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Materials Discovery
driven by the Digital Revolution

• Human civilisation has revolved around the discovery 
of new materials and of new functions for existing ones

• Energy, environmental and climatic emergencies, but 
also space economy or quantum technologies, ... our 
ability to face these challenges requires discovering 
new materials

• The complexity of challenges calls for a change of 
paradigm: It is no longer sufficient to hope to discover 
a material by chance

• Reverse engineering: properties for specific 
applications -> Design of novel materials

From the Stone to the Silicon Age
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Materials Design & 
Discovery
• to solve the fundamental equations 
determining the properties of complex 
materials in realistic device condition

• to train artificial intelligence to predict 
complex emergent properties from 
databases

The Digital Revolution: HPC, Big Data, Quantum Computing Theory & 
Models

Software Simulations
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Goals & Objectives
Spoke 7 - Materials and Molecular Sciences

Strengthen the 
Italian leadership

Step in the development, implementation, maintenance, and free dissemination of software 
technologies for the multi-scale simulation of materials and molecular systems

Optimise existing 
HPC codes

to stay at the leading edge of the main scientific, industrial, and societal challenges 
in the fields of materials and molecular sciences

Enable optimised 
access

to the HPC infrastructure of the National Centre with emphasis on the transition to 
heterogeneous energy-savvy hardware architectures, aimed at exascale performance;

Promote 
competitiveness

Steer the efforts of Italian materials and molecular modelling communities towards the 
key enabling technologies identified by the PNRR in conjunction with the private sector
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WP1 Flagships Codes
Extension, optimisation, maintenance, 
and distribution of world-leading flagship 
codes for the high-performance 
numerical simulation of materials and 
molecular systems, developed by the 
national community

Research Topics & Lines
Spoke 7 - Materials and Molecular Sciences

WP2 Big Data
Development and implementation of 
advanced methodologies for the 
generation and analysis of large volumes 
of data

WP3 Accuracy&Reliability
Evaluation of the accuracy of the theory 
levels implemented in simulation codes 
with respect to the chemical accuracy 
standard

WP4 Pilot Applications
Application of the software / middleware 
to solve selected and significant 
technological/scientific challenges, 
hitherto considered intractable

WP5 Materials Foundry
Development and enhancement of highly 
scalable, optimised codes/workflows 
towards an ecosystem of HPC 
applications for: 
○  Solving specific problems driven by 

industrial demands;  
○ Assisting and supporting experimental 

infrastructures and research

Spoke program: in line and synergy with the with EU Open Software strategy and European HPC Joint Undertaking 
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The Partnership
Leader
Consiglio Nazionale delle Ricerche CNR 

Co-leader
SISSA

Affiliated members
Uni Trieste
Uni Trento 
Uni Milano Bicocca
Uni Torino
Poli Torino 
Uni Firenze
Uni Pisa
Uni Calabria
ENEA

Associated member
Uni Modena e Reggio Emilia - 

11+1 participants
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The Team

07/2022 11/2022 03/2023

Implementation

Staff

147
(89 with >3 PM/Y)

47

Recruitment

TD, AdR
15

PhD

2022/2023 – 
XXXVIII ciclo
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Kick off spoke 7 

• Presentation of activities
• Defi
• Formation of working groups
• Appointment of spoke governance
• Project and budget timelines 

11 October 2022 - CNR Headquarters
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Spoke Governance

Leader
S. Fabris - CNR

Co-leader
S. Baroni - SISSA

Spoke Assembly
M. Calandra - Uni Trento 
F. Totti - Uni Firenze
B. Mennucci - Uni Pisa
L. Maschio - Uni Torino 
D. Marchisio - Poli Torino 
M. Celino - ENEA 
M. Stener - Uni Trieste
M. Bernasconi - Uni MI Bicocca 
S. Curcio - Uni Calabria 

A. Ruini - Uni MoRe

Steering Committee
A. Ferretti, I. Carmineo - WP1
A. Marrazzo, G. Lattanzi - WP2
F. Lipparini, F. Santoro - WP3
A. Ruini, C. Di Valentin - WP4
A. Fortunelli, F. Dolcini - WP5

Technical secretariat
E. Narducci - CNR
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Methodology &
Implementation

Research

Target 

communities

Code developers Scientific 
research

Applied/
Industrial
Research

Training  and 
Education
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WP1 Flagship codes
Research

Jupiter@Julich 

  

“Jupiter” @ Jülich will be the first 
European Exascale systems

The EuroHPC JU has 

already procured seven 

supercomputers:

2 Pre-exascale

5 Petascale

Total contracts cost:

EUR ~360M

* 1 more pre-exascale @ BSC

Exascale is here
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“Jupiter” @ Jülich will be the first 
European Exascale systems

The EuroHPC JU has 

already procured seven 

supercomputers:

2 Pre-exascale

5 Petascale

Total contracts cost:

EUR ~360M

* 1 more pre-exascale @ BSC

Exascale is here

240 PFlops550 PFlops MareNostrum V

Exascale is (almost) here

SW Developments
• To fully exploit the computational power available in HPC centers

• To treat large systems with accurate methods (e.g. large 
molecules, delocalized processes, low symmetry systems with 
large unit cells, longer time-evolutions); 

  

Lithium–ion batteries Electronic excitations 
at the nanoscale

Photo–induced processes

● To treat large systems with accurate methods (e.g. large molecules, delocalized processes, 
low symmetry systems with large unit cells, longer time evolutions);

● To fully exploit the computational power available in HPC centers, but also in edge 
computing devices;

● To interface a code with another one that is configured for exascale;

● ...a combination thereof

Exascale is here

  

Lithium–ion batteries Electronic excitations 
at the nanoscale

Photo–induced processes

● To treat large systems with accurate methods (e.g. large molecules, delocalized processes, 
low symmetry systems with large unit cells, longer time evolutions);

● To fully exploit the computational power available in HPC centers, but also in edge 
computing devices;

● To interface a code with another one that is configured for exascale;

● ...a combination thereof

Exascale is here

“WP1 will develop, maintain, and distribute CN flagship codes”
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WP1 Flagship codes
Research

Flagship Codes

• To enhance the performance, portability and intra-node 
optimisation of the codes, including support of multiple 
GPU hardware (relevant in the EuroHPC context)

• To improve the parallel performance and scalability of the 
codes (especially addressing fast communications 
amongst accelerators)

• To enable long-term maintainability 

• To implement new scientific features enabled by frontier 
HPC capabilities

  

Task 4

Task 5: Multiscale and common ibraries and drivers

WP7.1

Task 3

Task 2

Task 1

Task 5 – Multiscale and common libraries and drivers“WP1 will develop, maintain, and distribute CN flagship codes”
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WP1 Flagship codes
Research

QUANTUM ESPRESSOTM is an integrated suite of Open-
Source computer codes for electronic-structure 
calculations and materials modeling at the nanoscale. It is 
based on density-functional theory, plane waves, and 
pseudopotentials 

  

QUANTUM ESPRESSOTM is an integrated suite of Open-Source 
computer codes for electronic-structure calculations and materials 
modeling at the nanoscale. It is based on density-functional theory, 

plane waves, and pseudopotentials. 

Task 1 – QUANTUM ESPRESSO

* kindly provided by QUANTUM ESPRESSO Foundation

  

QUANTUM ESPRESSOTM is an integrated suite of Open-Source 
computer codes for electronic-structure calculations and materials 
modeling at the nanoscale. It is based on density-functional theory, 

plane waves, and pseudopotentials. 

Task 1 – QUANTUM ESPRESSO

* kindly provided by QUANTUM ESPRESSO Foundation

Yambo is an open-source code that implements many-body (post DFT) methods 
for finite and extended systems, with planewaves and pseudopotentials. Natively 
interfaced with QUANTUM ESPRESSO 

The CRYSTAL package performs ab initio calculations of the ground state 
energy, energy gradient, electronic wave function and properties of periodic 
systems. It is a periodic ab initio code that uses a Gaussian-type basis set to 
express crystalline orbitals

PLUMED is an open-source, community-developed library that provides a wide range of 
different methods, which include: enhanced-sampling algorithms; free-energy methods; 
tools to analyze the vast amounts of data produced by molecular dynamics (MD) 
simulations.

“WP1 will develop, maintain, and distribute CN flagship codes”
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WP1 Flagship codes
Research

Flagship Codes

• … 

Auxiliary Libraries
to perform specific high-level tasks, not bundled into any 
flagship codes

Materials Spectroscopy (ARPES, pump&probe, …)
Environment effects on materials properties (LibEnv, OpenMMPol)
Optical properties large systems (LibOpt)
Thermodynamic properties (ThermoPW)
Dielectric properties 
Plasmonics (Turbomole) 

  

Task 4

Task 5: Multiscale and common ibraries and drivers

WP7.1

Task 3

Task 2

Task 1

Task 5 – Multiscale and common libraries and drivers

“WP1 will develop, maintain, and distribute CN flagship codes”

Strong focus on exploiting current and emergent HPC architectures 
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WP2 Big Data generation and harnessing
Research

- discovery of new materials and drugs, 
- development of predictive models of molecular interaction in 

complex systems 

quantum mechanics and supercomputers 
can do more and faster …

Starting from 108,423 unique, experimentally known 3D compounds, we identify 
a subset of 5,619 compounds that appear layered according to robust geometric 
and bonding criteria. High-throughput calculations using van der Waals density 
functional theory, validated against experimental structural data and calculated 
random phase approximation binding energies, further allowed the identification 
of 1,825 compounds that are either easily or potentially exfoliable. In particular, 
the subset of 1,036 easily exfoliable cases provides novel structural proto- types 
and simple ternary compounds as well as a large portfolio of materials to search 
from for optimal properties. For a subset of 258 compounds, we explore 
vibrational, electronic, magnetic and topological properties, identifying 56 
ferromagnetic and antiferromagnetic systems, including half-metals and half-
semiconductors.

to
da

y

CODES Fast generation of accurate data HPC

Workflow 
middleware

Simulation management, data 
storage & retrieval HTC

Data 
Analytics

Model extraction and reverse 
engineering

15

Development of high-throughput computing, artificial intelligence, machine learning, and optimization techniques
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WP3 Accuracy and Reliability
Research

QM and atomistic simulations relies on approximations

Validation of the energy functionals and diagrammatic expansions 
against accurate quantum-chemistry and quantum-Monte-Carlo data

Benchmarks
• accurate ground state calculations - DFT

• accurate excited state calculations- MBPT

• validation of interatomic potentials/force fields

2.2.1: From vertical excitations to Spectra
for a vis-a-vis comparison with experiment
• PI: Fabrizio Santoro (CNR, ICCOM)

• Main Goals
• Make available and interface with electronic structure software, 

our code FCclasses for the simulation of the shape of linear and 

non-linear electronic spectra including vibronic effects

• Extend to molecules with coupled electronic states, using our

diabatization code Overdia and quantum dynamics propagations

• Develop and make available a complete workflow (Ad-MD|gVH) 

for the simulation of vibronic spectra in complex environment

• Methods
• Vibronic models

• Quantum dynamical wave-packet propagation

• Mixed quantum-classical dynamical approaches

• Literature
• R. Improta, V. Barone, F. Santoro, Angew. Chem. Int. Ed. 46, 405 (2007) 

• J. Cerezo., F. Santoro submitted to J. Comput. Chem. (2022) 

• D. Aranda, F. Santoro, J. Chem. Theory Comput. 17, 1691 (2021) 

• J. Cerezo et al., J. Chem. Theory Comput. 16, 1215 (2020)

Evaluation of the accuracy of the theory levels implemented in simulation codes with respect to the chemical accuracy 
standard
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WP4 Pilot applications
Research

•WP4 will prove that outcomes of WP1 and WP2 satisfy end-users needs
•bridge with WP5 for specific applications of industrial and societal interest 

TASK 1 Simulation of physico-chemical processes controlling materials functions for energy applications 
TASK 2 Design and discovery of smart materials and systems for biomedical applications 
TASK 3 Complex systems for advanced technologies and applications 

TASK1 
Simulation of physico-chemical processes controlling materials functions for energy applications

PI: SIMONE PICCININ (CNR-IOM)

Solid/liquid interfaces for photoelectrochemical oxygen and hydrogen evolution reactions 

Main goals
• Developing machine-learning interatomic potentials to model chemical reactions 

at solid/liquid interfaces with complex geometries 
• Studying the effects of co-catalysts
• Developing microkinetic models that include e/h diffusion and recombination 

Computational methods or approaches
We combine ab-initio molecular dynamics and free energy methods (e.g.
thermodynamic integration, metadynamics) to model the elementary steps of
complex multi-electron electrochemical reactions at semiconductor/water
interfaces. We use: time-dependent DFT to model optical properties of solid/liquid
interfaces via time-averaging of snapshots extracted from equilibrium first-
principles MD; GW/BSE to model core-level X-ray spectroscopy of these systems;
self-consistent microkinetic models to simulate the overall rate of reaction.

[1] Nong at al, Key role of chemistry versus bias in electrocatalytic oxygen evolution, 
Nature 587, 408–413 (2020) 
[2] Righi et al, On the origin of multihole oxygen evolution in hematite photoanodes, 
Nature Catalysis (2022) just accepted

TASK1 
Simulation of physico-chemical processes controlling materials functions for energy applications

Mauro Palumbo
Lorenzo Maschio
Silvia Casassa
Carlo Nervi
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Activation energy for ion migration on 
Mg(BH3-NH3)2(BH4)2

(NEB calculations using DFT)

PI: Mauro Palumbo (UNITO)

V. Gulino et al. Inorg. Chem. Front., 7 (2020) 3115

M. Palumbo et al., J. Phys. Chem. C (2022) in press

Optimization of next-generation battery components

MAIN GOALS
• Estimate the activation energy for ionic 

conductivity in all-solid electrolytes for 
Li/Mg batteries

• Analyze the effect of defects on the 
conductivity

• Investigate interface effects between the 
electrolyte and electrodes

COMPUTATIONAL METHODS OR APPROACHES

Nudged Elastic Band (NEB)

Batteries
Photochemistry 

And Solar fuels

TASK1 
Simulation of physico-chemical processes controlling materials functions for energy applications

co-PI: DANIELE MARCHISIO (POLITO)
co-PI: GIANCARLO CICERO (POLITO)

MULTISCALE MODELLING OF BATTERIES & 
COMPUTER AIDED CATALYST DESIGN

MAIN GOALS
• Development of multiscale models for batteries (including 

cell and electrode models)
• Development of multiscale models for heterogeneous 

catalysis design
• Development of surrogate models based on neural 

networks

CONTINUUM MODELS FOR BATTERY CELLS
COMPUTATIONAL FLUID DYNAMICS
CLASSICAL MOLECULAR DYNAMICS
Ab-initio & DFT SIMULATIONS
MACHINE LEARNING (NEURAL NETWORK)

Marcato, A., Boccardo, G., Marchisio, D. From Computational Fluid Dynamics to Structure Interpretation via Neural Networks: An Application to Flow and 
Transport in Porous Media (2022) Industrial and Engineering Chemistry Research, 61 (24), pp. 8530-8541.

78 µm

78 µm

68,9 µm
47,9 µm 10 µm

Fuel cells 

and catalysis

Hybrid molecular

Materials

TASK2 
Design and discovery of smart materials and systems for biomedical applications

PI: C. DI VALENTIN  (UNIMIB)

Design of smart materials and nanosystems for targeting, drug delivery, imaging and 
therapeutics in nanomedicine

Main Goals:
• Design and modelling of chemically stable inorganic nanoparticles models
• Investigation of structure/function relation in hybrid bioinorganic nanosystems
• Optimization of nanosystems for efficient tissue penetration of absorbed and emitted radiation
• Mechanism of penetration of cell membranes by nanosystems
• Development of reliable parametrizations against quantum chemical calculations

S. Motta, P. Siani, A. Levy, CDV Nanoscale 13, 13000 (2021)
E. Bianchetti & CDV JPC Letters 13, 9348−9354 (2022)
P. Siani, G. Frigerio, E. Donadoni Journal of Colloid & Interface Science 627, 126–141 (2022) 

E. Donadoni, P. Siani, G. Frigerio, CDV  Nanoscale 14, 12099 (2022)
P. Siani, S. Motta, L. Ferraro, A.O. Dohn, CDV  JCTC 16, 6560 (2020)

Computational machinery:
Density Functional Theory, Time-Dependent-DFT, DF-Tight Binding, QM/MM, classical MD 
simulations, metadynamics, implicit/explicit solvent, free-energy methods and docking
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New Drugs &

Nano medicine

co-PI: BENEDETTA MENNUCCI & LORENZO CUPELLINI (UNIPI)

A multiscale modeling of photoreceptors

Main Goal:

• An atomistic representation of the 

«action» of light from the initial electronic

excitation of the embedded chromophore

to the reaching of the protein final active

state.

The computational machinery: 

MD simulations, enhanced sampling

techniques, excited state nonadiabatic

dynamics, polarizable QM/MM

The photochemical event

Inactive state Active state

Macaluso, V. et al. J Phys Chem B 125, 10282–10292 (2021). 

Bondanza, M., Cupellini, L., Faccioli, P. & Mennucci, B. J Am Chem Soc 142, 21829–21841 (2020). 

Hashem, S. et al. Chem Sci 12, 13331–13342 (2021). 

TASK2 
Design and discovery of smart materials and systems for biomedical applications

Photoreceptors

TASK3 
Complex systems for advanced technologies and applications

PI: FEDERICO TOTTI (UNIFI)

Magnetoelectric and Chiral Induced Spin Selectivity (CISS) effects in 3D, 2D, and hybrid molecular materials

MAIN GOALS

The disclosure of the adsorption process of Molecular Magnets

on different surfaces for the single molecule up to single assembled

monolayers by a multiscale approach that can open the route to 

the actually missing structural information at the mesoscale. The 

unlocked access to them, allows the calculation of the distribution

of the electronic and magnetic properties by state-of-art DFT and 

post-HF methods that can shed light on the CISS effect and can feed

developed classical and quantum monte carlo methods (WP1) 

for the simulation of the magnetization relaxation time, too.  

Quantum and classical Monte Carlo simulations of spin relaxation and transport on top of state-of-art

multiscale characterization (ab initio and force field) of archetype molecular magnets adsorbed on

surface for applications in quantum computing, storage memories, and sensing.

[1] Electric field control of interface magnetic anisotropy (2012) J. Appl. Phys. 111, 07C501    

[2] Chiral molecules and the electron spin (2019) Nat Rev Chem 3, 250

TASK3 
Complex systems for advanced technologies and applications

PI: MARCO GIBERTINI (UNIMORE) 

in collaboration with A. MARRAZZO (UNITS) and S. PICOZZI (CNR-SPIN) in WP2

2D materials for next-generation technologies

MAIN GOALS

• Advanced high-throughput characterization of 2D materials 

and heterostructures for next-generation enabling 

technologies.

• Specific focus on the electronic, magnetic, ferroelectric, 

topological, and optical properties of either isolated layers 

or van der Waals heterostructures. 

Computational Methods and Approaches: high-throughput density functional theory calculations 

streamlined  by the development of automated scientific workflows

- A. Marrazzo, M. Gibertini, npj 2D Mater. Appl. 6, 30 (2022) 

- A. Marrazzo, M. Gibertini, D. Campi, N. Mounet, and N. Marzari, Nano Lett. 19, 8431 (2019)

- N. Mounet, M. Gibertini, P. Schwaller, D. Campi, A. Merkys, A. Marrazzo, T. Sohier, I.E. Castelli, A. Cepellotti, 

G. Pizzi, and N. Marzari, Nature Nanotechnology 13, 246 (2018)
2D

Materials

Validation of developed software and middleware against selected technological challenges
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WP5 Materials Foundry
Research

Development
highly scalable, 
optimised codes and 
workflows towards an 
ecosystem of HPC 
applications

D

Industry & Private 
sector
Solving specific problems 
driven by industrial demands

I

Experimental 
facilities
Assisting and supporting 
experimental research and 
infrastructures 
(synchrotron, neutron scattering, free-
electron lasers)

E

rational design and discovery of new materials with tailored properties satisfying industrial demands and societal needs 
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WP5 Materials Foundry
Research

rational design and discovery of new materials with tailored properties satisfying industrial demands and societal needs 

RESPONSE
Simulation of spectroscopies, spectro- microscopy, diffraction, and 

scattering
XPS, XRD, NMR, IR, XAS, Raman, ARPES, … 

SAMPLING
Simulation of (micro)structure & dynamics, structure/response-

property relationships  
Activated/diffusive processes, phase/structural transitions, electron/mass transport,

MULTISCALE structure & properties of complex materials in realistic environments

USER UPTAKE enable a broad base of professionals without prior training to exploit 
the opportunities offered by materials and molecular modelling 

• libraries and tools for HPC accurate numerical spectroscopy from first-principles, 
e.g. NMR/RPE, XPS, etc. (Martin-Samos+Ceresoli+Piccinin+Fabris, CNR)
- core-hole pseudopotentials
- web-based graphical
applications
- workflows (Aiida)
- data repository of NMR/EPR 
parameters of defects in oxides 
and semiconductors

→ QE package -
quantum defects, 
disordered materials, 
glasses and 
biological systems

large (>1000 atoms) and complex systems

Task 1: Multi-level Methods & Workflows for Response Properties

• X-ray diffraction and scattering imaging, analysis and simulation software. 
(Motilerni+Cuocci+Amato, CNR)

- MPI parallel computing
- GPU-accelerated FFT
- workflows (Aiida)
- algorithmic (global-
optimization) advances

→ SIR2019 code - fibers 
(pharmaceutics, biomedicine, 
biology, natural fibers for 
industrial circular-economy)
→ EXPO code macromolecules

structure resolution for amorphous materials

RESPONSE

Task 2: Adv. Methods for Single-Scale Structure Prediction&Dynamics

SAMPLING
• (Reactive) Global Optimization codes to predict structure and activated-processes 

dynamics of advanced materials. (Fortunelli+Barcaro+Vittadini+Calzolari, CNR)
- descriptor-enhanced stochastic
sampling

- energy-barrier.based path
selection

- workflows (Aiida)

- data repository of NMR/EPR 
parameters of defects in oxides 
and semiconductors

→ (R)GO codes – chemical 
industry, disordered & 
glassy materials, catalysis 
for energy and 
environment

nanoscale structure and dynamics  materials design

• MD simulations from atomistic to coarse-grained whence length- and time-scales 
comparable to experiment and technology. (Musto, CNR)

- Simulation and validation of 
structural, interactional and 
spectroscopic properties of 
advanced materials 

→ codes: OCCAM/MD, 
CRYSTAL/DFT - separation 
technologies (polymer membranes, 
MOFs), gas-storage, chemical 
sensing and catalysis, photovoltaics 
(metal halide perovskites)

composites & amorphous/semi-crystalline materials

• Simulation of quantum electronic and phonic properties of 2D materials, 
topological materials, superconductors, artificial materials
(Dolcini,POLITO+Calandra,UNITN)

-Quantum Density Matrix approach

-Green Function MonteCarlo

-Ab-initio codes
→ quantum technology devices 
for opto-electronics, energy 
and environment

out of equilibrium phenomena, environment 
and strong correlation effects

Task 3: Multi-Scale Models for Complex Materials and Processes

MULTI-SCALE

→Integration of novel 
materials in high-tech 
manufacturing

-Density Functional Theory (BigDFT)

-atomistic codes (MulSKIPS)

-continuum-based codes (FEniCS)

• Simulation suite for kinetics of atomic systems interacting with complex 
environments (La Magna, CNR)

nucleation, phase transitions, 
solvation, 
activated modifications

Task 4: User Uptake, Technology Transfer & Dissemination

USER UPTAKE

• Advancements in prosthetic devices. (DiPuccio+Danti+Mattei+Ricci, UNIPI)

- define new strategies to design 
and characterize prosthetic 
devices by leveraging on the 
expansion of the design palette 
given by additive manufacturing 
and artificial intelligence 
techniques

→ synergies between modeling, 
additive manufacturing and AI
→ simulate treatments with different 
implants: geometry/material, 
loading condition

AI selects the best implant personalized features

• web portal aimed at scientific and industrial communities working on organic (molecules, 
polymers) materials synthesis. (Mattioli, CNR)

- web portal aimed at scientific 
and industrial communities 
working on organic (molecules, 
polymers) materials synthesis

- on-demand support to complex 
experiments to be realised in 
large research infrastructures 
(e.g. NFFA-DI)

→ user uploads novel chemical 
structure & target properties & level 
of chemical accuracy
→ multilevel workflow of open 
source codes outputs user-friendly 
response

customize materials synthesis
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Technology Transfer
Implementation

Innovation Funds/Open Call 

Early 2023 - Industry workshop

Renewable 
Energy

Photovoltaics

Energy storage

Catalysis

Activated 
events

Reaction kinetics

Thermodynamics of 
materials/processes

Transport & diffusion

Automotive

Polymers

Methods

Atomistic models and 
FF

Training on advanced 
simulation methods 
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