown with SPaiNN,*® the equivariant ML-
based photodynamics approach coupling PaiNN* and
SHARC.* While still in early stages, these models have shown to
advance the prediction of spectra®*® and molecular dynamics for
subsequent spectra predictions. Very recently, a first attempt for
a foundational model for IR spectroscopy, namely MACE4IR,
has been developed showing promising results for com-
plementing experiment without or minimal additional data.**

The above-mentioned studies predict molecules and mate-
rials in the gas phase. However, most chemistry happens in
environments or solution. To take environmental effects into
account, different approaches are possible with the simplest
approach being the inclusion of environmental effects via
implicit solvation models. These can be incorporated during
quantum chemical calculations; hence no further ML adaptions
are needed when only one solvent is treated. Another way would
be to treat the environment explicitly, for instance, via
a quantum mechanics/molecular mechanics approach, where
the environment is described classically, influencing the
molecule under investigation, the latter being treated quantum
chemically. One way to include environmental effects into ML
has been developed by Gastegger et al. in FieldSchNet.** This
neural network approach can model molecules in different
solutions by adding an additional term to the descriptor, which
is the external field, e.x (R,) at atom a. This property is based on
the atomic partial charges of surrounding atoms Ny, including
the environment:

N
g (R — R,
Sext.(Ra) - E ( v k3 )
X a

FieldSchNet has been applied for the prediction of IR,
Raman, and NMR spectra of molecules and reactions.
FieldSchNet is very powerful to study molecules in solution and
is very accurate to do so. In fact, it allows to assess the influence
of different environments on the spectrum of a molecule under
investigation. However, the method requires significantly more
training data due to the sampling of the environment for
a single conformation of a system of interest, making the
method computationally more expensive. Also in this case, the
difference in accuracy between experiment and quantum
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chemical calculations used as training data is usually much
larger than the difference between these quantum chemical
calculations and the ML predictions. Recently, FieldSchNet has
been adapted for excited-state simulations,* allowing for ML-
driven simulations of nonadiabatic molecular dynamics of
molecules in environments, thus enabling the prediction of
excited-state spectra. In addition, MACE and X-MACE have been
extended using long-range blocks in the message-passing
framework via the multipole expansion to simulate molecules
in environments.** Importantly, data efficiency could be
improved in these models by transferring knowledge from
ground-state foundational MACE models.

From spectra to structure

While ML models have transformed the prediction of spectra,
one might be interested in accomplishing the inverse, which is
the prediction of a molecular structure or composition from
a given spectrum. To date, no method exists that can achieve the
goal of taking an electronic property, spectrum or dynamics
result and predicting the corresponding structure(s). The
probably most severe challenges to overcome in this respect are
related to the fact that many spectra comprise an overlay of
different conformers of a molecular system and that ML models
cannot simply learn from xyz-coordinates but rely on a physics-
based representation. While a unique mapping from a structure
to such descriptors is relatively easy, the reconstruction of the
three-dimensional structure is often not possible and alterna-
tive approaches that make use of existing libraries have been
proposed.

First attempts into this direction have already been made
over 20 years ago by Gasteiger and co-workers to obtain the
conformation of molecules based on vibrational spectra.*
Therefore, the authors used counter-propagation neural
networks that learned the relation between molecular radial
distribution functions and IR spectra and could predict radial
distribution functions from spectra. These functions have then
been compared to functions of spectra in an existing data base
of known systems.***” Guesses of structures that might result in
the sought IR spectrum can be obtained, but the method is
restricted by existing spectral libraries and conformations not
present in the data set are missed. What is more is that in many
situations, not only one, but a set of conformations is measured
in experiments, which cannot be captured with this approach.

Another approach to assist structure identification from
rotational spectra has been proposed by McCarthy et al.*® In
rotational spectroscopy, rotational constants that are inversely
proportional to moments of inertia, are conventionally used to
identify structures by comparing experimentally obtained
rotational constants with those obtained from quantum
chemical calculations of query molecules. To assist structure
identification, the authors have developed a set of neural
networks, where the first one predicts Coulomb matrix eigens-
pectral from rotational constants, which is learned by three
other neural networks to predict stoichiometries, SMILES
strings, and most likely functional groups of the query
molecule.
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The prediction of functional groups and identification of
mixtures based on Fourier-transform IR and MS spectra has
been conducted by Fine et al,* who used an autoencoder to
process spectral information and provides inputs for neural
networks. Structural recognition of chemical groups from IR
and Raman spectra of molecules with <10 heavy atoms has also
been pursued by Ren et al'® using long short-term memory
networks. Liu et al> have advanced the identification of
chemical species from Raman spectra obtained from the RRUFF
mineral spectral database using convolutional neural networks.

The characterization of adsorption sites of complex inter-
faces has been conducted by Lansford et al,** who applied
physics-inspired models that are trained on quantum chemistry
data to predict synthetic IR spectra. These synthetic spectra
were then used as inputs to two additional neural networks that
learned the binding-type and general coordination number of
an adsorbate via probability distribution functions to allow for
structure elucidation. The latter models could be applied to
both, experimental and synthetic data, further enabling uncer-
tainty quantification.

Spectra analysis and processing

Already in the 1990s least squares regression and neural
networks have been used for data analysis. Visser and co-
workers have tested these methods for pattern recognition in
IR spectra and compared the results to those obtained from
expert interpretation. The authors concluded that band shapes
and patterns were better recognized by expert spectroscopists
rather than by neural networks or least squares regression, but
due to limited data, further investigations were required to
support their results.>»** Very recently, Dral et al.>* have applied
Shapley values, a concept derived from game theory,> to
provide physically meaningful information about the impact of
an input feature on experimentally curated two-photo absorp-
tion spectra. The authors found that by analysis of 900 mole-
cules only a few features, such as the conjugation length, are
important for the two-photon absorption magnitude. Finally,
Guo et al. developed a protocol to standardize chemometric
analysis of Raman spectra from data preprocessing to data
learning to extract information in Raman spectra that arise due
to small differences in spectra of related samples.>®

Not only spectra analysis, but also data processing has been
facilitated with ML. This is especially important as molecular
peaks in spectra are often distorted by optical influences or
entangled with background noise, hindering data interpreta-
tion. To overcome this issue, Guo et al.® developed a 1-
dimensional U-shape convolutional neural network to remove
artefacts present in IR spectra. Training and test data were
generated theoretically using Mie theory and was successfully
applied to experimental spectra of poly(methylmethacrylate).
An overview and review of analysis in Raman spectroscopy can
be found in ref. 58.

Outlook and perspective

While still in early stages, we believe that foundational models,
especially for accelerating molecular dynamics simulations in
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both the ground and excited states, will dramatically advance
the simulation of optical spectra. Foundational models like X-
MACE,*” MACE-OFF,*® or MACE4IR(40) will enable real-time
prediction of UV-vis, IR, and Raman spectra across diverse
chemical spaces, facilitating high-throughput virtual screening
of materials and pharmaceuticals. Physics-informed neural
networks will address current limitations in environmental
effects modeling, allowing accurate prediction of spectra in
complex solvents and biological matrices without extensive
retraining. In addition, interpretable and explainable AT has the
potential to advance understanding of spectral-structure rela-
tionships, moving beyond black-box predictions to provide
mechanistic insights into electronic transitions and vibrational
design. This will enable discovery of new spectroscopic rules
and improve confidence in ML-assisted structure elucidation.

X-ray spectroscopy

While optical spectroscopy is non-invasive, higher energy radi-
ation such as X-ray radiation or high-UV radiation can be used
to remove electrons from a sample, known as ionization, which
is destructive. Some concepts are shown in Fig. 2d. Most
commonly, X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) are used, but electron energy loss
spectroscopy can also be applied to study materials properties
at nanoscale spatial resolution. In XPS, electrons are ejected
upon excitation from an inner-shell (atom-like) energy level and
the energy of this emitted core electron is measured. In
contrast, AES measures electrons that are typically ejected from
a valence level with a high kinetic energy due to a complex
preceding process. In the latter, a core electron (first electron) is
ejected from the sample, typically by an external electron beam,
then the corresponding vacancy is filled by a (second) electron
from an outer shell and finally the afore mentioned (third)
Auger electron is emitted from a valence level. As the binding
energy of the auger electron is usually much smaller, hence
relaxation energy from the other electron is usually large
enough. Ejected electrons are characteristic to a system,
providing information about elements and binding energies. X-
ray spectroscopy is especially powerful for surface analysis® and
a recent perspective on X-ray spectroscopy using ML can be
found in ref. 60.

From structure to spectra

Pioneering works on the prediction of X-ray absorption spectra
have been conducted by Penfold and co-workers. The authors
have developed a deep neural network that was trained on about
9000 Fe K-edge X-ray absorption near-edge structure spectra
(XANES) obtained from the Materials Project database. XANES
are especially powerful as they provide a fingerprint of the
electronic and atomic structure around an atom. As inputs to
the neural networks, the authors used local information around
the Fe absorption site to qualitatively predict peak position and
intensities of close-to-equilibrium structures.®* In a subsequent
study, their approach was extended (XANESNET) to predict X-
ray absorption spectra of nine first-row transition metal K-
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Fig. 4

Illustration of (a) XES, (b) XAS, and (c) resonant X-ray emission (RXES) and resonant inelastic X-ray scattering (RIXS). (d) UV/visible-pump-X-

ray-probe spectroscopy to follow ultrafast excited-state dynamics. A wavepacket is excited by a pump pulse (blue), where an X-ray probe pulse
(red) creates a core-excited state. (e) Learning of multiple electronic states (quasiparticle energies) via physically-inspired machine learning. An
internal pseudo-Hamiltonian is generated that allows a smooth representation of electronic energies. The quasiparticle energies, ¢, are then
obtained via diagonalization of the pseudo-Hamiltonian and can be convoluted (Gaussian broadening) to obtain (inverse) photoemission spectra.
Images of (a—d) are adapted from ref. 60 and (e) is adapted from ref. 67 with permission from RSC under CC-BY 3.0.

edges by discretizing spectra into 376 equally spaced points and
learning peak intensities.®> The model has further been applied
during molecular dynamics simulations to investigate struc-
tural changes due to temperature jumps in a sample,® to
predict L,;;-edge spectra® and valence-to-core X-ray emission
spectra® and the authors have further investigated the effect of
descriptors on the performance of neural networks for spectra
predictions and found that local descriptors were superior to
the global Coulomb matrix.®® Different types of excitations in X-
ray spectroscopy are illustrated in Fig. 4a-c with UV/visible-
pump-X-ray-probe spectroscopy visualized in panel (d). As can
be seen, a pump probe excited a valence electron, while a probe
X-ray pulse excites core electrons to study time-dependent
phenomena.

Aarva et al.®®*® studied X-ray photoelectron spectra of func-
tionalized amorphous carbonaceous materials with Gaussian
Process Regression. For their work, the core-electron binding
energies were encoded into a Gaussian kernel, which was
combined with a kernel encoding the structures of the material
in a linear fashion. Average fingerprint spectra of surfaces of
different functionalization could be obtained via clustering
techniques. These clusters were then used to compute spectra
to fit experimental data allowing for semi-quantitative infor-
mation of the composition of a material.

Another technique worth mentioning in this section is
photoelectron spectroscopy, also known as photoemission
spectroscopy. This technique makes use of the photoelectric
effect and measures emitted electrons for the determination of

21668 | Chem. Sci, 2025, 16, 21660-21676

binding energies of electrons. For ionization, X-ray, X-UV or UV
photons can be applied. To characterize unoccupied energy
levels, inverse photoemission spectroscopy can be used, where
electrons are coupled to unoccupied electronic states. Decay
processes can be measured. Due to the low energy of electron
beams shot at the sample, i.e., around a few 10 s of eVs, the
method is especially sensitive to surface characterization. In
Inelastic Photoelectron Spectroscopy (IPES) electrons are used
to radiate a surface. It is a technique used in surface science to
study the electronic structure of materials by measuring the
kinetic energy of electrons emitted. The first ML study applied
to photoemission spectroscopy was conducted by Ghosh et al.,”®
who compared different regressor and descriptors, i.e., multi-
layer, convolutional, and deep tensor neural networks, in
combination with the Coulomb matrix and a message-passing
framework, respectively, to predict 16 orbital energies to
approximate orbital energies of organic molecules in the QM7
and QM9 data sets. To obtain higher accuracy of photoemission
spectra, the GW method could be used, and quasiparticle
energies could be learned compared to Kohn-Sham orbital
energies. Therefore, Westermayr et al® have combined
a physics-inspired model for orbital energies at Kohn-Sham
level of theory with a A-ML model to correct these values to
quasiparticle energies for accurate prediction of (inverse)
photoemission spectra, ionization potentials and electron
affinities of molecules in the OE62 (ref. 71) data set. The latter
concept is visualized in panel (e) of Fig. 4.
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From spectra to (electronic) structure

An interesting approach to describe the electronic properties of
transition metal ions was performed by Liider,”” who developed
three types of neural networks that take computational or
experimental 2p XAS spectra at the L-edge as an input. In their
approach, the authors made use of the crystal-field multiplet
theory and employ a Hamiltonian, A, to obtain the intensities of

an XAS spectrum:

Ixas(w) = 7121<<1//j

where E; is the eigenenergy of state j, Z the partition function, I
an imaginary shift, and D the dipole operator that provides
information on the excitation of a p-electron into a d-state. One
neural network predicts d-level positions, the second one
incorporates information on the influence of temperature
(given as the inverse temperature using @), and the third
network encodes the Hamiltonian, H, in the local atomic orbital
basis, such that electronic ground state properties like the
occupation number or spin state can be obtained. The method
was applied to Co*", Ni**, Fe?", and Mn>" spectra to determine
3d states, core hole lifetimes and Coulomb and exchange
interaction screening factors.

Another study performed by Drera et al.”? computed around
100 000 synthetic X-ray spectra of adventitious carbon-layered
materials and trained deep neural networks to detect chemical
elements in spectra and quantify them. Labels were the chemical
elements, corresponding strongest lines in the spectra and
quantitative information. Another attempt to obtain information
on the atomic and electronic structure was made by Guda et al.,”*
who learned from Fe:SiO, XANES the relation between spectral
properties, such as the peak positions, intensities, or edge posi-
tions, and atomistic as well as electronic properties, such as
oxidation state, coordination number, bond distances, and bond
angles. Recently, a workflow combining ML and experimental
obersvables to predict atomistic structures and applied it to
oxygen-rich amorphous carbon.”

! b
w—H+Ej+ir/2

Data analysis and processing

Most of the ML studies applied to X-ray spectroscopy are in
the field of data analysis.”® In 2002, Gallagher et al. used
neural networks to classify experimental X-ray spectra of
minerals.”” The class of a compound has been learned from
the shape of a spectrum by Chatzidakis et al. using convolu-
tional neural networks.”® Tetef et al. applied unsupervised
learning to characterize the sulfur bonding environment of
sulforganic molecules.” Timoshenko et al. used theoretical
FXAS to train neural networks on the coordination number of
metal nanoparticles.®® XAS also served the development of
ELSIE by Zhang et al.,** which is an Ensemble-Learned Spectra
Identification algorithm for spectra analysis.

Outlook and perspective

As ML models already exist for energies, forces, and dipole
moments for a wide range of molecules and materials, we
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believe that this will soon be the case for orbital energies as well.
This can advance X-ray spectroscopy and additionally transfer
learning could be applied to generalize across different experi-
mental setups and synchrotron facilities, addressing current
limitations in cross-instrument compatibility. Time-resolved
ML models will enable real-time analysis of pump-probe
experiments and in operando studies of catalytic processes,
expanding from static structure prediction to dynamic
phenomena understanding.

Uncertainty quantification will become crucial for surface
analysis applications, where ML models must provide confi-
dence intervals for composition predictions from noisy experi-
mental data. Multi-modal integration combining X-ray
techniques with complementary methods (electron microscopy,
optical spectroscopy) through joint ML frameworks can provide
comprehensive materials characterization.

Nuclear magnetic resonance (NMR)
spectroscopy

Besides optical and X-ray spectroscopy, structure elucidation
is possible via NMR spectroscopy. NMR uses a magnetic field
that interacts with the fractional spin of a nucleus, like 'H, **C,
'9F, or *'P, where energy transfer is provided by on-resonance
radio frequency pulses at corresponding wavelengths. This
concept is shown schematically in Fig. 2e. Measured is the
relaxation signal as a response to the excitation, which is then
translated to the chemical shift, 6 = (v — v,)/vo, via Fourier
transformation and referencing to the device. In this way, the
chemical shifts are universally comparable and is usually
expressed in ppm with v, being the chemical shift of a refer-
ence compound. The chemical shift depends on the chemical
environment of a system, hence information about chemical
bonding, electronic structures, and local dynamics can be
obtained via NMR. Within the gauge-dependent atomic orbital
framework, the shielding tensor, of; of atom a:

s )
K 9B e

with By being a component of the external magnetic field and
u? being the nucleus magnetic moment of the /th component.
The chemical shifts and scalar coupling constants, e.g., Yem, the
chemical coupling constant between 'H-'3C, sensitive to the
connectivity and especially relevant for three-dimensional
structure elucidation.

ML has been applied to NMR spectroscopy relatively late as
the modeling of chemical shifts is challenged by a lack of data
sets available, their strong dependency on the environment,
and the large chemical and combinatorial space possible.*
One of the first studies that applied ML to NMR was con-
ducted by Cuny et al. in 2016. In their work, the authors used
neural networks to predict NMR parameters for crystalline
silica polymorphs and silica glasses and 7O and *°Si quad-
rupolar couplings.®® Similarly, Paruzzo et al® developed
SHIFTML, an approach to predict NMR parameters based on
DFT for molecular solids and corresponding polymorphs.
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Their model was further tested on cocaine and a drug-like
molecule and was found to be accurate with respect to
experimentally measured spectra. Gao et al. combined DFT
calculations with neural networks to predict *H and **C
chemical shifts at close to experimental accuracy.®** The
authors could further improve the prediction by using a graph
convolutional neural network to predict the structural
descriptor.®

To foster the development of new ML models for NMR
spectroscopy, Gupta et al.®® generated the QM9-NMR data set,
an extension of the QM9 data set that contains *C NMR
shielding values for C atoms in the QM9 molecules in the gas
phase and five different solvents. The authors additionally
tested kernel ridge regression and A-ML for the prediction of
the shielding values. The model gave reasonable accuracy,
while noting that additional data for fullerenes or molecules
like polycyclic aromatic hydrocarbons might increase the
accuracy of A-ML for other systems than those present in the
QM9 data base. Another study applied A-ML to generate
CCSD(T)-quality NMR chemical shifts based on DFT.*”

Besides the prediction of chemical shifts, coupling
constants are relevant to determine three-dimensional struc-
tures. To accomplish structure discrimination of spectra,
Gerrard et al.*® developed IMPRESSION, a model to predict 'H,
3¢, and YJcy, couplings of organic molecules. Recently, Cryo-
EM, NMR, and ML have been combined to enable the valida-
tion of protein dynamics, improving description of allosteric
regulations or enzyme catalysis, for instance.** Formula and
connectivity of molecular structures could be predicted via
multi-task ML model that takes two input spectra, i.e., "H-
NMR and "C-NMR. The workflow combines a convolutional
neural network and a transformer model with the latter being
capable of constructing the molecular structure based on
many molecular fragments.”® Further studies focus on the
correlation between surface porosity in nanomaterials and
NMR spectra by using multivariate ML that combines partial
least squares and dimensionality reduction techniques or
quantitative metabolomics and 2D-NMR.**

To further advance development on ML for NMR, a Kaggle
challenge has been set up to predict 8 different types of scalar
couplings of structures in the QM9 data set.”> The best 400
models were combined to a meta-ensemble model, which is
an ensemble of ensemble methods as some of the best models
were ensemble models themselves. By doing so the accuracy
could be increased by 7-19 times.

Outlook and perspective

In the future, we believe that NMR spectroscopy can be advanced
by conformational ensemble modeling where ML models predict
NMR parameters for dynamic systems, capturing averaging
effects. In addition, multi-nuclear prediction models could be
developed that use synergistic knowledge of chemical shifts and
coupling constants across different isotopes, enabling compre-
hensive structure elucidation from minimal experimental data.
Further, ML can be integrated with cryo-EM and NMR data to
validate protein dynamics and allosteric mechanisms,
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combining structural and dynamic information for comprehen-
sive molecular understanding. Real-time metabolomics applica-
tions might emerge through automated and integrated spectral
interpretation and biomarker identification via ML.

Mass spectrometry (MS)

Finally, MS has become an indispensable tool to analyze the
composition of samples qualitatively and quantitatively and has
already made use of ML techniques in the 1960s.%>°* MS is often
applied in lipidomics, proteomics, and metabolomics that
provide information about physical conditions and disease
progression in organisms by measuring lipids, proteins, and
chemical products of reactions that happen within cells of
living organisms as well as their metabolic networks, respec-
tively. MS consists of an ionization source to ionize and frag-
ment a sample, which can then be identified by separating
fragments by their mass-to-charge ratio (m/z). An example of
a spectrum is shown in Fig. 2c that can be produced theoreti-
cally from molecular dynamics as visualized via an arrow from
Fig. 2b and c. A mass spectrum is recorded in an ion detection
system. When two or more mass analyzers are coupled, the
method is referred to tandem MS, MS/MS, or MS% As MS
produces massive amounts of data that are highly complex,
especially when studying metabolic networks that have not
been characterized previously, ML methods are especially
promising when being applied to data analysis.”>*® A recent
review on ML in MS can be found in ref. 97.

From structure to spectra

In contrast to the previous methods, the generation of synthetic
data for MS further relies on the prediction or simulation of
reactions to determine the fragments of which spectra should
be predicted.’®*® ML can thus not only enhance the process of
spectra prediction but can also significantly speed up the
simulation of fragments. Several tools exist that apply quantum
chemistry methods, often in combination with molecular
dynamics, to predict fragments that are reviewed in ref. 94. This
concept is further shown in Fig. 2b and c, where a dissociative
potential is overcome, and fragments are formed. A vast
number of methods have been developed by Grimme et al
using their semiempirical tight-binding method.”"*** This
method is versatile and can be employed to almost any system
as its semiempirical character allows for computationally effi-
cient simulations also of extended systems. In addition,
Grimme and co-workers recently presented a computational
workflow, QCxMS2, to compute electron ionization MS spectra
by combining Monte-Carlo simulations, automated reaction
network, and transition state theory.'” One of the first
approaches that made use of ML is DENDRAL developed in
1965 to model fragmentation processes. Other tools are MAS-
SIMO by Gasteiger and co-workers,'** or VENUS by Hase, Spezia
and coworkers.'® Collision-induced dissociation fragmentation
processes can be modeled using MetISIS'*® or CFM-ID,'” the
latter is based on experimental data. NEIMS uses neural
networks to predict EI MS spectra and extend the coverage of
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MS libraries with synthetic data.'®® An advantage of using ML to
simulate fragmentation processes compared to using chemical
intuition or predefined rules is the reduction of bias. All of these
approaches make a number of approximations and even
experimental results differ from one apparatus to the next, such
that perfect agreement is seldomly reached.

From spectra to structure

One of the biggest challenges when trying to identify a structure
from MS is the huge chemical space that needs to be consid-
ered. Generators can be used to produce all possible
compounds that satisfy a certain mass and chemical composi-
tion. However, this approach quickly becomes infeasible with
increasing system size. For instance, the molecular formular
CgHeN,O with a mass of 146 Da comprises more than 100
million possible structures.®*** To re-rank molecular formula
candidates ZODIAC' can be used that applies similarity
networks and Bayesian statistics for scoring.

Once a set of structures is obtained, different approaches can
be used to predict a spectrum, which can then be used to
identify an analyte:**** (1) rule-based fragmentation spectrum
prediction, which uses fragmentation rules to predict spectra of
candidate molecules and compares them to the query spec-
trum, (2) combinatorial fragmentation, which fragments all
possible candidates and tries to explain peaks in the query
spectrum, (3) competitive fragmentation modeling,*® which
predicts a fragmentation spectrum including peak intensities
by estimation of the probability of a fragmentation event using
generative models trained on experimental data, and (4)
molecular fingerprint prediction,"* combining fragmentation
trees with kernel ridge regression models for the prediction of
molecular fingerprints from MS data, which can then be
compared to structure databases.”® The competitive fragmen-
tation modeling tool is available at the web server prediction,"™*
Data from CFM-ID generated MS> can be used to train Deep
Mass,"** a neural network-based approach for scoring similari-
ties of metabolites. Another approach is Sepc2Vec'® that
computes similarity between MS. In the field of omics, one
challenge is related to the missing robustness of ML due to
a lack of high-quality, comprehensive, and standardized data-
sets. Strategies to combat data scarcity, for instance, via multi-
task learning or improved data standardizations could be
avenues to advance this field."**

Data analysis

Classification of MS based on molecular fingerprints can be
pursued with CANOPUS. This model applies support vector
machines to predict molecular fingerprints based on fragmen-
tation spectra and uses neural networks for classification of
metabolites."™® To assign metabolites, METASPACE-ML has
been developed, which improves the METASPACE engine, an
false discovery rate-controlled metabolite annotation tool for
imaging MS spectrometry."**'"”
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Outlook and perspective

Especially the field of MS can profit from ML as various universal
and foundational models are currently being developed for
a wide range of molecules and materials that can predict
collision-induced dissociation patterns for novel metabolites and
drug metabolites, extending beyond existing spectral libraries.
Reinforcement learning could be integrated into the process to
optimize fragmentation conditions in real-time and active
learning approaches could be applied to search for holes in ML
potentials and spectral libraries.

Challenges and prospects

While ML has significantly improved spectroscopy, there are
still several open challenges that need to be overcome that
currently restrict high-throughput screening and fast structure
and composition identification, especially of complex mixtures
or extended systems. One of the main challenges is the
combinatorial complexity when dealing with large systems like
proteins or lipids, frequently analyzed with MS, makes spectral
interpretation challenging. With the advent of versatile ML
models that can be applied to almost any types of systems, from
organic molecules to hybrid organic-inorganic interfaces,****
new avenues arise that can also enhance spectroscopy. While
these methods are powerful to predict almost any types of
systems, enabling high-throughput screening, it comes at the
cost of accuracy. Nevertheless, especially in the case where
many systems should be screened and compared qualitatively,
their accuracy can be considered sufficient. Fine-tuning of
foundational models also improves accuracy. As an example,
these models could be used to simulate molecular dynamics
and generate fragments that could give rise to mass spectra. In
addition, their adaptations to not only predict potential energy
surfaces but also dipole moments and other properties could
significantly enhance the generation of optical spectra in a high-
throughput fashion, especially considering excited-state foun-
dational versions.*®*” Still, the simulation of molecular
dynamics to generate spectra is time consuming even when
applying ML. In this regards, new algorithms, for instance,
based on reinforcement learning or generative models,"* that
might allow to directly predict fragments and structures with
specific properties could further enhance this field.

Another aspect is that most models are trained on theoretical
data, while direct application of ML to experimental data is
sparse. How to deal with the comparably noisy and little data
obtained from experiments to obtain robust ML models that
can further provide information on the uncertainty associated
with experimental measurements still needs to be investigated.
This step requires high-throughput experimentations that are
likely to become available with the automation of processes and
miniaturization of technology.’**' In addition, automation
and robotics (with well-equipped laboratories that guarantee
a constant temperature) could dramatically reduce the noise
produced by individuals conducting experiments. Further,
when dealing with experimental data, different instruments
and setups can lead to varying results, which can make it
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difficult to develop models that can be easily transferred
between different systems. Models developed for one instru-
ment may not be applicable to another instrument without
significant modifications. Transfer learning or domain adap-
tation techniques could help to adapt a model to new instru-
ments or experimental setups.

One area of huge potential is the interpretability of ML
models, as they are currently mainly operated as “black box”
models without providing insight into the underlying physical
processes that generate the data. Allowing for interpretability
and explanation in ML models could pave the way towards the
discovery of new chemical rules hidden behind the high
complexity of data. One way towards achieving this goal is the
use of tools of explainable artificial intelligence,”*™** or to
incorporate domain knowledge by using hybrid models that
combine machine learning with physics-based models.

Author contributions

J. W. and P. M. worked out the concept and wrote the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Acknowledgements

The authors thank Daniel Bitterlich and Alexander Feige for
their feedback on this article.

References

1S. V. Kalinin, C. Ophus, P. M. Voyles, R. Erni,
D. Kepaptsoglou, V. Grillo, et al., Machine learning in
scanning transmission electron microscopy, Nat. Rev.
Methods Primers, 2022, 2(1), 11.

2 R. Jacobs, Deep learning object detection in materials
science: Current state and future directions, Comput.
Mater. Sci., 2022, 211, 111527.

3 H. Kulik, T. Hammerschmidt, J. Schmidt, S. Botti,
M. A. Marques, M. Boley, et al., Roadmap on machine
learning in electronic structure, Electron. Struct., 2022,
4(2), 023004.

4 A. Nandy, C. Duan, M. G. Taylor, F. Liu, A. H. Steeves and
H. ]J. Kulik, Computational Discovery of Transition-metal
Complexes: From High-throughput Screening to Machine
Learning, Chem. Rev., 2021, 121(16), 9927-10000.

5 W. Jeong, S. ]J. Stoneburner, D. King, R. Li, A. Walker,
R. Lindh, et al, Automation of Active Space Selection for
Multireference Methods via Machine Learning on

21672 | Chem. Sci., 2025, 16, 21660-21676

View Article Online

Perspective

Chemical Bond Dissociation, J. Chem. Theory Comput.,
2020, 16(4), 2389-2399.

6 N.Watanabe, M. Murata, T. Ogawa, C. J. Vavricka, A. Kondo,
C. Ogino, et al, Exploration and evaluation of machine
learning-based models for predicting enzymatic reactions,
J. Chem. Inf. Model., 2020, 60(3), 1833-1843.

7 J. Westermayr, J. Gilkes, R. Barrett and R. J. Maurer, High-
throughput  property-driven  generative design  of
functional organic molecules, Nat. Comput. Sci., 2023, 3,
139-148.

8 C.Bilodeau, W. Jin, T. Jaakkola, R. Barzilay and K. F. Jensen,
Generative models for molecular discovery: Recent
advances and challenges, Wiley Interdiscip. Rev.:Comput.
Mol. Sci., 2022, e1608.

9 N. W. A. Gebauer, M. Gastegger, S. S. P. Hessmann,
K.-R. Miiller and K. T. Schiitt, Inverse design of 3d
molecular structures with conditional generative neural
networks, Nat. Commun., 2022, 13(1), 973.

10 J. Behler, Four generations of high-dimensional neural
network potentials, Chem. Rev., 2021, 121(16), 10037-10072.

11 T. W. Ko, J. A. Finkler, S. Goedecker and J. Behler, A fourth-
generation high-dimensional neural network potential with
accurate electrostatics including non-local charge transfer,
Nat. Commun., 2021, 12(1), 398.

12 W. Zhang, L. C. Kasun, Q. J. Wang, Y. Zheng and Z. Lin, A
Review of Machine Learning for Near-Infrared
Spectroscopy, Sensors, 2022, 22(24), 9764.

13 R. Han, R. Ketkaew and S. Luber, A Concise Review on
Recent Developments of Machine Learning for the
Prediction of Vibrational Spectra, J. Phys. Chem. A, 2022,
126(6), 801-812.

14 R. Luo, J. Popp and T. Bocklitz, Deep Learning for Raman
Spectroscopy: A Review, Analytica, 2022, 3(3), 287-301.

15 J. Fang, A. Swain, R. Unni and Y. Zheng, Decoding Optical
Data with Machine Learning, Laser Photonics Rev., 2021,
15(2), 2000422.

16 H. Ren, H. Li, Q. Zhang, L. Liang, W. Guo, F. Huang, et al., A
machine learning vibrational spectroscopy protocol for
spectrum prediction and spectrum-based structure
recognition, Fundam. Res., 2021, 1(4), 488-494.

17 A. A. Kananenka, K. Yao, S. A. Corcelli and J. L. Skinner,
Machine Learning for Vibrational Spectroscopic Maps, J.
Chem. Theory Comput., 2019, 15(12), 6850-6858.

18 W. Hu, S. Ye, Y. Zhang, T. Li, G. Zhang, Y. Luo, et al.,
Machine Learning Protocol for Surface-Enhanced Raman
Spectroscopy, J. Phys. Chem. Lett., 2019, 10(20), 6026-6031.

19 J. F. Joung, M. Han, J. Hwang, M. Jeong, D. H. Choi and
S. Park, Deep Learning Optical Spectroscopy Based on
Experimental Database: Potential Applications to
Molecular Design, JACS Au, 2021, 1(4), 427-438.

20 T. S. Kristof, T. U. Oliver and M. Gastegger, Equivariant
message passing for the prediction of tensorial properties
and molecular spectra, Proceedings of the 38th
International Conference on Machine Learning, 2021, vol.
139, pp. 9377-9388.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05628d

Open Access Article. Published on 06 November 2025. Downloaded on 4/14/2026 6:12:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

21 M. Gastegger, J. Behler and P. Marquetand, Machine
learning molecular dynamics for the simulation of
infrared spectra, Chem. Sci., 2017, 8(10), 6924-6935.

22 J. Westermayr and P. Marquetand, Deep learning for UV
absorption spectra with SchNarc: First steps toward
transferability in chemical compound space, J. Chem.
Phys., 2020, 153(15), 154112.

23 Y. Zhang, S. Ye, ]J. Zhang, C. Hu, J. Jiang and B. Jiang,
Efficient and Accurate Simulations of Vibrational and
Electronic Spectra with Symmetry-Preserving Neural
Network Models for Tensorial Properties, J. Phys. Chem. B,
2020, 124(33), 7284-7290.

24 Y. Zhang, J. Jiang and B. Jiang, Chapter 19 - Learning dipole
moments and polarizabilities, in Quantum Chemistry in the
Age of Machine Learning, ed. P. O. Dral, Elsevier, 2023, pp.
453-465.

25 J. Westermayr, M. Gastegger and P. Marquetand,
Combining SchNet and SHARC: The SchNarc machine
learning approach for excited-state dynamics, J. Phys.
Chem. Lett., 2020, 11(10), 3828-3834.

26 J. Westermayr and P. Marquetand, Machine learning for
electronically excited states of molecules, Chem. Rev.,
2021, 121(16), 9873-9926.

27 C. Affolter and J. T. Clerc, Prediction of infrared spectra
from chemical structures of organic compounds using
neural networks, Chemom. Intell. Lab. Syst., 1993, 21(2-3),
151-157.

28 S.Ye, K. Zhong, J. Zhang, W. Hu, ]J. D. Hirst, G. Zhang, et al.,
A machine learning protocol for predicting protein infrared
spectra, J. Am. Chem. Soc., 2020, 142(45), 19071-19077.

29 L. Zhao, J. Zhang, Y. Zhang, S. Ye, G. Zhang, X. Chen, et al.,
Accurate Machine Learning Prediction of Protein Circular
Dichroism Spectra with Embedded Density Descriptors,
JACS Au, 2021, 1(12), 2377-2384.

30 N. Raimbault, A. Grisafi, M. Ceriotti and M. Rossi, Using
Gaussian process regression to simulate the vibrational
Raman spectra of molecular crystals, New J. Phys., 2019,
21(10), 105001.

31 R. Jacobs, D. Morgan, S. Attarian, J. Meng, C. Shen, Z. Wu,
et al., A practical guide to machine learning interatomic
potentials - Status and future, Curr. Opin. Solid State
Mater. Sci., 2025, 35, 101214.

32 A. Kabylda, J. T. Frank, S. S. Dou, A. Khabibrakhmanov,
L. M. Sandonas and O. T. Unke, Molecular simulations
with a pretrained neural network and universal pairwise
force fields, J. Am. Chem. Soc., 2025, 147(37), 33723-33734.

33 D. S. Levine, M. Shuaibi, E. W. C. Spotte-Smith,
M. G. Taylor, M. R. Hasyim, K. Michel, et al., The open
molecules 2025 (omol25) dataset, evaluations, and
models, arXiv, 2025, preprint, arXiv:2505.08762, DOI:
10.48550/arXiv.2505.08762.

34 I. Batatia, D. P. Kovacs, G. Simm, C. Ortner and G. Csanyi,
MACE: Higher order equivariant message passing neural
networks for fast and accurate force fields, Adv. Neural Inf.
Process. Syst., 2022, 35, 11423-11436.

35 D. P. Kovacs, J. H. Moore, N. ]J. Browning, 1. Batatia,
J. T. Horton, V. Kapil, et al.,, Mace-off23: Transferable

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

machine learning force fields for organic molecules,
arXiv, 2023, preprint, arXiv:2312.15211, DOIL: 10.48550/
arXiv.2312.15211.

36 Y. Chen and P. O. Dral, One to rule them all: A universal
interatomic potential learning across quantum chemical
levels, ChemRxiv, 2025, preprint, DOI: 10.26434/chemrxiv-
2024-ng3ws-v3.

37 R. Barrett, C. Ortner and J. Westermayr, Transferable
Machine Learning Potential X-MACE for Excited States
using Integrated DeepSets, arXiv, 2025, preprint,
arXiv:2502.12870, DOI: 10.48550/arXiv.2502.12870.

38 S. Mausenberger, C. Miiller, A. Tkatchenko, P. Marquetand,
L. Gonzalez and ]. Westermayr, SpaiNN: equivariant
message passing for excited-state nonadiabatic molecular
dynamics, Chem. Sci., 2024, 15, 15880-15890.

39 Equivariant message passing for the prediction of tensorial
properties and molecular spectra, ed. K. Schiitt, O. Unke
and M. Gastegger, Int Conf Mach Learn, 2021, PMLR.

40 S. Mai, P. Marquetand and L. Gonzalez, Nonadiabatic
dynamics: The SHARC approach, Wiley Interdiscip.
Rev.:Comput. Mol. Sci., 2018, 8(6), €e1370.

41 N. Bhatia, O. Krejci, S. Botti, P. Rinke and M. A. Marques,
MACE4IR: A foundation model for molecular infrared
spectroscopy, arXiv, 2025, preprint, arXiv:2508.19118,
DOI: 10.48550/arXiv.2508.19118.

42 M. Gastegger, K. T. Schiitt and K.-R. Miiller, Machine
learning of solvent effects on molecular spectra and
reactions, Chem. Sci., 2021, 12(34), 11473-11483.

43 M. X. Tiefenbacher, B. Bachmair, C. G. Chen,
J. Westermayr, P. Marquetand, J. C. Dietschreit, et al.,
Excited-state nonadiabatic dynamics in explicit solvent
using machine learned interatomic potentials, Digital
Discovery, 2025, 4, 1478-1491.

44 R. Barrett, J. C. Dietschreit and J. Westermayr,
Incorporating Long-Range Interactions via the Multipole
Expansion into Ground and Excited-State Molecular
Simulations, arXiv, 2025, preprint, arXiv:2502.21045, DOI:
10.48550/arXiv.2502.21045.

45 J. Gasteiger, J. Schuur, P. Selzer, L. Steinhauer and
V. Steinhauer, Finding the 3D structure of a molecule in
its IR spectrum, Fresenius. J. Anal. Chem., 1997, 359(1),
50-55.

46 M. C. Hemmer and J. Gasteiger, Prediction of three-
dimensional molecular structures using information from
infrared spectra, Anal. Chim. Acta, 2000, 420(2), 145-154.

47 M. C. Hemmer, V. Steinhauer and J. Gasteiger, Deriving the
3D structure of organic molecules from their infrared
spectra, Vib. Spectrosc., 1999, 19(1), 151-164.

48 M. McCarthy and K. L. K. Lee, Molecule Identification with
Rotational Spectroscopy and Probabilistic Deep Learning, /.
Phys. Chem. A, 2020, 124(15), 3002-3017.

49 J. A. Fine, A. A. Rajasekar, K. P. Jethava and G. Chopra,
Spectral deep learning for prediction and prospective
validation of functional groups, Chem. Sci., 2020, 11(18),
4618-4630.

50 J. Liu, M. Osadchy, L. Ashton, M. Foster, C. J. Solomon and
S. J. Gibson, Deep convolutional neural networks for

Chem. Sci., 2025, 16, 21660-21676 | 21673


https://doi.org/10.48550/arXiv.2505.08762
https://doi.org/10.48550/arXiv.2312.15211
https://doi.org/10.48550/arXiv.2312.15211
https://doi.org/10.26434/chemrxiv-2024-ng3ws-v3
https://doi.org/10.26434/chemrxiv-2024-ng3ws-v3
https://doi.org/10.48550/arXiv.2502.12870
https://doi.org/10.48550/arXiv.2508.19118
https://doi.org/10.48550/arXiv.2502.21045
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05628d

Open Access Article. Published on 06 November 2025. Downloaded on 4/14/2026 6:12:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Raman spectrum recognition: a unified solution, Analyst,
2017, 142(21), 4067-4074.

J. L. Lansford and D. G. Vlachos, Infrared spectroscopy
data- and physics-driven machine learning for
characterizing surface microstructure of complex
materials, Nat. Commun., 2020, 11(1), 1513.

H. J. Luinge, J. H. van der Maas and T. Visser, Partial least
squares regression as a multivariate tool for the
interpretation of infrared spectra, Chemom. Intell. Lab.
Syst., 1995, 28(1), 129-138.

T. Visser, H. J. Luinge and J. H. van der Maas, Recognition
of visual characteristics of infrared spectra by artificial
neural networks and partial least squares regression,
Anal. Chim. Acta, 1994, 296(2), 141-154.

Y. Su, Y. Dai, Y. Zeng, C. Wei, Y. Chen, F. Ge, et al,
Interpretable machine learning of two-photon absorption,
Adv. Sci., 2023, 10, 2204902.

L. S. Shapley, 17. A Value for n-Person Games, Contributions
to the Theory of Games, ed. H. William Kuhn and A William
Tucker, Princeton University Press, Princeton, 1953, vol. 2,
pp- 307-318, DOI: 10.1515/9781400881970-018.

S. Guo, J. Popp and T. Bocklitz, Chemometric analysis in
Raman spectroscopy from experimental design to
machine learning-based modeling, Nat. Protoc., 2021,
16(12), 5426-5459.

S. Guo, T. Mayerhofer, S. Pahlow, U. Hiibner, J. Popp and
T. Bocklitz, Deep learning for ‘artefact’” removal in
infrared spectroscopy, Anlst, 2020, 145(15), 5213-5220.

D. Lilek, D. Zimmermann, L. Steininger, M. Musso, D. Wilts
Bodo, S. Gamsjaeger, et al., Machine Learning of Raman
Spectroscopic Data: Comparison of Different Validation
Strategies, J. Raman Spectrosc., 2025, 867-877.

K. Janssens, X-Ray Fluorescence Analysis, Handbook of
Spectroscopy, 2014, pp. 449-506.

C. D. Rankine and T. J. Penfold, Progress in the Theory of X-
ray Spectroscopy: From Quantum Chemistry to Machine
Learning and Ultrafast Dynamics, J. Phys. Chem. A, 2021,
125(20), 4276-4293.

C. D. Rankine, M. M. M. Madkhali and T. ]J. Penfold, A Deep
Neural Network for the Rapid Prediction of X-ray
Absorption Spectra, J. Phys. Chem. A, 2020, 124(21), 4263-
4270.

C. D. Rankine and T. J. Penfold, Accurate, affordable, and
generalizable machine learning simulations of transition
metal x-ray absorption spectra using the XANESNET deep
neural network, J. Chem. Phys., 2022, 156(16), 164102.

M. M. M. Madkhali, C. D. Rankine and T. J. Penfold,
Enhancing the analysis of disorder in X-ray absorption
spectra: application of deep neural networks to T-jump-X-
ray probe experiments, Phys. Chem. Chem. Phys., 2021,
23(15), 9259-9269.

L. Watson, C. D. Rankine and T. J. Penfold, Beyond
structural insight: a deep neural network for the
prediction of Pt L(2/3)-edge X-ray absorption spectra, Phys.
Chem. Chem. Phys., 2022, 24(16), 9156-9167.

21674 | Chem. Sci, 2025, 16, 21660-21676

View Article Online

Perspective

65 T. J. Penfold and C. D. Rankine, A deep neural network for
valence-to-core X-ray emission spectroscopy, Mol. Phys.,
2022, €2123406.

66 M. M. M. Madkhali, C. D. Rankine and T. ]J. Penfold, The
Role of Structural Representation in the Performance of
a Deep Neural Network for X-ray Spectroscopy, Molecules,
2020, 25(11), 2715.

67 J. Westermayr and R. J. Maurer, Physically inspired deep
learning of molecular excitations and photoemission
spectra, Chem. Sci., 2021, 12(32), 10755-10764.

68 A. Aarva, V. L. Deringer, S. Sainio, T. Laurila and M. A. Caro,
Understanding X-ray Spectroscopy of Carbonaceous
Materials by Combining Experiments, Density Functional
Theory, and Machine Learning. Part II: Quantitative
Fitting of Spectra, Chem. Mater., 2019, 31(22), 9256-9267.

69 A. Aarva, V. L. Deringer, S. Sainio, T. Laurila and M. A. Caro,
Understanding X-ray Spectroscopy of Carbonaceous
Materials by Combining Experiments, Density Functional
Theory, and Machine Learning. Part I: Fingerprint
Spectra, Chem. Mater., 2019, 31(22), 9243-9255.

70 K. Ghosh, A. Stuke, M. Todorovi¢, P. B. Jergensen,
M. N. Schmidt, A. Vehtari, et al, Deep Learning
Spectroscopy: Neural Networks for Molecular Excitation
Spectra, Adv. Sci., 2019, 6(9), 1801367.

71 A. Stuke, C. Kunkel, D. Golze, M. Todorovi¢, J. T. Margraf,
K. Reuter, et al., Atomic structures and orbital energies of
61,489 crystal-forming organic molecules, Sci. Data, 2020,
7(1), 58.

72 J. Lueder, A machine learning approach to predict L-edge x-
ray absorption spectra of light transition metal ion
compounds, arXiv, 2021, preprint, arXiv:2107.13149, DOI:
10.48550/arXiv.2107.13149.

73 G. Drera, C. M. Kropf and L. Sangaletti, Deep neural
network for x-ray photoelectron spectroscopy data
analysis. Mach Learn, Sci. Technol., 2020, 1(1), 015008.

74 A. A. Guda, S. A. Guda, A. Martini, A. N. Kravtsova,
A. Algasov, A. Bugaev, et al, Understanding X-ray
absorption spectra by means of descriptors and machine
learning algorithms, npj Comput. Mater., 2021, 7(1), 203.

75 T. Zarrouk, R. Ibragimova, A. P. Bartok and M. A. Caro,
Experiment-Driven Atomistic Materials Modeling: A Case
Study Combining X-Ray Photoelectron Spectroscopy and
Machine Learning Potentials to Infer the Structure of
Oxygen-Rich Amorphous Carbon, J. Am. Chem. Soc., 2024,
146(21), 14645-14659.

76 T. Penfold, L. Watson, C. Middleton, T. David, S. Verma,
T. Pope, et al, Machine-learning strategies for the
accurate and efficient analysis of x-ray spectroscopy. Mach
Learn, Sci. Technol., 2024, 5(2), 021001.

77 Neural networks and the classification of mineralogical
samples using x-ray spectra, Proceedings of the 9th
International Conference on Neural Information Processing,
ed. M. Gallagher and P. Deacon, ICONIP'02; 2002: IEEE,
2002.

78 M. Chatzidakis and G. A. Botton, Towards calibration-
invariant spectroscopy using deep learning, Sci. Rep.,
2019, 9(1), 2126.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1515/9781400881970-018
https://doi.org/10.48550/arXiv.2107.13149
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05628d

Open Access Article. Published on 06 November 2025. Downloaded on 4/14/2026 6:12:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

79 S. Tetef, N. Govind and G. Seidler, Unsupervised Machine
Learning for Unbiased Chemical Classification in X-ray
Absorption ~ Spectroscopy and  X-ray  Emission
Spectroscopy, Phys. Chem. Chem. Phys., 2021, 23, 23586—
23601.

80 J. Timoshenko, D. Lu, Y. Lin and A. I. Frenkel, Supervised
machine-learning-based  determination  of  three-
dimensional structure of metallic nanoparticles, J. Phys.
Chem. Lett., 2017, 8(20), 5091-5098.

81 C. Zheng, K. Mathew, C. Chen, Y. Chen, H. Tang, A. Dozier,
et al, Automated generation and ensemble-learned
matching of X-ray absorption spectra, npj Comput. Mater.,
2018, 4(1), 12.

82 F. M. Paruzzo, A. Hofstetter, F. Musil, S. De, M. Ceriotti and
L. Emsley, Chemical shifts in molecular solids by machine
learning, Nat. Commun., 2018, 9(1), 4501.

83 J. Cuny, Y. Xie, C. J. Pickard and A. A. Hassanali, Ab Initio
Quality NMR Parameters in Solid-State Materials Using
a High-Dimensional Neural-Network Representation, J.
Chem. Theory Comput., 2016, 12(2), 765-773.

84 P. Gao, J. Zhang, Q. Peng, J. Zhang and V. A. Glezakou,
General Protocol for the Accurate Prediction of Molecular
(13)C/(1)H NMR Chemical Shifts via Machine Learning
Augmented DFT, J. Chem. Inf. Model., 2020, 60(8), 3746
3754.

85 P. Gao, J. Zhang, Y. Sun and J. Yu, Toward Accurate
Predictions of Atomic Properties via Quantum Mechanics
Descriptors Augmented Graph Convolutional Neural
Network: Application of This Novel Approach in NMR
Chemical Shifts Predictions, J. Phys. Chem. Lett., 2020,
11(22), 9812-9818.

86 A. Gupta, S. Chakraborty and R. Ramakrishnan, Revving up
13C NMR shielding predictions across chemical space:
benchmarks for atoms-in-molecules kernel machine
learning with new data for 134 kilo molecules. Mach
Learn, Sci. Technol., 2021, 2(3), 035010.

87 J. B. Kleine Biining and S. Grimme, Computation of
CCSD(T)-Quality NMR Chemical Shifts via A-Machine
Learning from DFT, J. Chem. Theory Comput., 2023,
19(12), 3601-3615.

88 W. Gerrard, L. A. Bratholm, M. J. Packer, A. J. Mulholland,
D. R. Glowacki and C. P. Butts, IMPRESSION - prediction
of NMR parameters for 3-dimensional chemical structures
using machine learning with near quantum chemical
accuracy, Chem. Sci., 2020, 11(2), 508-515.

89 A. Son, W. Kim, ]J. Park, W. Lee, Y. Lee, S. Choi, et al,
Utilizing Molecular Dynamics Simulations, Machine
Learning, Cryo-EM, and NMR Spectroscopy to Predict and
Validate Protein Dynamics, Int. J. Mol. Sci., 2024, 25(17),
9725.

90 F. Hu, M. S. Chen, G. M. Rotskoff, M. W. Kanan and
T. E. Markland, Accurate and Efficient Structure
Elucidation from Routine One-Dimensional NMR Spectra
Using Multitask Machine Learning, ACS Cent. Sci., 2024,
10(11), 2162-2170.

91 ]. Pollak, M. Mayonu, L. Jiang and B. Wang, The
development of machine learning approaches in two-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

dimensional NMR data interpretation for metabolomics
applications, Anal. Biochem., 2024, 695, 115654.

92 L. A. Bratholm, W. Gerrard, B. Anderson, S. Bai, S. Choi,
L. Dang, et al., A community-powered search of machine
learning strategy space to find NMR property prediction
models, PLoS One, 2021, 16(7), €0253612.

93 F. Hufsky and S. Bocker, Mining molecular structure
databases: Identification of small molecules based on
fragmentation mass spectrometry data, Mass Spectrom.
Rev., 2017, 36(5), 624-633.

94 C. A. Krettler and G. G. Thallinger, A map of mass
spectrometry-based in silico fragmentation prediction and
compound identification in metabolomics, Briefings
Bioinf., 2021, 22(6), bbab073.

95 E.S.Lee and T.]. S. Durant, Supervised machine learning in
the mass spectrometry laboratory: A tutorial, J. Mass
Spectrom. Adv. Clin. Lab, 2022, 23, 1-6.

96 U. W. Liebal, A. N. T. Phan, M. Sudhakar, K. Raman and
L. M. Blank, Machine Learning Applications for Mass
Spectrometry-Based Metabolomics, Metabolites, 2020,
10(6), 243.

97 A. G. Beck, M. Muhoberac, C. E. Randolph, C. H. Beveridge,
P. R. Wijewardhane, H. 1. Kenttimaa, et al, Recent
Developments in Machine Learning for Mass
Spectrometry, ACS Meas. Sci. Au, 2024, 4(3), 233-246.

98 S. A. Martin, V. Macaluso, G. L. Barnes, L. Yang, S. Pratihar,
K. Song, et al., Role of Chemical Dynamics Simulations in
Mass  Spectrometry Studies of Collision-Induced
Dissociation and Collisions of Biological Ions with
Organic Surfaces, J. Am. Soc. Mass Spectrom., 2020, 31(1),
2-24.

99 J. Koopman and S. Grimme, From QCEIMS to QCxMS: A
Tool to Routinely Calculate CID Mass Spectra Using
Molecular Dynamics, J. Am. Soc. Mass Spectrom., 2021,
32(7), 1735-1751.

100 R.  Schnegotzki, J. Koopman, S. Grimme and
R. D. Siissmuth, Quantum Chemistry-based Molecular
Dynamics Simulations as a Tool for the Assignment of
ESI-MS/MS Spectra of Drug Molecules, Chem.-Eur. J.,
2022, 28(27), €202200318.

101 T. Froitzheim, M. Miiller, A. Hansen and S. Grimme, g-xTB:
A General-Purpose Extended Tight-Binding Electronic
Structure Method For the Elements H to Lr (Z= 1-103),
ChemRxiv, 2025, preprint, DOIL: 10.26434/chemrxiv-2025-
bjxvt.

102 M. Friede, C. Holzer, S. Ehlert and S. Grimme, dxtb—An
efficient and fully differentiable framework for extended
tight-binding, J. Chem. Phys., 2024, 161(6), 062501.

103 J. Gorges and S. Grimme, QCxMS2 - a program for the
calculation of electron ionization mass spectra via
automated reaction network discovery, Phys. Chem. Chem.
Phys., 2025, 27(14), 6899-6911.

104 R. Hollering, J. Gasteiger and W. Hanebeck, Simulation of
mass spectra of organic compounds by MASSIMO, AIP
Conf. Proc., 1995, 330(1), 782.

105 A. Malik, L. A. Angel, R. Spezia and W. L. Hase, Collisional
dynamics simulations revealing fragmentation properties

Chem. Sci., 2025, 16, 21660-21676 | 21675


https://doi.org/10.26434/chemrxiv-2025-bjxvt
https://doi.org/10.26434/chemrxiv-2025-bjxvt
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05628d

Open Access Article. Published on 06 November 2025. Downloaded on 4/14/2026 6:12:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

of Zn(ii)-bound poly-peptide, Phys. Chem. Chem. Phys.,
2020, 22(26), 14551-14559.

106 L.].Kangas, T. O. Metz, G. Isaac, B. T. Schrom, B. Ginovska-
Pangovska, L. Wang, et al., In silico identification software
(ISIS): a machine learning approach to tandem mass
spectral identification of lipids, Bioinformatics, 2012,
28(13), 1705-1713.

107 F. Wang, D. Allen, S. Tian, E. Oler, V. Gautam, R. Greiner,
et al., CFM-ID 4.0 - a web server for accurate MS-based
metabolite identification, Nucleic Acids Res., 2022, 50(W1),
W165-W174.

108 J. N. Wei, D. Belanger, R. P. Adams and D. Sculley, Rapid
Prediction of Electron-Ionization Mass Spectrometry
Using Neural Networks, ACS Cent. Sci., 2019, 5(4), 700-708.

109 M. Ludwig, L.-F. Nothias, K. Dihrkop, I. Koester,
M. Fleischauer, M. A. Hoffmann, et al, Database-
independent molecular formula annotation using Gibbs
sampling through ZODIAC, Nat. Mach. Intell., 2020, 2(10),
629-641.

110 F. Allen, R. Greiner and D. Wishart, Competitive
fragmentation modeling of ESI-MS/MS spectra for
putative metabolite identification, Metabolomics, 2015,
11(1), 98-110.

111 X. J. Shen, A. Lozano, W. Dong, H. F. Busnengo and
X. H. Yan, Towards Bond Selective Chemistry from First
Principles: Methane on Metal Surfaces, Phys. Rev. Lett.,
2014, 112(4), 046101.

112 H. Ji, Y. Xu, H. Lu and Z. Zhang, Deep MS/MS-Aided
Structural-Similarity Scoring for Unknown Metabolite
Identification, Anal. Chem., 2019, 91(9), 5629-5637.

113 F. Huber, L. Ridder, S. Verhoeven, ]J. H. Spaaks, F. Diblen,
S. Rogers, et al, Spec2Vec: Improved mass spectral
similarity scoring through learning of structural
relationships, PLoS Comput. Biol., 2021, 17(2), €1008724.

114 C. Dens, C. Adams, K. Laukens and W. Bittremieux,
Machine Learning Strategies to Tackle Data Challenges in
Mass Spectrometry-Based Proteomics, J. Am. Soc. Mass
Spectrom., 2024, 35(9), 2143-2155.

115 K. Diihrkop, L.-F. Nothias, M. Fleischauer, R. Reher,
M. Ludwig, M. A. Hoffmann, et al, Systematic

21676 | Chem. Sci, 2025, 16, 21660-21676

View Article Online

Perspective

classification of unknown metabolites using high-
resolution fragmentation mass spectra, Nat. Biotechnol.,
2021, 39(4), 462-471.

116 A. Palmer, P. Phapale, I. Chernyavsky, R. Lavigne, D. Fay,
A. Tarasov, et al., FDR-controlled metabolite annotation
for high-resolution imaging mass spectrometry, Nat.
Methods, 2017, 14(1), 57-60.

117 B. Wadie, L. Stuart, C. M. Rath, B. Drotleff, S. Mamedov and
T.  Alexandrov, = METASPACE-ML: Context-specific
metabolite annotation for imaging mass spectrometry
using machine learning, Nat. Commun., 2024, 15(1), 9110.

118 I. Batatia, P. Benner, Y. Chiang, A. M. Elena, D. P. Kovacs,
J. Riebesell, et al., A foundation model for atomistic
materials chemistry, arXiv, 2023, preprint,
arXiv:2401.00096, DOI: 10.48550/arXiv.2401.00096.

119 R. Barrett and J. Westermayr, Reinforcement Learning for
Traversing Chemical Structure Space: Optimizing
Transition States and Minimum Energy Paths of
Molecules, J. Phys. Chem. Lett., 2024, 15(1), 349-356.

120 J. Liu and J. E. Hein, Automation, analytics and artificial
intelligence for chemical synthesis, Nat. Synth., 2023, 2(6),
464-466.

121 Automate and digitize, Nat. Synth., 2023, 2(6), 459.

122 F. Oviedo, J. L. Ferres, T. Buonassisi and K. T. Butler,
Interpretable and explainable machine learning for
materials science and chemistry, Acc. Mater. Res., 2022,
3(6), 597-607.

123 S. Letzgus, P. Wagner, J. Lederer, W. Samek, K.-R. Miiller
and G. Montavon, Toward explainable artificial
intelligence for regression models: A methodological
perspective, IEEE Signal Process. Mag., 2022, 39(4), 40-58.

124 G. Montavon, A. Binder, S. Lapuschkin, W. Samek and
K.-R. Miiller, Layer-wise relevance propagation: an
overview, Explainable AI: interpreting, explaining and
visualizing deep learning, Springer, 2019, vol. 11700, pp.
193-209.

125 M. Ancona, E. Ceolini, C. Oztireli and M. Gross, Gradient-
based attribution methods, Explainable AI: Interpreting,
Explaining and Visualizing Deep Learning, Springer, 2019,
vol. 11700, pp. 169-191.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.48550/arXiv.2401.00096
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05628d

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis

	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis
	Machine learning spectroscopy to advance computation and analysis


