4EU+ Ph.D. project «To identify the adsorption mechanism of organic molecules on oxides
via infrared spectroscopy and first-principles semi-classical dynamics»

Metal oxides are ideal systems for surface science studies because their surfaces can now be prepared with high
quality and reproducibility. They became technologically relevant, and used in gas sensing, anti-corrosion coatings,
photo-chemistry or heterogeneous catalysis. In these applications, surface adsorption plays a central role, as it
governs the interaction between the material and the surroundings: the adsorption mode and the quantity of
adsorbed molecules do depend on intrinsic characteristics (the surface termination, the type and number of surface
defects, etc.) and extrinsic conditions (pressure P, temperature T). To date, achieving a full knowledge of molecule
adsorption is extremely challenging, since it is inherently governed by the intrinsic structural and electronic
characteristics of the surfaces. In this project, we aim at describing the adsorption of selected molecules - mainly
carboxyl acids and few volatile organic compounds (VOC) -- on oxide nano-powders by combining semi-classical
molecular dynamics for atomic trajectories [Ceotto2018], with Feynman’s path integrals and thermal baths
[Mangaud2019], which describe quantum effects on the statistics and thermodynamics. The two methods have been
implemented by the two partners (Paris and Milan), but never employed together on complex systems. Specifically,
we aim at simulating and explaining, within quantum accuracy, the experimental infra-red (IR) spectra, which are
powerful probes for molecule adsorption on oxide surfaces but sometimes hard to interpret.

The experiments will be carried out on metal oxide nano-powders (MgO, ZnO, TiO,) as prepared by using metal
combustion and chemical vapor synthesis (CVS). Both techniques yield high-surface-area (HSA) nano-powders (10-
400 m?/g), making them ideal model systems for investigating adsorption phenomena. As previously demonstrated
[Haque2018; Finocchi2019], the IR spectra obtained on such HSA nano-powders exhibit intense, well-defined, and
surface-sensitive spectral features. Moreover, performing IR measurements as a function of the partial pressure of
the adsorbed molecules and the temperature at which the spectra are recorded provides unique physical insights
into the adsorption dynamics and surface reactivity, once combined with molecular quantum dynamics simulations.
We have already observed that the IR spectra at low temperatures or for molecules containing light nuclei (protons)
usually include strong anharmonic and quantum effects that can not be reproduced by the standard treatments,
such as perturbation theory or classical molecular dynamics. An example has been provided by our recent joint
publication regarding the adsorption of formic acid on the anatase (101) surface [Fallacara2024], where the acid proton
is delocalized between the molecule and the surface O ions such that the O-H—O stretching frequency is
extraordinarily red-shifted (by more than 1000 cm™) -- see the figure below. In this publication we have solved a
longstanding issue regarding the O-H stretching signal, as the frequency of the proton and the shape of its spectrum,
which is broad and strongly red-shifted, had escaped previous measurements and raised a debate about the proton
localization (does it bind to the surface or to the molecule). We reached this relevant result by describing nuclear
quantum effects on molecular adsorption, combining high-level theoretical approaches, such as Feynman path
integrals for the statistical sampling and semi-classical dynamics for the vibrational analysis, in conjunction with
accurate experimental IR spectra as obtained under controlled pressure and temperature for HCOOH and HCOOD
adsorbed on titania nano-powders. The H/D isotope substitution further allows us to isolate spectroscopic features
originating from hydrogen (deuterium) vibrations, which are highly sensitive to the actual molecular conformation.
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Left: Experimental IR signal of the OH (OD) stretching modes as recorded at T=13K and P=10"2 mbar for HCOOH (HCOOD) on
anatase nano-powders and their assignment on the basis of the semi-classical simulations. Right: Formic acid conformers (local
minima according to the DFT) on the anatase (101) surface. They show distinct IR signals. [Fallacara 2024]

In this project, we plan to extend this approach to other oxides (MgO, ZnO) and molecules, such as more complex



organic acids (CH;COOH) and VOC, with particular emphasis on systems relevant for gas sensing and catalysis. Owing
to the large surface-to-volume ratio of the oxide nano-crystals, we will obtain well-defined IR spectra, while the
availability of our IR setup operating under ultra-high vacuum and over a wide temperature range—from 13K to
ambient conditions—will allow the detection of even subtle variations as a function of P and T. To know the system
thermodynamic conditions precisely will enable us to perform simulations that can be systematically compared with
experimental data, thereby providing an atomistic interpretation that captures the often subtle quantum effects on
nuclear statistics and dynamics. Those effects can be massive, as in the quantum phase transition of sodium
hydroxide [Schaack2023]. By varying the surface morphology and thermodynamic parameters in the simulations, we
will be able to monitor key adsorption characteristics—such as the adsorption sites, the molecular conformations
and corresponding enthalpies, as well as the influence of surface defects—and thus develop a comprehensive and
accurate model that will be consistent with the experiments. Ultimately, we aim at examining the role that is played
by nuclear quantum effects (relevant mostly for protons) on catalysis, and suggest possible and more efficient
catalysts by comparing the proton delocalization for distinct organic acids, surface geometry, and metal oxides.

The PhD activity will focus on the theoretical part. Indeed, in order to apply the methods that we implemented in
Paris and Milan on realistic complex systems such as the molecule-surface one, we need improving several points: (i)
Optimize the initial distribution so to better describe the quantum statistics by the use of adaptive quantum baths
that have been implemented in the Paris group [Mangaud2019]; as we have shown, the quality of the initial sampling is
crucial for obtaining the correct vibration spectra [Plé2021]. (ii) Compute the free adsorption energies with full
inclusion of the nuclear quantum effects by Feynman path integrals, in close analogy to what the Paris group has
done for phase transitions [Schaack2023]. (iii) Simulate the IR spectra through the method that has been recently set
up in Milan [Ceotto2017, Cazzaniga2022, Lanzi2025] and run the semi-classical trajectories on models that contain various
surface defects, in order to detect their spectroscopic signatures and compare the simulations and the experimental
spectra quantitatively. (iv) Eventually use adaptive quantum baths [Mangaud2019] in order to reduce zero-point
energy leakage in the semi-classical trajectories, which is a longstanding issue.

We will work on those points in tight collaboration between the Paris and Milan theory groups, which have specific
know-how on the quantum description of molecular adsorption [Cazzaniga2022, Mino2023] and oxide surface defects
[Haque2018, Finocchi2019]. The PhD student will take advantage from this wide expertise in electronic structure
calculations at the DFT level and classic/quantum atom dynamics. Moreover, after an initial theoretical training on
selected systems, the PhD student will be in close contact with the Paris experimental team lead by S. Stankic, in
order to compare the outcomes of the simulations with the measured IR spectra and devise new simulations that
can better account for the experimental conditions. Therefore, although mainly theoretical, his/her activity will
include also a thorough understanding of the experimental apparatus and measurements. In addition, the PhD
student will benefit from possible contacts with other theorists at Sorbonne University, some of them are well
known in the field of quantum simulations (R. Vuilleumier at ENS-Chimie, L. Paulatto and M. Casula at IMPMC).

In conclusion, this project is an opportunity to extend and consolidate a collaboration between Milan and Paris that
has recently produced high-impact results. The Ph.D. thesis program is mainly focused on the combination and
improvements on the theory level, and aims to establish a robust procedure to interpret the infra-red spectra as
obtained for oxide nano-crystals on the basis of a quantum picture at the atomic level. The student training includes
practicing and improving advanced quantum methods that could be extended to other complex systems.
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