N
N

N

HAL

open science

Mechanistic insights into CO, valorization via frustrated
Lewis pairs, porphyrins, and polyoxometalates: a

computational approach

Francesc Penas-Hidalgo

» To cite this version:

Francesc Penas-Hidalgo. Mechanistic insights into CO, valorization via frustrated Lewis pairs, porphyrins,
and polyoxometalates: a computational approach. Catalysis. Sorbonne Université, 2025. English. (NNT:

2025SORUS248). (tel-05362368)

HAL Id: tel-05362368
https://theses.hal.science/tel-05362368v1

Submitted on 13 Nov 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://theses.hal.science/tel-05362368v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

§ soraoune PSL % @

UNIVERSITE "
UNIVERSITE PARIS

SORBONNE UNIVERSITE
Ecole doctorale 406 - Chimie Moléculaire de Paris

Laboratoire de Chimie des Processus Biologiques - College de France

DOCTORAL THESIS

Mechanistic Insights into CO,
Valorization via Frustrated Lewis Pairs,
Porphyrins, and Polyoxometalates: A
Computational Approach

Presented by:
Francesc PENAS-HIDALGO

In front of a jury composed of:

Reviewers:
Jorge J. CARBO: Full Professor, Universitat Rovira i Virgili
Francois-Xavier COUDERT: Directeur de recherche, CNRS, Chimie ParisTech

Examiners:

President of the Jury: Guillaume IZZET: Directeur de recherche, CNRS, Institut
Parisien de Chimie Moléculaire, Sorbonne Université

Elsje Alessandra QUADRELLI: Directrice de recherche, CNRS, Université de Lyon,
Université Claude Bernard Lyon 1, IRCELYON

Director:

Caroline MELLOT-DRAZNIEKS: Directrice de recherche, CNRS, Collége de France,
Sorbonne Université

Co-supervisor:

Albert SOLE-DAURA: “la Caixa” Junior Leader, Institute of Chemical Research of

Catalonia






iii

SORBONNE UNIVERSITE

Abstract

Ecole doctorale 406 - Chimie Moléculaire de Paris
Laboratoire de Chimie des Processus Biologiques - College de France

Doctoral Thesis

Mechanistic Insights into CO, Valorization via Frustrated Lewis Pairs,
Porphyrins, and Polyoxometalates: A Computational Approach

by Francesc PENAS-HIDALGO

The catalytic reduction of carbon dioxide (CO,) is a central challenge and oppor-
tunity in developing sustainable and carbon-neutral technologies. In this context
this thesis investigates by means of computational techniques two distinct types of
molecular systems capable of promoting CO; conversion under mild conditions:
Frustrated Lewis Pairs (FLPs) and two polyoxometalate (POM)-containing systems.

Chapter 2 explores the reactivity of molecular FLPs towards CO, hydrogena-
tion, focusing on the key step of H, activation, aiming to find structure-activity
relationships to understand their activity. In that purpose, we built a dataset of
112 intramolecular B/N FLPs with systematically varied electronic and structural
features. Using Density Functional Theory (DFT), we computed thermodynamic
(AG) and kinetic (AG*) parameters associated with Hj splitting and CO, hydrogena-
tion. We used multivariate regression to identify chemically meaningful descriptors,
acid /base strength and donor-acceptor distance (d) governing AG, and, d and the
molecular distortion angle between donor and acceptor centres (1) governing AGH.
These structure-activity models offer insights for designing FLPs, enabling predic-
tive strategies for H; activation and CO; valorization.

In the subsequent Chapter 3, we focus on the photocatalytic conversion of CO,
using POM-containing molecular catalysts. These redox-active metal-oxo clusters
exhibit high structural versatility and are well-suited for mediating multi-electron
transformations. We apply a computational approach to investigate the CO, acti-
vation and reduction mechanisms on experimentally studied POM-based catalysts
systems, in collaboration with the group of Professors Dolbecq and Mialane at the
Institut Lavoisier de Versailles. Particular attention is paid to the interplay between
the molecular and the electronic structure, supramolecular interactions, and catalytic
activity.

Together, these studies offer a dual perspective in the thermal and photocatalytic
conversion of CO,, providing mechanistic understanding and predictive tools for
the development of next-generation catalysts.






Acknowledgements

This thesis would not have been possible without the support, guidance, and en-
couragement of many people, to whom I am deeply grateful.

First, I would like to express my sincere gratitude to my supervisors, Dr. Car-
oline Mellot-Draznieks and Dr. Albert Solé-Daura, for their invaluable guidance,
continuous support, insightful feedback and their patience throughout the course of
my doctoral research. Their expertise and mentorship have played a central role in
shaping both this thesis and my growth as a researcher. I wish also to thank collabo-
rators in Institut Lavoisier de Versailles, Dr. Anne Dolbecq and Pr. Piere Mialane for
inspiring discussions.

I also extend my heartfelt thanks to the members of my thesis monitoring com-
mittee, Dr. Héloise Dossmann and Dr. Julia Contreras-Garcia, for their constructive
input, encouragement, and thoughtful discussions at various stages of this project.

I am grateful to my collaborators and colleagues in the Laboratoire de Chimie des
Processus Biologiques - College de France, especially Dr. Maria Gomez-Mingot and
Dr. Lionel Zoubritzky, for their camaraderie, assistance, stimulating conversations
and their help.

I gratefully acknowledge the financial support from the French Agence Nationale
de la Recherche (ANR) under grant ANR-21-CE07-0028 (project FLIPS) and the HPC
national resources from GENCI (CINES /TGCC) under the allocation 20-XX-A01709
07343, which made this research possible.

On a more personal note, I would like to thank my friends for their encourage-
ment, laughter, and grounding presence during both the highs and lows of this jour-
ney.

Finally, I am profoundly grateful to my family. To my parents, Mr. Pedro Penas-
Bernal and Mrs. Esther Hidalgo-Calvet, and my grandmother Mrs. Rosario Calvet-
Seva for their unconditional love, support, and sacrifices.

"Moltes gracies familia!”

This thesis is dedicated to all of you.






Contents

Abstract
Acknowledgements
Résumé

1 General introduction

1.1 Human impact on Earth carboncycle . .. ... ... ... ...
1.2 The value of CO; in sustainable energy systems . . . ... ...
1.3 CO;properties. . . . ... ... ... . ... .
14 CO; reduction by Photocatalysis . . . ... ............
1.5 CO; catalytic conversion with Frustrated Lewis Pairs . . . . . .
1.6 Thesis Objectives . . . .. ... ... ... ............

2 Frustrated Lewis Pairs for H; splitting and CO; hydrogenation

2.1 Introduction . . . . . . . . ... ...
2.1.1 Molecular FLPs for CO; hydrogenation . . . .. ... ..

2.1.2 Molecular FLPs for H heterolytic cleavage . . . . . . ..
Mechanistic origins and atomistic characterization . . . .

Hy polarization and cleavage . . . ... ... ... .. ..
Structure-activity relationships in FLP reactivity . . . . .

2.1.3 Motivation and scope of thiswork . . . . ... ... ...

2.2 Computationalmethods . . . ... .................
22.1 Data generation from DFT calculations . . ... ... ..

2.2.2 Automated data extraction from DFT calculations . . . .
223 FLPfinder . . ... ... ... ... . ... ...

224 Regressionmethods . ... .................
K-fold cross-validation . . . . . ... ... .........

Partial least squares analysis . . ... ...........
Data-drivenmethod . . . . ... ... ... ... ..

2.3 Resultsand discussions . . . . . . ... ...
2.3.1 Construction and analysis of the dataset . . . . . ... ..
Descriptors calculator . . . .. ....... ... ...

2.3.2 Structure-activity relationships governing product thermody-
namic stability (AG) . . . ... ... ..o 0oL
Multivariate linear regression (MLR) . . . . . .. ... ..

vii

iii



viii

2.3.3 Structure-activity relationships governing activation free-energy

(AGY) 59
2.3.4 Validationofthemodels . . . . ... ... ............. 65
235 Towards CO; hydrogenation . ... ................ 68
24 Conclusion . . . .. ... 69
3 Catalytic CO; reduction assisted by polyoxometalates 71
31 Introduction . .. ... ... ... .. 71
Properties . . .. ... ... ... ... .. L o 73
Applications . . . . . ... Lo 75
POMs for electro- and photocatalytic CO, reduction . . . . . . . 76
3.2 Nisubstituted POMs for CO; reduction . . . . . ... ... ... .... 77
321 Introduction . .. ... ... .. ... . ... . o 78
3.2.2 Experimental background . . . . ... ... ... 000 L. 79
323 Computational methods . . . . ... ............. ... 82
324 Resultsand discussions . . . .. ... .. ... .. ... .. ... 83
Exploration of the basicity and protonation state of Nig . . . . . 83

Exploration of the electronic structure and redox properties of
the HpNigspecies . . ... ..... ... ... ...... 86
Identifying the nature of the electron-donor species . . . . . . . 87

Exploration of the redox and protonation states accessible to
the POM under photocatalytic conditions . . ... .. 89
Towards CO; insertion and CO production . . . . .. ... ... 92
325 Conclusion . ......... ... L oo 99
3.3 Porphyrin-POM photocatalytic dyads for CO, reduction . . . ... .. 101
331 Introduction .. .. ... ... ... ... .. ... .. ... 101
Metalloporphyrins as catalysts for CO, photo/electro-reduction 102
3.3.2 Experimental background . . . ... ... .. ... ... .. ... 105
3.3.3 Computational methods . . . . ... ... ... .. ... .. ... 108
334 Resultsanddiscussion . . . ... ..... ... .. ... ... 108
Characterization of the Fully Oxidized Mog-porph(Fe) . . . . . 109
Replacement in the dyad of the C1™ ligand by DMF . . . . . .. 111
First reduction of Mog-porph(Fe) . . . . ... ... ........ 112
Second reduction of Mog-porph(Fe) . . ... ... ... ... .. 115
Third reduction of Mog-porph(Fe) . . . .. ... ... ... ... 117
Fourth reduction of Mog-porph(Fe) . . . ... ... ....... 118
Fifth reduction of Mog-porph(Fe) . . . . ... ... ... ... .. 120
Prediction of reduction potentials . . . ... ... ... ... .. 122
Experimental validation and mechanistic proposal . . .. ... 123
335 Conclusion . ......... ... ... o L. 126

34 Conclusion . . . . . . . e e 127



4 Conclusions and Perspectives

4.1 Frustrated Lewis Pairs for Hp splitting . . . .. ... .. .........

42 POM-based catalysts . . . . .
4.3 Perspectives . . ... ... ..

43.1 Dealing with complex pathways and electronic structures

43.2 Encoding systems type and size variability . . . ... ... ...

43.3 Supramolecular effects
References
A Chapter 2: Supporting Figures

B Chapter 3: Supporting Figures

X

129
129
131
133

. 133

134
134

137

151

153






xi

List of Figures

2 Librairie de toutes les FLPs intramoléculaires B/N constituant I’ensemble

de données étudiées . . . .. ... ... L oL Xxvii
1 Nuage de points des données projetées dans 1’espace tridimensionnel

défini pard, FEHA et FEPA . . . . .. ... .. .. ... .. ....... XxXviii
3  Répartition des FLP, classés par familles, superposée a la carte de

chaleur de AG? prédite par 'Eq. 2 en fonctiondedetA . . .. .. ... XXX
4 Activité de réduction du CO, et du H; pour toutes les combinaisons
catalyseur-contre-ion étudiées . . . . . . .. ... o Lo XXXiii
5  Schéma général du mécanisme proposé . . . ... .. .. ... ... ... XXXVii
6  Représentation des composés Mog-porph(M) et des activités de pro-
ductionduCOetdH, . . ... ... ... ... ... XXXIX
7 Cyclovoltammogramme (CV) de FePOM comparé aux complexes de
référence FeTPPetPOM . . . . . . . . .. ... ... .. .. x1
8  Meécanisme réactionnel proposé pour le Mog-porph(Fe) . . . .. .. .. xlv

1.1 Key processes regulating CO, levels involve negative feedbacks dis-

tributing anthropogenic emissions among the ocean, land, and atmo-

sphere. . . . . ... 2
1.2 Schematic reaction mechanism for photocatalytic multi-electron CO,-

reductionreactions . . . . . ... ... 6
2.1 FLPrepresentation . .. ... ........................ 11
2.2 System reported by Stephanet. al. in2006 . . . . ... ... ....... 12
2.3 Proposed pathways for CO, hydrogenation with intramolecular FLPs 13
2.4 Computationally studied FLP structures for CO; hydrogenation . . . . 14
2.5 Schematic free-energy profile for the two-step hydrogenation of CO,

catalyzed by FLPs . . . . . . .. ... ... .. 15
2.6 Map correlating the TOF for CO, hydrogenation into formate to FEPA

and FEHA descriptors . . . . . ... ... ... ... ... L. 16

2.7 Schematic free energy profile for the early steps of CO; hydrogenation 17
2.8 Overview of the main reaction mechanisms characterized by DFT cal-
culations to govern the Hp splitting . . . . . .. ... ........... 18
2.9 Overview of the main reaction mechanisms characterized by DFT cal-
culations to govern the H splitting . . . . ... .............. 19
2.10 Open-closed displaced equilibrium of B/PFLP . . . . .. ... ... .. 20



xii

2.11

212

2.13

2.14

2.15

2.16

2.17

2.18
2.19

2.20
2.21

2.22

2.23
2.24

2.25

2.26

2.27
2.28

2.29

2.30

231

2.32

2.33
2.34

Schematic representation of the ET and the EF models proposed to
explain the physicochemical foundations for H; splitting by FLPs . . . 22
Intramolecular B/N FLPs studied computationally for heterolytic H
splitting by Yepeset. al. . . . . ... .. ... .. L o 24
Structure—activity relationships for H; splitting in UiO-66 frameworks
functionalized with Lewis Pairs . . . . .. ... ... ... ... ..... 26
Relationship between the reaction Gibbs free-energy for H splitting
by an intramolecular FLP and the Hammett constants of the substituents 28
Schematic free-energy profile illustrating the heterolytic splitting of
H, promoted by intramolecular FLPs . . . . . ... ... ... ... ... 30
Schematic representation of the methodology followed to create all
themodels . . .. ... ... ... .. .. 31
Flowchart illustrating the structure and functionality of the data_ex-
tractorpyscript . . . . ... 33
Example of an FLP containing one LA (B) and several LB candidates . 34
Flowchart illustrating the structure and functionality of the flp_detec-
torpyscript . . ... 35
K-fold optimization example . . . .. .. ... ... .. ......... 37
Quality of the best AG* model of certain number of informative de-
scriptors (r>+q?) vs each number of descriptors. . . . . .. .. ... .. 39
Flowchart illustrating the structure and functionality of the informa-
tive_var_filter PLS_iterpyscript . . . .. ... ...... ... ..... 40
Library of all the intramolecular B/N FLPs constituting the dataset . . 42
Scatter plot of reaction free energies (AG) versus free-energy barriers

(AGY) e 43
Scatter plot of reaction free energies (AG) versus free-energy barriers
(AGY) by FLP families . . . . ... ... ... ... ... ... ..., 44
Histograms of the H-H distances of the converged transition states
for each of the molecules of the library by families . . . . ... ... .. 45
Graphical representation of the A, ® and vy structural descriptors . . . 48
Histograms of the value of all the descriptors for all the FLP contain-
ing molecules of thelibrary . . ... ... ... .............. 50
Scatter matrix of the correlation coefficient (R) of all the descriptors,
AGand AGH .. ... L 51
Coefficients of the normalized MLR model using all the descriptors
for AG .. .. 52
Scatter plot of the data points projected on the three-dimensional space
ofd, FEHAand FEPA . . . . . ... .. ... .. ... .. .. .... 55
Scatter plot of the dataset projected on the FEHA vs FEPA space . . . . 56
Scatter plot of the dataset projected on the d vs FEHA space . . . . .. 57

Scatter plot of the dataset projected on the d vs FEPA space . . . . . . . 58



2.35 Normalized weights of the MLR model for predicting AG* built using
allthedescriptors . . . ... ... ... ... .. .. ... ... ...
2.36 Normalized weights of the descriptors influencing the H, splitting
barrier . . .. ...
2.37 Scatter plot of the dataset projected on the d vs A space, being the most
important descriptors of the optimized model predicting AG . . . . .
2.38 Distortion energy of the bare FLP required for reaching the TS struc-
ture from its equilibrium geometry plotted against AG* for some ran-
domly selected FLP systems . . . . . ... ... ..............
2.39 Normalized weights of the best obtained model in terms of > + g for
predicting AG* without using attachment energies FEHA and FEPA
2.40 FLPs included in the external validation set classified by families ac-
cording to their composition . . . . ... ... ... . 000

3.1 Polyhedral representation of some representative POM structures. . . .
3.2 Nicontaining systems studied . . . . . ... ... ... .. ... ...
3.3 CO; and proton reduction activity of all the catalyst-counterions com-
binations studied . . .. ... ... ... o o oL oL
3.4 Radical chain decomposition mechanism of TEOA acting as proton
sourceand SED . . . . ... oo
3.5 Polyhedral and ESP energy surfaceof aKeggin . . . . . ... ... ...
3.6 Symmetry of Ni4 and basic postions explored . . . . .. ... ... ...
3.7 ESP energy surface of Niy and polyhedral representation of H,Niy4
3.8 Reductive and oxidative quenching pathways of thePS . . . . . . . ..
3.9 Gibbs free-energy diagram of all the protonation and reduction pro-
cessesexploredfor Nig . . . . ... ... ... .. .. ... .. ... ...
3.10 Spin densities of the CO; substituted HyNig(2e) . . .. ... ... ...
3.11 Simulated UV-vis spectrum of HyNis(2e) . . ... ... ... ... ...
3.12 DFT-MD simulations details . . . . . .. ..................
3.13 Reconstructed free-energy profile along the ligand exchange process
3.14 Reconstructed free-energy profile along the ligand exchange process
3.15 Calculated free energy profile for the formation of CO from the Ni-
COQO*~ intermediate (2) resulting from the activation of CO; on the
HyNig(2e) catalyst. . . . ... ... .. oo
3.16 General scheme of the proposed mechanism . ... ...........
3.17 Effect of substituents on the porphyrin ring on the electrocatalytic per-
formances . .. . ...
3.18 Representation of Mog-porph(M) . . . . . ... .. ... ... .....
3.19 CO and H; TONSs for Mog-porph(Fe) and FeTPP . . . . . .. ... ...
3.20 CVs of Mog-porph(Fe) and the MP and Mog moieties. . . . . . ... ..

xiii

64



Xiv

3.21

3.22

3.23

3.24

3.25

3.27

3.26

Al

A2

B.1
B.2
B.3
B.4

B.5

B.6

Fe centre d-type orbital diagrams corresponding to the off-plane-metal
square pyramid, in-plane-metal square pyramid and square planar

distribution of ligands . . . . ... ... ..o oo 0oL 109
Simulation of the concentrations of the porph(Fe)-Mog coordinated
by Cl and DMF systems in the first 10ns . . . . . . ... ... .. .... 112
LUMO representation of the quartet spin state of the DMF coordi-
nated Mog-porph(Fe) . . . ... .. ... ... ... ... 113
Simulation of the concentrations of the coordinated and decoordi-
nated porph(Fe)-Mog system by DMF in the first300ps . . . . . .. .. 114
LUMO of the doublet spin state of the three electron-reduced Mog-
porph(Fe) . . . . . . ... 119
Proposed reaction mechanism of Mog-porph(Fe) including all five re-
ducing processes explored and possible other competing pathways . . 125
Schematic representation of the reducing steps of Mog-porph(Fe) . . . 126

Mean values of the absolute value of each coefficient of the generated
random variables across the 10 repetitions models predicting AG* at
the first iteration of the data-driven method . . . . . ... ... ... .. 151
Mean values of the absolute value of each coefficient of the original
descriptors across the 10 repetitions models predicting AG* at the first

iteration of the data-driven method . . . . . . ... ... ... ... ... 152
MOsdiagramof Nig . . ... ... . ... ... ............. 153
MOs diagram of Nig(le) and Nig(2e) . . . . . ... ... ... ... ... 154
Spin densitiesof Nig(le) . . . . ... ... ... ... ... .. ... ... 154

Detailed representation of the intermediates of the calculated free-
energy profile . . . .. ... .. 155
Fe center d-type orbital distribution of the quartet spin state of the
DMEF coordinated Mog-porph(Fe) and their spin density surface . . . . 156
LUMO of the triplet spin state of the one electron-reduced Mog-porph(Fe)
and the highest SOMO of the two electron-reduced system . . . . . .. 156



XV

List of Tables

1.1

2.1

2.2

3.1

3.2

3.3

34

3.5

3.6

3.7

3.8

3.9

Equations and potentials of CO, reduction (vs. NHE, at pH 7). . . . . . 4

List of descriptors used in this study along with their detailed descrip-
tions. See Figure 2.28 for histograms showing the distribution of all
descriptor values across the FLP library. . . . . ... ... ... .. ... 46
Comparison of calculated and predicted reaction free energies (AG)
and free-energy barriers (AG?) for the external testset. . . .. ... .. 67

Gibbs free energy, population probability (calculated using Boltzmann
distributions), and aqua ligand substitution energy by CO, for the
four most stable catalyst intermediates. . . . ... ... ... .. ..., 91
Comparison of relative Gibbs free energies (kcal mol~!) and electronic
structures of the calculated spin states for the fully-oxidized Mog-
porph(Fe) system. . . . .. ... ... ... .. o 110
Comparison of relative Gibbs free energies (kcal mol~!) and electronic
structures of the calculated spin states for the one electron-reduced
Mog-porph(Fe) system. . . . . ... ... .. ... ... ... 115
Comparison of relative Gibbs free energies (kcal mol ') and electronic
structures of the calculated spin states for the two electron-reduced
Mog-porph(Fe) system. . . . . ... ... ... ... L L 116
Comparison of relative Gibbs free energies (kcal mol~!) and electronic
structures of the calculated spin states for the three electron-reduced
Mog-porph(Fe) system. . . . . ... ... .. ... ... L. 118
Comparison of relative Gibbs free energies (kcal mol~!) and electronic
structures of the calculated spin states for the fourth-reduced Mog-
porph(Fe)system. . . . . ... ... ... L o 120
Comparison of relative Gibbs free energies (kcal mol~!) and electronic
structures of the calculated spin states for the five electron-reduced
Mog-porph(Fe) system. . . . . . ... ... ... ... . L. 121
Experimental vs. calculated reduction potentials for the five consecu-
tive reduction processes of porph(Fe)-POM, referenced toFec. . . . . . . 122
Comparison of electronic structures of the calculated spin states of the
CO; insertion products for the three and four electron-reduced Mog-
porph(Fe)dyad. . . . ... ... ... ... ... 124



XVi

B.1 Comparison of relative Gibbs free energies (kcal mol ') and electronic
structures of the calculated spin states for the five electron-reduced
Mog-porph(Fe) system. . . . . . ... ... .. ... . oL



List of Abbreviations

BEP
BIH
BNAH
btam

CASSCF
CN
COzRR
COF
CSVR

cv

DBU
DCC
DFT
DLS
DMF
DMSO

EDX
EF
ESI
ESP
ET

Fc
FEHA
FEPA
FLP

GCE

GGA
GPW
GTH

Brensted-Evans-Polanyi.
dimethylphenylbenzimidazoline.
1-benzyl-1,4-dihydronicotineamide.
N-benzyl-tert-butylamine.

complete active space self-consistent field.
coordination number.

carbon dioxide reduction reactions.

covalent organic frameworks.

Canonical Sampling through Velocity Rescal-
ing.

cyclovoltammogram.

1,8-diazabicyclo[5.4.0]Jundec-7-ene.
dicyclohexylcarbodiimide.
Density Functional Theory.
dynamic light scattering.
N,N-dimethylmethanamide.
dimethyl sulfoxide.

energy dispersive X-ray.
electric field.
electrospray ionization.
Electrostatic Potential.

electron Transfer.

ferrocene.

free energy of hydride attachment.
free energy of proton attachment.
Frustrated Lewis Pair.

glassy carbon electrode.

Generalized Gradient Approximation.
Gaussian and Plane Waves.
Goedecker, Teter, and Hutter.

XVil



XViii

HER
HIV
HOMO

IEF-PCM

ILV
IR

LA

LB
LMCT
LOOCV
LP
LUMO
Lut

LV

MAE
MD
MEP
Mes
MLCT
MLR
MO
M06
MOF
MOP
MP
MRSA
MS

NBO

Ni4AC
Niy
Niyy
Niy7
NMR
NOCV
NPA

Hydrogen Evolution Reaction.
human immunodeficiency virus.

highest occupied molecular orbital.

Integral Equation Formalism variant of the
Polarizable Continuum Model.
Institut Lavoisier de Versailles.

infrared.

Lewis acid.

Lewis base.

ligand to metal charge transfer.
Leave One Out Cross-Validation.
lone pair.

lowest unoccupied molecular orbital.
2,6-lutidine.

latent variable.

mean absolute error.

molecular dynamics.

molecular electrostatic potential.
2,4,6-trimethylphenyl.

metal to ligand charge transfer.
multivariate linear regression.
molecular orbital.

[MogO1e]*~.

metal-organic framework.
metal-organic polyhedra.
metalloporphyrin.
Methicillin-resistant Staphylococcus aureus.

mass spectrometry.

Natural Bond Orbital.

[Niy(H,0),(PWgO34),]".

[(SiW9034)Ni4(CH3COO)3(OH)3]8_.
[{(PWO34)Nis(OH)(H,0),(0;PC(O)(C3HsNH3)PO,)},Ni] 4.
[(SiW4O34)Ni; s Hs5(O3PC(O)(C3HeNH3)POj), (H,0),1 (OH), 1.
Ni[{(SiWO34)Niy (OH) 3 }4(OOC(C,H,0)COO), 1.

nuclear magnetic resonance.

natural orbital of chemical valence.

Natural Population Analysis.



PoN
PCA
PCET
PLS
PMOF

POM
PS

QSAR
QTAIM

RMSE
Ru™
Ru2+
Ru3+

SARS
SCE
SED
SET
SOMO

TBA
TD-DFT
TEA
TEOA
TGA
TMP
TOF
TON
TPP
TPPS,
TPSS
TS

UFF

VRSA

bis(triphenylphosphoranylidene)ammonium.

Principal Component Analysis.
proton-coupled electron transfer.

Partial Least Squares.
polyoxometalate-metalloporphyrin organic
framework.

polyoxometalate.

photosensitizer.

quantitative structure-activity relationship.

quantum theory of atoms in molecules.

root mean squared error.
[Ru(bpy)3]+.
[Ru(bpy),]*".
[Ru(bpy),]*".

severe acute respiratory syndrome.
saturated calomel electrode.
sacrificial electron donor.
single-electron transfer.

single occupied molecular orbital.

tetrabutylammonium.
time-dependent Density Functional Theory.
triethylamine.

triethanolamine.

thermogravimetric analysis.
2,2,6,6-tetramethylpiperidine.
turn-over frequency.

turn-over number.
tetraphenylporphyrin.
tetrakis(p-sulfonatophenyl)porphyrin.
Tao—-Perdew-Staroverov-Scuseria.

transition state.
universal force-field.

Vancomycin-resistant Staphylococcus aureus.

Xix






Physical Constants

The Faraday constant, 23.06 kcal mol~1 v—1,
The Boltzmann constant, 1.381 x 1072 m?2 kg
sT2 KL

The ideal gas constant, 1.987 x 1073 kcal
mol ! K1,

The Planck constant, 6.626 x 1073* m? kg s~ 1.

XX1






xxiii

Résumé

1 Introduction

Historiquement, le carbone est étroitement intégré aux processus biosphériques na-
turels. L'industrialisation a provoqué d’importantes perturbations du cycle du car-
bone: les niveaux de CO, atmosphérique sont passés de 280 ppm a 1'époque pré-
industrielle a plus de 415 ppm en 2021.[1] Les océans et les foréts, qui jouaient au-
paravant le role efficace de puits de carbone, ne réabsorbent qu’environ 54% des
émissions de CO,, le reste s’accumulant dans I’atmosphere et nourrissant le change-
ment climatique.

Pour atténuer cette tendance, le CO, peut potentiellement étre utilisé comme
matiére premiere dans des systémes énergétiques durables. En particulier, le stock-
age de l’énergie solaire dans les liaisons chimiques de molécules carbonées, selon un
processus analogue a la photosynthéese naturelle, représente une stratégie promet-
teuse pour le stockage d’énergie et la mise en ceuvre de la décarbonation. L'hy-
drogene est souvent cité comme vecteur énergétique propre, mais les défis liés a
son stockage (faible densité énergétique, cofits élevés de compression, fragilisation
des réservoirs, risques d’explosion) en limitent 1'utilisation pratique. En revanche,
les carburants a base de carbone (CO, CHy, méthanol) présentent une densité én-
ergétique plus élevée, une mise a 1’échelle industrielle et un stockage plus strs, et
peuvent étre synthétisés a partir de CO; en utilisant des sources d’énergie renouve-
lables.

Le CO; est une molécule linéaire et apolaire, possédant des liaisons C=0O po-
laires. Elle possede un moment quadrupolaire lié a la polarisation des deux liaisons
C=0, avec un atome de carbone électrophile susceptible d’étre attaqué par des nu-
cléophiles. Sa réduction implique le peuplement de 1'orbitale atomique (OA) anti-
liante ¢* des liaisons C=0, qui affaiblit ces liaisons et les rend réactives, permettant
la conversion du CO; en divers produits réduits tels que le formiate, le monoxyde
de carbone, le méthanol ou encore le méthane. Toutefois, la molécule de CO, est trés
peu réactive, en raison de la grande stabilité thermodynamique du CO; et de bar-
rieres cinétiques importantes. Des catalyseurs efficaces et sélectifs sont nécessaires
pour faciliter les processus multi-électroniques et multi-protoniques pour faciliter sa
réduction dans des conditions douces.

Ce travail de these utilisera trois approches pour la réduction catalytique du
CO;y: la catalyse thermique, 1'électrocatalyse et la photocatalyse. La catalyse ther-

mique repose sur la température pour déplacer les équilibres chimiques et entrainer
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la transformation chimique du CO; dans le site catalytique. L’électrocatalyse met
en ceuvre des réactions rédox d'un catalyseur a la surface des électrodes sous 1'effet
de potentiels appliqués. La photocatalyse exploite 1’énergie lumineuse pour exciter
les électrons de molécules photosensibles, déclenchant des cascades de transferts
d’électrons et de protons a des fins de réduction du substrat.

Dans le contexte de la catalyse thermique, cette thése s’intéressera aux paires
de Lewis frustrées (FLPs) moléculaires pour la conversion du CO,. Ces molécules
constituées d'un acide de Lewis (LA) et d’une base de Lewis (LB) présentent un
encombrement stérique qui empéche la formation d’un adduit LA-LB. Cette « frus-
tration » crée un site réactif entre les deux centres de Lewis capable d’activer de
petites molécules inertes comme H; ou CO,. Depuis leur premiere description en
2006 par Stephan et ses collaborateurs, [2] les FLPs sont apparues comme une alter-
native prometteuse, sans métal, aux catalyseurs classiques d’hydrogénation. Leur
capacité a cliver Hy et a transférer des paires hydrure/proton au CO; les rend par-
ticulierement intéressantes pour développer une catalyse durable. Toutefois, leur
conception reste complexe, nécessitant de trouver un équilibre délicat entre la force
acide/base, I'encombrement stérique associé aux deux centres de Lewis et les pro-
priétés électroniques de la molécule, de facon a favoriser a la fois le clivage de Hj
et 'hydrogénation du CO; sans stabiliser excessivement les intermédiaires réaction-
nels. Ce travail de these vise a étudier la famille de FLPs moléculaires a base de bore
et d’azote, afin d’en élucider la réactivité pour I’hydrogénation du CO, et extraire
des criteres rationnels de design moléculaire.

Dans le contexte de la photocatalyse, cette these se concentrera sur deux grandes
familles de catalyseurs moléculaires: les polyoxométallates (POMs) et les porphyri-
nes métalliques. Les POMs sont des clusters anioniques a bases de complexes oxo
de métaux de transition. Dans la majorité des cas, ils sont constitués de molybdene
(polyoxomolybdate), de tungsténe (polyoxotungstate) ou de vanadium (polyoxo-
vanadate), capables de stocker réversiblement plusieurs électrons, ce qui les rend
particuliérement adaptés a la médiation électronique dans la réduction du CO,.[3]
Les porphyrines métalliques, quant a elles, sont des complexes métalliques tres
étudiés pour la réduction photocatalytique du CO,.[4] Sous forme métalée, a base
de fer ou de cobalt, par exemple, les porphyrines combinent une forte affinité pour
le CO, et des états excités riches en électrons, menant souvent a une conversion CO,
— CO a haute sélectivité et activité.

Cette these de doctorat vise a étudier par des méthodes de chimie computation-
nelle les mécanismes catalytiques en jeu dans la dissociation de H; et de réduction
du CO; par des catalyseurs tels que des paires de Lewis frustrées (FLPs), des poly-
oxométallates (POMs) et des porphyrines. Elle cherche également a identifier des
relations structure-activité qui permettent d’expliquer les tendances réactives ob-
servées par calculs ou par I'expérience. Enfin, ce travail ambitionne de développer
des modeles prédictifs via des calculs de chimie quantique, des simulations de dy-
namique moléculaire et des approches guidées par 1’analyse de données. L’objectif
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final est d’établir des principes de conception pouvant orienter le développement
rationnel de catalyseurs moléculaires de nouvelle génération, efficaces et durables.

2 Les paires de Lewis frustées B/N pour la dissociation de
H,

2.1 Contexte général

Ce premier chapitre présente notre approche computationnelle pour étudier la réac-
tivité des paires de Lewis frustrées (FLPs) dans l’activation de 1'hydrogene et I'hy-
drogénation du dioxyde de carbone. Dans un premier temps, les FLPs peuvent
dissocier H, de maniére hétérolytique en un proton et un hydrure, qui seront en-
suite transférés au CO, pour produire de ’acide formique ou des produits apparen-
tés. L'efficacité de ce processus dépend de 1'équilibre entre la force acide et la force
basique des composants de la FLP. Si la FLP est trop faible, l'activation de H; est
lente; si elle est trop forte, le transfert au CO, devient énergétiquement défavorable.

A ce jour, diverses études computationnelles ont exploré I'influence de la struc-
ture moléculaire sur le cycle catalytique, notamment pour déterminer si l’activation
de H; ou le transfert du proton et de I'hydrure constitue 1’étape limitante.[5] Ces
études ont proposé des mécanismes séquentiels ou concertés, bien que le mécan-
isme en deux étapes, activation de H; suivie de la réduction du CO,, soit générale-
ment plus favorable. Un large éventail d’architectures de FLPs a été étudié dans la
littérature, et des efforts récents de criblage & haut débit ont commencé a cartogra-
phier la relation entre les caractéristiques moléculaires et les performances cataly-
tiques en utilisant des descripteurs thermodynamiques tels que les énergies libres
d’attachement du proton et de I'hydrure.[6]

Afin de construire une compréhension plus générale de la réactivité des FLPs,
notre travail a porté sur la famille des FLPs moléculaires a base de bore et d’azote,
les deux sites de Lewis étant présent au sein de la méme molécule. Notre approche
vise a définir des descripteurs thermodynamiques transférables et chimiquement
significatifs, l’affinité pour le proton pour les bases et 1’affinité pour 1’"hydrure pour
les acides, par exemple, basés sur des réactions de référence standardisées, i.e. dis-
sociation de Hy et hydrogénation du CO» en acide formique. Cette approche permet
une comparaison cohérente entre différentes molécules et permet le développement
de relations structure-activité qui ne sont pas limitées a des géométries spécifiques
de FLPs. Le cadre ainsi établi fournit une base pour la conception rationnelle de
FLPs et pour le criblage a haut débit dans l'activation de petites molécules.

2.2 Méthodologie

En terme de méthodologies, les calculs DFT (wB97X-D/def2-TZVP avec solvant
PCM dans le toluéne) ont été réalisés pour calculer le profil réactionnel de disso-
ciation de Hy, i.e. les parametres thermodynamiques (AGp, gissociation) €t cinétiques
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(AGH H, dissociation) de 112 FLPs moléculaires (Figure 2). Dans un premier temps, une
procédure automatisée en Python a été développée pour extraire de maniere systé-
matique les données structurales et électroniques clés, énergies, géométries, charges,
etc., a partir des fichiers de sortie Gaussian, assurant cohérence et passage a 1’échelle.
Dans un second temps, le script « FLP finder » analyse les données extraites afin
d’identifier le motif signature de la FLP, sur la base de la proximité géométrique
et de l'identité chimique des centres acide et base de Lewis de chaque molécule.
Enfin, des approches de régression ont été utilisées pour établir des relations struc-
ture—réactivité en utilisant une variété de descripteurs structuraux et électroniques.
La régression linéaire multivariée (MLR) et la méthode des moindres carrés par-
tiels (PLS) ont été combinées avec une validation croisée de type « k-fold » pour
construire des modeles prédictifs reliant les descripteurs moléculaires a la réactiv-
ité, tant d’un point de vue thermodynamique que cinétique. Une méthode guidée
par les données a été appliquée de maniére itérative afin d’identifier et sélectionner
les descripteurs moléculaires les plus informatifs tout en préservant la qualité des
modeles.

2.3 Résultats

Notre analyse s’est concentrée initialement sur la corrélation entre AG et AGH, révé-
lant que des énergies libres de réaction faibles ne sont pas nécessairement associées
a des barriéres d’activation faibles. Les histogrammes des distances H-H a 1’état de
transition, classés par famille de FLPs, montrent des tendances distinctes, reflétant
I'influence des caractéristiques géométriques sur la réactivité.

La régression linéaire multivariée (MLR) a été utilisée comme un outil fonda-
mental pour extraire une compréhension chimique a partir de jeux de données de
descripteurs de haute dimension, en construisant des modeles linéaires reliant plu-
sieurs descripteurs moléculaires a une propriété cible. Dans le cadre de ce travail,
la MLR est utilisée pour prédire la stabilité thermodynamique (AG) des réactions de
dissociation de Hj catalysées par les paires de Lewis frustrées (FLP). Cette méthode
permet de construire des modeles interprétables qui quantifient la contribution de
chaque descripteur a la propriété étudiée.

Les descripteurs considérés incluent des parametres géométriques (par exemple,
la distance LA- - - LB), des descripteurs électroniques comme FEHA et FEPA, ainsi
que des angles structuraux tels que 1’angle de distorsion (1), ® et I’angle diedre (7).
Pour éviter la multicolinéarité et le sur-apprentissage, les variables sont normalisées
et sélectionnées en fonction de leur pertinence, a 1’aide de techniques telles que la
validation croisée et I'analyse de corrélation.

Le meilleur modele obtenu (r? = 0.87 et g = 0.85, Eq. 1) révele que 'énergie libre
de dissociation de Hy, AG, dépend uniquement de quelques descripteurs significat-
ifs, les plus influents étant la distance d, FEHA (énergie d’attachement de I'hydrure)
et FEPA (énergie d’attachement du proton). La visualisation de 1’ensemble de don-
nées projetées dans I'espace des descripteurs illustre des tendances nettes, avec des
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régions de faible AG bien regroupées (Figure 1).
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FIGURE 1: Nuage de points des données projetées dans 'espace tridi-
mensionnel défini par d, FEHA et FEPA. Chaque point est coloré en
fonction de sa valeur de AG calculée par DFT. Quatre points de don-
nées sélectionnés sont projetés sur le plan FEHA vs d afin d’illustrer
le pouvoir discriminant supérieur de FEHA par rapport aux autres
descripteurs.

—_

AG =28.9-d+67.6- FEHA + 24.4 - FEPA — 54.4
AG =7.37-d+0.821 - FEHA + 0.685 - FEPA + 151 1)
r»=087 ¢*=0.85  RMSE = 5.52 kcal - mol ™!

Dans I’ensemble, ces observations confirment que la nature des substituants du site
de Lewis, affectant directement son acidité, joue un role dominant dans la stabilisa-
tion du produit de dissociation de H,. En d’autres termes, une acidité plus élevée
est corrélée a des réactions plus exergoniques, comme on I'observe pour des groupe-
ments fortement électroattracteurs tels que -NO,, -CN, -CCl3 ou —CF3. Des dis-
tances LA- - - LB plus courtes et une basicité plus forte de la base de Lewis favorisent
également la dissociation de H, d’un point de vue thermodynamique, mais dans
une moindre mesure.

Ensuite, nous avons examiné le role des caractéristiques structurales et élec-
troniques dans le controle de I'énergie libre d’activation (AG*) pour la dissociation
hétérolytique de H; par des FLP intramoléculaires B/N. L'approche MLR, décrite
ci-dessus pour AG, n’a pas permis d’identifier les descripteurs les plus importants
parmi tous ceux calculés. Afin d'y remédier, nous avons mis au point une autre

méthodologie guidée par les données, inspirée de celle de Andries et al.[7] Pour
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évaluer si un descripteur moléculaire contribue réellement a la prédiction de la réac-
tivité ou s’il contribue au « bruit », i.e. sans contribution spécifique, un ensemble de
descripteurs aléatoires est généré. Ces descripteurs aléatoires ont la méme distribu-
tion que les vrais descripteurs mais sont statistiquement indépendants du systéme
chimique étudié. Ils servent ainsi de référence afin de distinguer le signal pertinent
du « bruit ». Une fois les descripteurs aléatoires générés, la performance prédictive
des descripteurs réels est comparée a ces derniers a ’aide de la régression par moin-
dres carrés partiels (PLS). Plus précisément, la capacité prédictive de chaque de-
scripteur (mesurée par validation croisée) est évaluée et classée. Un seuil est ensuite
défini a partir de la distribution des scores prédictifs des descripteurs aléatoires. Les
descripteurs réels doivent dépasser ce seuil pour étre considérés comme informat-
ifs. Ce processus garantit ainsi que seuls les descripteurs ayant une contribution
statistiquement significative, c’est-a-dire surpassant le bruit, sont retenus pour les
modeles ultérieurs.

Les résultats de la régression révelent que le modele le plus prédictif pour AG*
repose (r> = 0.85 et q> = 0.81, Eq. 2) principalement sur deux descripteurs géomé-
triques: la distance d entre les centres acide et base de Lewis, et I’angle de distorsion
A, qui représente la déviation par rapport a la géométrie idéale de la poche réac-
tive de la FLP, représenté par le minimum décrit par le comportement quadratique
des descripteurs dans le modele (Figure 3). Ces deux caractéristiques permettent
a elles seules une bonne séparation entre les systemes a faible et a haute barriere
cinétique. Des valeurs plus faibles de d sont généralement corrélées a des barrieres
d’activation plus faibles, car elles favorisent un meilleur recouvrement des orbitales
et une meilleure polarisation de Hy. Cependant, une trop grande proximité peut
induire une contrainte stérique ou une formation prématurée d'un adduit. L’angle
A reflete le cotit énergétique nécessaire pour déformer le FLP de son état fonda-
mental optimisé vers la géométrie de 1'état de transition, influengant ainsi la pré-

organisation de la FLP pour réaliser la dissociation hétérolytique de Ho.

—~—

AGH =161 @2 —133-d+514-12—388-A —21.9- FEHA? + 9.32 - FEPA
182 q;(NPA)2 — 12.4 - EP(NPA)? — 20.0 - EP(NPA) + 55.4
AGH =560-d2 —34.0-d+ 000159 - A2 — 0.222 - A — 0.00228 - FEHA? (2)

4+0.262 - FEPA — 30.2 - g;,(NPA)? — 57.4 - EP(NPA)® — 45.1 - EP(NPA) + 131
r»=0.85 ¢*=081  RMSE = 5.13 kcalmol

Un résultat clé de cette étude est de montrer que les descripteurs thermodynamiques
(FEHA et FEPA), qui influencent fortement les énergies libres de réaction (AG), sont
moins prédictifs pour AG. Cela indique que les contrdles cinétique et thermody-
namique obéissent a des relations structure-activité différentes. Alors que les de-
scripteurs FEHA et FEPA décrivent la force motrice de 'attachement du proton ou

de I'hydrure, la structure de 1’état de transition dépend davantage de 1’accessibilité
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FIGURE 3: Répartition des FLP, classés par familles, superposée a la
carte de chaleur de AG} prédite par I'Eq. 2 en fonction de d et A.
Tous les autres descripteurs ont été fixés a leur valeur moyenne pour
générer la surface de réponse.

stérique et de la dynamique conformationnelle. De fait, une corrélation linéaire est
observée entre AG* et I'énergie de distorsion, i.e. I'énergie nécessaire pour déformer
la FLP de son état fondamental optimisé vers la géométrie de 1'état de transition.
Ceci confirme le role déterminant de la déformation de la FLP dans 'acces a 1’état
de transition lors de 'étape de dissociation de Hj. Ce résultat suggere également
que les systémes géométriquement pré-organisés, i.e. déja proches de la géométrie
de I’état de transition, nécessitent un apport énergétique moindre pour l’activation
de Hy, et présentent donc des barriéres cinétiques plus faibles.

Fait notable, méme lorsque les descripteurs de 1’acidité et de la basicité intrin-
seques, tels que FEHA et FEPA, sont exclus du modele, ce dernier conserve une
forte capacité prédictive (r> = 0.73 et q> = 0.68) en s’appuyant uniquement sur des
descripteurs géométriques et électroniques. Ce résultat souligne que l'agencement
spatial et I'environnement électronique du FLP jouent un role plus déterminant dans
la réduction de la barriere d’activation que la simple force de ses composants acide
et base. En d’autres termes, une préorganisation structurale efficace peut compenser
une acidité ou une basicité modérée en réduisant le cotit énergétique nécessaire pour
atteindre 1’état de transition.

Enfin, une procédure de validation « externe » a permis d’évaluer la capacité

prédictive des modeles développés en utilisant un ensemble de molécules FLPs non
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incluses dans l’entrainement du modele. Les valeurs prédites des énergies libres
thermodynamiques et cinétiques ont été comparées aux valeurs de référence cal-
culées par DFT pour ces mémes molécules « externes ». Cet ensemble de molécules
« externes » a I’entrainement du modele a été choisi afin de comprend des familles
de FLP diverses afin d’assurer une représentativité chimique (intramoléculaire B/P,
Al/N, Al/P et intermoléculaire B/N FLPs). Cette diversité est nécessaire pour s’as-
surer que les modeles rendent comptent des relations structure-activité généralis-
ables, plutdt que de s’ajuster a des motifs structuraux spécifiques. Globalement,
nos tests de validation « externe » a permis de confirmer la robustesse des modeles
pour la prédiction de AG et leur utilité pour anticiper les tendances de réactivité
dans de nouvelles molécules FLPs non « vues » lors de l’entrainement du modéle.
En revanche, concernant la barriére d’activation, AG¥, les modeles n’ont pas réussi
a reproduire les tendances des nouvelles familles de FLPs, indiquant que d’autres
descripteurs sont nécessaires pour déterminer AG* a travers différentes familles de
FLPs.

En utilisant les mémes descripteurs que pour la coupure de Hy, un modele a
été développé pour prédire la barriere de 'activation du CO; (AGico2 hydro)- Les
meilleures performances (r* = 0.82 et g> = 0.81; Eq. 3) sont obtenues a l'aide des
descripteurs FEHA?, de la distance LA-LB (d) et de I'angle A. FEHA?Z était le terme

le plus influent, bien que la géométrie joue également un role notable.

i o /'\_/2 . .
AGCO2 hydro = 46.8 - FEHA” —182-d —842-A —16.4

i _ 2
AGCO2 hydro = 0.00486 - FEHA” —4.65-d — 0.0483 - A + 28.6 3)

=082 ¢*=081  RMSE = 4.51 kcal mol !

Une analyse plus poussée des géométries des états de transition de I’hydrogénation
du CO,, a révélé une diversité mécanistique selon les molécules FLPs. Alors que
certaines molécules présentent un état de transition idéal concerté avec un transfert
simultané de H™ et H', d’autres montrent un caractere asynchrone, dans lequel les
transferts d’hydrure et de proton sont décalés. Dans certains systemes, un déplace-
ment protonique minimal a 1’état de transition suggérait un mécanisme en deux
étapes, le transfert de proton survenant plus tard. A l'inverse, d’autres systemes
favorisaient un transfert de proton précoce. Une géométrie unique de transfert
d’hydrure perpendiculaire au plan du CO; a également été observée, en particulier
dans les FLP présentant de grandes distances entre I’acide et la base de Lewis, ainsi
que des groupes fortement électroattracteurs sur 'acide de Lewis. Cette variabilité
structurale souligne la complexité mécanistique de I’hydrogénation du CO, par les
FLPs et met en évidence I'importance de modeles complets intégrant a la fois les
effets géométriques et électroniques.

En conclusion, ce chapitre présente un cadre fondé sur l’analyse de données
pour comprendre et prédire les relations structure—activité dans les paires de Lewis
frustrées (FLP) a base de bore/azote pour la dissociation de H; et '’hydrogénation



XXXii Résumé

du CO;. Des modeéles ont été développés pour prédire les énergies libres de réac-
tion (AG) et les barriéres d’activation (AG¥), en identifiant les descripteurs molécu-
laires clés, notamment 1’acidité (FEHA), la basicité (FEPA) et la distance LA---LB
(d), comme les principaux facteurs influencant la thermodynamique, avec un ef-
fet prédominant de FEHA. En revanche, AG? est plus sensible aux caractéristiques
géométriques telles que la distance LA- - - LB (d) et I'angle de distorsion A, les bar-
rieres étant minimisées a des valeurs optimales (d ~ 3.0 A, A = 70°, Figure 3).
Nous observons que nos modeles se généralisent bien pour prédire la thermody-
namique de la dissociation (AG), mais sont moins transférables pour prédire la ciné-
tique (AG?) selon les types de FLPs considérées. Une approche similaire basée sur
les descripteurs a été appliquée a I’hydrogénation du CO;, produisant un modele
prédictif pour sa barriére d’activation et révélant des trajectoires mécanistiques di-
verses. Les efforts futurs viseront a intégrer les processus de désactivation et a élargir
I"applicabilité des modéles. Dans I'ensemble, cette approche offre des éclairages mé-
canistiques ainsi que des outils pratiques pour évaluer et concevoir des systemes
FLP efficaces pour I’hydrogenation du CO,.

3 Réduction photocatalytique du CO, assistée par les POMs

Ce chapitre s’inscrit dans le contexte de la réduction catalytique du CO, assistée
par les polyoxométallates (POMs), en mettant en avant leur potentiel en tant que
plateformes moléculaires pour les transformations multi-électroniques. Il souligne
d’abord le role central des processus photocatalytiques et électrocatalytiques dans
le développement des méthodes durables de valorisation du CO,. Les POMs sont
des clusters métal-oxo redox-actifs, dotés d"une diversité structurale exceptionnelle,
de propriétés électroniques modulables et d’'une grande stabilité en conditions cat-
alytiques. Ces caractéristiques les rendent particulierement attrayants pour des ap-
plications en photosynthese artificielle et en conversion du CO,, notamment.[8] Les
POMs offrent une variété moléculaire et une modularité permettant un réglage de
leur comportement redox et de leur environnement de coordination. De plus, leur
capacité a stocker réversiblement plusieurs électrons leur permet de faciliter la ré-
duction complexe et en plusieurs étapes du CO, dans des conditions douces. Une
attention particuliere est accordée au role des interactions supramoléculaires et a
I'incorporation d’agents actifs supplémentaires (par exemple, des photosensibilisa-
teurs ou des donneurs d’électrons sacrificiels), qui peuvent améliorer 1'activité et la
sélectivité catalytique de deux systemes moléculaires a base de POMs. Le chapitre
aborde I'étude computationnelle de leur structure électronique, de leurs propriétés
redox et des mécanismes réactionnels en jeu dans la réduction du CO, en CO, dans
le but de dégager des principes de conception généralisables pour des catalyseurs
moléculaires de réduction du CO, efficaces et sélectifs.
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3.1 Ni-substituted POMs as molecular catalysts for CO, reduction
3.1.1 Contexte Expérimental

Dans le cadre d"une collaboration avec I'Institut Lavoisier de Versailles, et plus par-
ticulierement dans le contexte de la these de doctorat de K. Talbi, cette derniére a ex-
ploré l'activité photocatalytique de divers sels de polyoxométallates (POMs) substi-
tués au nickel dans des conditions homogenes, en milieu CH3CN:H;O:TEOA saturé
en CO,. Le systéme étudié utilise [Ru(bpy)s]>" (Ru?>) comme photosensibilisateur
(PS), le TEOA comme donneur d’électrons sacrificiel (SED), et une irradiation par
lumiere visible (A > 415 nm). Le CO et le H; sont les seuls produits gazeux détectés,
avec une formation négligeable de formiate en phase liquide. Parmi les divers catal-
yseurs testés a base de POMs, (TBA)Nis a montré la plus forte activité de production
de CO, ce qui a conduit a des études d’optimisation supplémentaires. Ses perfor-
mances optimales ont été obtenues avec un rapport CH3CN:H,O:TEOA de 8.8:2:1
et une concentration de 1.95 mM en Ru?*. L'absence d’eau ou l'utilisation d’autres
photosensibilisateurs comme [Ru(phen);]*>" ou [Ir(dtbbpy)(ppy)2]* entraine une ré-
duction significative de la production de CO. L'évolution du CO cesse apres environ
4 heures, mais reprend aprés ajout de PS, indiquant que la dégradation du photo-
sensibilisateur est un facteur limitant. La présence de centres catalytiques de nickel
est essentielle a la catalyse, comme le montrent les faibles activités des précurseurs
dépourvus de Ni. La sélectivité s’améliore a plus faibles concentrations de cataly-

seur, et un marquage isotopique confirme que le CO provient du COs.
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FIGURE 4: Activité de réduction du CO; et du Hj (barres en gris et
en orange respectivement) pour toutes les combinaisons catalyseur-
contre-ion étudiées. Le tungstene octaédrique est coloré en bleu, le
phosphore tétraédrique en jaune ou orange, le carbone en noir, I'azote
en bleu clair, I'oxygene en rouge et le nickel en jaune.
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Le bullage du CO, provoque une séparation de phases révélant un systeme
biphasique, dans lequel le POM se retrouve en phase aqueuse et le cation TBA™ en
phase organique. Cette séparation est essentielle a la catalyse, car 1’élimination du
CH3CN entraine une forte diminution de 'activité. Cet effet bénéfique est attribué
a une meilleure séparation des paires ioniques et a des interactions POM-PS favor-
ables a l'interface phase aqueuse/phase organique, ot la concentration en CO, est
plus élevée. En revanche, les contre-ions inorganiques (Na™, KT) restent en phase
aqueuse et nuisent a 'efficacité catalytique par des interactions plus fortes avec le
POM.

L'intégrité structurale et la stabilité de (TBA)Ni4 ont été confirmées apres catalyse
par DLS, sans formation de nanoparticules de NiO. Malgré de nombreuses études,
les parametres clés gouvernant la réduction du CO, par les POMs restent mal com-
pris, en raison de la complexité des voies rédox et des transferts de protons, ainsi
que de mécanismes de dégradation du PS encore incertains. Pour mieux compren-
dre ces phénomenes, nous avons entrepris une étude computationnelle combinant
DFT, TD-DFT et DFT-MD ont été menées sur (TBA)Ni, afin de fournir une com-
préhension mécanistique de la réduction du CO, et guider la conception de futurs

catalyseurs.

3.1.2 Résultats

Les propriétés rédox de Niy ont d’abord été évaluées dans le cadre de cette thése.
Comprendre les propriétés rédox des polyoxométallates (POMs) nécessite tout d’a-
bord I'évaluation de leurs états de protonation. Dans le cas du POM Nig-substitué,
une caractérisation acido-basique a été réalisée a l'aide de la forme protonée de
la triéthanolamine (HTEOA™), formée lors de la génération d’électrons du TEOA
avec le photosensibilisateur sous irradiation. HTEOA™ peut également étre générée
par transfert de proton a partir de I’eau, en accord avec son pK, expérimental de
10.75. Le POM Niy contient de nombreux ligands oxo pouvant agir comme bases
de Bronsted. Sur la base de la symétrie du catalyseur (axe C; et plan miroir), quatre
ligands oxo pontants distincts ont été identifiés et évalués pour leur basicité. Ces
positions ont été différenciées en types pontants (M—O-M) et terminaux (M=0), les
premiers étant plus basiques que les seconds en raison d’interactions métal-oxygene
plus faibles. Les énergies libres de protonation calculées montrent une tendance: les
ligands oxo pontants entre Ni et W (W-O-Ni) sont les plus basiques (AG = 6.8 kcal
mol 1), tandis que ceux entre deux atomes de W le sont moins (AG = 8.9 kcal mol !).
Cette tendance est confirmée par des cartes de potentiel électrostatique, qui révelent
des régions riches en électrons autour des centres Ni.

Une analyse plus poussée montre que Niy peut spontanément accepter deux pro-
tons de HTEOA ™, avec des énergies libres favorables de —6.8 et -5.1 kcal mol . Ces
protons se lient a des sites pontants W—O-Ni symétriques et forment des liaisons hy-
drogene intramoléculaires stabilisantes. En revanche, une troisieme protonation est
thermodynamiquement défavorable (4.2 kcal mol1). Ces résultats constituent une
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premiere base pour étudier le comportement rédox de 1’espece doublement protonée
H,Niy et sa réduction par transfert monoélectronique du photosensibilisateur a base
de ruthénium.

Avant d’évaluer la réductibilité du polyoxométallate (POM) H,Niy, il est néces-
saire d’examiner le pouvoir réducteur du photosensibilisateur (PS), [Ru(bpy)s]**, et
de le triéthanolamine (TEOA), le donneur sacrificiel d’électrons (SED). Ce systeme
peut fonctionner selon deux mécanismes: la désactivation oxydative ou la désacti-
vation réductrice. Dans le mécanisme de désactivation oxydative, le photosensibil-
isateur excité (PS*) transfere un électron a HoNiy, puis est régénéré par un transfert
d’électron depuis la TEOA. Cependant, cette voie est thermodynamiquement dé-
favorable en raison d’'une recombinaison efficace des charges entre le POM réduit
et le PS oxydé (64.5 kcal mol™!), ce qui empéche une séparation des charges sta-
ble. Les données photophysiques expérimentales confirment cette hypothese, car
aucune espece a charges séparées de longue durée de vie n’a été observée, rendant
le mécanisme oxydatif peu probable.

A l'inverse, la désactivation réductrice, dans laquelle le TEOA réduit le PS* excité
pour former Ru™, qui réduit ensuite HpNiy, est fortement étayée par des résultats
expérimentaux et théoriques. Bien que la réduction initiale du Ru** excité par le
TEOA soit endergonique (10.8 kcal mol™?), elle est rendue thermodynamiquement
favorable par la déprotonation exergonique du radical TEOA®* (-11.3 kcal mol~!).
De plus, 'espéce Ru™ est observée expérimentalement comme étant de longue durée
de vie et plus réductrice que le radical TEOA®. Des études DFT montrent que Ru™
peut réduire la forme doublement protonée H,Ni; de maniére ergoneutre (AG ~
0.0 kcal mol~!), alors que la réduction de la forme non protonée Niy est bien moins
favorable (16.9 kcal mol 1), soulignant ainsi le role crucial de la protonation dans la
stabilisation des orbitales vacantes du catalyseur.

Dans l’ensemble, les preuves combinées issues des calculs et des expériences
photophysiques favorisent fortement un mécanisme de désactivation réductrice, ott
la protonation du POM ainsi que de possibles effets de paires d’ions renforcent le
transfert d’électron vers le POM.

Pour identifier la forme active du catalyseur dans les conditions photocataly-
tiques, les états de protonation et de réduction du POM Niy ont ensuite été étudiés de
maniere systématique. Siles réductions initiales du cluster Nig sont fortement ender-
goniques, sa basicité élevée permet une double protonation spontanée, pour former
HoNiy. Cette espece protonée peut ensuite subir une premiere réduction ergoneutre,
suivie d’une seconde réduction modérément endergonique (7.2 kcal mol~1!), con-
duisant a H>Nig(2e). Une protonation supplémentaire au niveau des ponts Ni-O-W
stabilise le systéme pour former HyNiy(2e), qui présente un profil thermodynamique
favorable et permet des réductions supplémentaires accessibles. Toutefois, au-dela
de H4Niy(2e), les étapes supplémentaires de protonation et de réduction deviennent
de plus en plus défavorables. Une analyse de Boltzmann montre que H4Niy(2e)
est 'espece prédominante (90.7 %) dans les conditions de fonctionnement, avec des
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populations mineures de H5Nis(3e), HgNis(4e) et HyNiy(3e). Ces résultats établis-
sent HyNiy(2e) comme la forme active du catalyseur, qui apporte les électrons néces-
saires a la conversion de CO; en CO.

La réduction du CO, en CO catalysée par 'espece identifiée plus haut, i.e. H4Niy
(2e), a été ensuite étudiée a ’aide de calculs DFT statiques et de simulations de dy-
namique moléculaire (MD) basées sur la DFT. Thermodynamiquement, la réaction
globale, produisant CO et H,O et régénérant la forme oxydée H;Niy(Oe), est 1égere-
ment endergonique (4.5 kcal mol~!). Un processus similaire impliquant HsNiz(3e)
a été calculé comme étant bien plus endergonique (16.7 kcal mol 1), en raison de la
faible stabilité du produit oxydé H3Niy(1le).

L’exploration mécanistique a commencé par un échange de ligand qui consiste en
la substitution du ligand aqua sur un site Ni'! du POM par une molécule de CO;. Le
calcul DFT statique montre que ce processus est fortement endergonique (53.5 kcal
mol~1). Cependant, la prise en compte du couplage antiferromagnétique entre Ni'!
et I’anion radicalaire CO,~ (-COQO*®™) stabilise le produit et réduit le cotit énergé-
tique a 34.1 kcal mol~!. Malgré tout, cette barriére reste trop élevée pour une catal-
yse efficace. Pour surmonter les limites des calculs statiques, des simulations de type
path-metadynamics en solvant explicite (DFT-MD) ont été réalisées. Ces derniéres
ont révélé que le processus d’échange de ligand, impliquant la libération d’eau et
I'insertion du CO,, présente un cofit énergétique libre bien plus bas (20.3 kcal mol 1)
que celui estimé en solvant implicite, ce qui le rend réalisable dans des conditions
expérimentales. La majeure partie de la barriere est associée a la libération de 1’'eau
(10.0 kcal mol 1), plutdt qu’a I'insertion du CO; proprement dite (~10.3 kcal mol 1),
ce qui met en évidence les limites des modéles statiques a solvant implicite. Les
étapes suivantes ont été modélisées a 1’aide de calculs DFT statiques. Apres la fix-
ation du CO; et le transfert d'un électron, une protonation par un site Ni-O(H)-W
stabilise I'intermédiaire -COO®~ (exergonique de -11.2 kcal mol 1), déclenchant un
second transfert d’électron qui forme une espece Ni-COOH. La déprotonation par le
TEOA et la protonation du groupe OH par HTEOA ™ favorisent ensuite la rupture de
la liaison C—-OH (AG?* = 4.3 kcal mol~!), menant a une espece Ni-CO et a la libération
d’une molécule d’eau. Bien que cette étape apparaisse légerement endergonique (1.5
kcal mol~?) selon les calculs DFT statiques, la correction tenant compte de I'énergie
de libération de 1’eau issue des DFT-MD la rend exergonique (-15.0 kcal mol~!). En-
tin, la libération du CO et la régénération du catalyseur sont thermodynamiquement
favorables, fournissant la force motrice nécessaire a la réaction globale. L'ensemble
du mécanisme est illustrée en Figure 5.

Cette section présente une proposition mécanistique pour la réduction du CO,
par le systéme photocatalytique Nig / Ru?t /TEOA, fondée sur des observations ex-
périmentales et une étude théorique. Le catalyseur accepte deux électrons et quatre
protons par un mécanisme de quenching réducteur induit par la lumiere, formant
une espéce active qui se lie au CO, via un des centres Ni'' du POM. Des trans-
ferts de protons et d’électrons facilitent la rupture de la liaison C-O, produisant
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FIGURE 5: Schéma général du mécanisme proposé, avecn=2etm =
4 pour HyNiy(2e) et n = 3 et m = 5 pour H5Niy(3e).

du CO et régénérant le catalyseur. Les ligands Keggin trilacunaires, a caractere
redox actif, présents dans Niy, sont essentiels pour le stockage efficace des élec-
trons et 'accumulation de charge sous irradiation. Les résultats computationnels
soulignent la difficulté de modéliser I’échange de ligands avec la DFT convention-
nelle, ce qui met en évidence la nécessité d"une solvatation explicite et de techniques
d’échantillonnage avancées. L'étude soutient la conception de catalyseurs conser-
vant la capacité redox de Niy tout en minimisant les barriéres énergétiques a la coor-
dination du CO,, offrant ainsi un cadre pour I’amélioration des systémes de réduc-
tion du CO,.

3.2 Dyades photocatalytiques porphyrine-POM pour la réduction du CO;

Dans la deuxiéme partie du Chapitre 3, une dyade covalente porphyrine-POM a été
étudiée pour la réduction du CO,. Les porphyrines sont des macrocycles plans et
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hétérocycliques, constitués de quatre unités pyrroliques reliées par des ponts mé-
thine, formant ainsi un systeme 77 conjugué étendu. Cette structure confére une
coloration intense et des caractéristiques d’absorption spécifiques, incluant une forte
bande de Soret (~400 nm) et plusieurs bandes Q (500-700 nm) dans le spectre UV-
visible, qui sont essentielles a leurs fonctions biologiques dans des systemes tels
que I’héme, la chlorophylle et les cytochromes. La cavité centrale des porphyrines
peut coordonner des ions métalliques pour former des métalloporphyrines (MP), qui
présentent des propriétés redox, magnétiques et optiques modulables, pertinentes
pour la catalyse et la capture de lumiere.

Les porphyrines sont accessibles par synthese via des méthodes telles que les
procédés d’Adler-Longo et de Lindsey, et leur robustesse chimique les rend aptes
a étre utilisées dans des conditions exigeantes, ainsi que comme composants de
matériaux avancés tels que les MOFs. Les modifications structurales et I'auto-assem-
blage en nanostructures élargissent encore leur utilité, en améliorant 1’absorption de
lumiere et la séparation des charges pour des applications en énergie solaire et en
thérapie photodynamique. Leur double fonction de ligands et de systemes photoac-
tifs les rend utiles dans de nombreux domaines, de la biochimie a la science des
matériaux et a la catalyse, ot la fonctionnalisation contrdlée du noyau et des pé-
riphéries permet de concevoir des systemes porphyriniques sur mesure.

Les métalloporphyrines (MP), inspirées des porphyrines naturelles comme le
groupe heme, sont des catalyseurs moléculaires hautement modulables pour la ré-
duction électrochimique et photocatalytique du CO, (CO,RR).[9, 10] Les porphyrines
de métaux de transition, en particulier celles incorporant Fe et Co, présentent une
grande activité en formant des adduits CO,—métal et en facilitant les étapes clés de
transfert d’électrons. La performance catalytique dépend de la capacité du centre
métallique a moduler les forces de liaison et la stabilisation des intermédiaires. Par
exemple, CoTPP et FeTPP montrent une interaction optimale avec les intermédiaires
de la réduction du CO,, permettant en électrocatalyse une production efficace de CO
avec une haute efficacité faradique et de faibles surtensions.[11] Des modifications
structurales telles que la sulfonation ou la modification de la seconde sphére de co-
ordination améliorent l'activité et la sélectivité, tandis que les systémes hybrides
comme les MP incorporées dans des MOF améliorent encore le transfert de charge
et la capture du substrat.[12]

En photocatalyse, les MP fonctionnalisées associées a des photosensibilisateurs
(PS) montrent de bonnes performances pour la réduction du CO, sous lumiere visi-
ble. Les porphyrines de cobalt et de fer modifiées avec des groupes chargés ou des
groupements formant des liaisons hydrogéne présentent une excellente sélectivité
pour la production de CO. Des études mécanistiques par DFT réveélent des voies
contrastées: les porphyrines de fer reposent sur une chimie redox centrée sur le lig-
and, avec des transferts d’électrons couplés a des protons, menant majoritairement
a la formation de monoxyde de carbone (CO).[13] En revanche, les porphyrines de
cobalt suivent des mécanismes centrés sur le métal, permettant des réductions plus
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profondes du CO; jusqu’a l'acide formique et au méthane, avec une distribution
de produits plus large.[14] Ces résultats soulignent combien la nature du métal et
la conception du ligand influencent 1’activation du CO; et la nature des produits
orientant le développement de catalyseurs avancés et sélectifs pour la CO,RR.

3.21 Contexte expérimental

Dans cette optique, le groupe de P. Mialane et A. Dolbecq a récemment développé
une série de dyades Mog—MP, en particulier les Mog—porph(M) avec M = Fe, Co ou
Zn (Figure 6). Ces dyades sont synthétisées par réaction du cluster Mog avec des té-
traphénylporphyrines (TPP) métallées, en présence de la dicyclohexylcarbodiimide
(DCC) dans du DMSO a température élevée. Des analyses spectroscopiques (IR,
UV-Vis, RMN 'H, ESI-MS, ATG, EDX) ont confirmé la greffe covalente via des li-
aisons imido Mo=N, la préservation des entités Mog et MP, ainsi qu’un effet notable
d’attraction électronique du POM sur la MP.
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FIGURE 6: Gauche: Représentation des composés Mog-porph(M) (M
= Fe, Co, Zn), sphere bleue: N, sphere orange: O, octaédres orange:
MoOg. Droite: TONs de CO et de Hy pour Mog-porph(Fe) (4 uM) et
FeTPP (4 uM) en présence de Ru(dmbpy)s(PFs), (500 uM) et de BIH
(48 mM) dans des solutions DMFE:TEOA (5:1), obtenus sous irradia-
tion par LED bleue (10 mW cm~2). Cercles rouges: production de
CO par Mog-porph(Fe); carrés rouges: production de Hp par Mog-
porph(Fe); cercles bleus: production de CO par FeTPP; carrés bleus:
production de Hy par FeTPP.

Des tests photocatalytiques en milieu saturé en CO, (DMF:TEOA) avec le BIH
comme donneur sacrificiel d’électrons et [Ru(dmbpy);]** comme photosensibilisa-
teur ont démontré que Mog—porph(Fe) surpasse a la fois le FeTPP libre et les ana-
logues Zn/Co pour la production de CO, avec une suppression de 1’évolution de
Hy, ce qui indique une sélectivité et une efficacité accrues grace a l'influence du
POM. Des études électrochimiques par voltampérométrie cyclique (CV) ont révélé
des déplacements dans les potentiels redox des entités Mog et MP dans la dyade,
confirmant une communication électronique mutuelle (Figure 7). Ces déplacements
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refletent 1'influence du POM doublement négatif et les effets attracteurs électron-
iques a travers le systéme conjugué.

FePOM

1/ pA

-
-

FeTPP

I~
c:::i/’*“~\/'____“’/__—

1/ A

POM

S

25 20 -15 -1.0 -05 00
E/VvsFc

1/ A

FIGURE 7: Cyclovoltammogramme (CV) de FePOM comparé aux
complexes de référence FeTPP et POM [conditions: 0.5 mM de catal-
yseur, 0.1 M de (TBA)PFs dans du DMF saturé en Ar, vitesse de bal-
ayage de 100 mV s~ !]. CVs de Mog-porph(Fe) (ligne rouge), Fe(TPP)
(ligne noire) et Moy (ligne bleue).

Malgré ces éléments, les interactions électroniques entre le POM et la MP de-
meurent insuffisamment comprises en raison du recouvrement des événements re-
dox. Pour y remédier, des calculs DFT ont été utilisés afin d’étudier la densité de
spin, la distribution orbitale et la localisation des charges dans différents états redox
des dyades. Cette analyse théorique vise a clarifier la structure électronique des in-
termédiaires réduits et a expliquer comment le POM module les propriétés redox et
catalytiques de la MP. Les connaissances obtenues ici peuvent guider la conception
rationnelle de catalyseurs hybrides modulaires.

3.2.2 Résultats

Caractérisation du complexe entiérement oxydé Mos-porph(Fe): Dans un pre-
mier temps, nous avons étudié la structure électronique du complexe Mog—porph(Fe)
entierement oxydé, dérivé de [Fe'TPP]CI, a I'aide de calculs DFT. Le systéme pré-
sente un centre Fe(IIl) penta-coordonné avec une géométrie pyramidale carrée, sta-
ble quel que soit I’état de spin. Parmi les diverses configurations (doublet, quartet et
sextet), le quartet est identifié comme le plus stable, le sextet étant légerement moins
stable de 1.5 kcal mol~!, tandis que le doublet est beaucoup moins favorable (AG
= 14.6 kcal mol~!). La théorie du champ cristallin et les analyses NBO ont été util-
isées pour interpréter les séparations des orbitales d et les interactions ligand—-métal.
Dans ’état quartet, les orbitales d,. et d,, sont presque dégénérées, et une liaison
Fe—Cl plus faible se reflete par une longueur de liaison allongée. Le sextet présente



Résumé xli

une configuration d> avec un transfert de charge minimal. Bien que I’analyse NBO
fournisse un apercu qualitatif de la distribution électronique, elle repose sur des hy-
potheses de liaisons localisées et sur une description mono-référente issue de la DFT,
ce qui limite sa fiabilité pour les systemes présentant une forte délocalisation élec-
tronique ou un caractere multiréférent, ot plusieurs états de spin ou configurations
électroniques peuvent intervenir, comme c’est le cas des métalloporphyrines. Glob-
alement, les résultats sont en accord avec les études antérieures [15] et suggerent
que le quartet est ’état de spin préféré dans les conditions modélisées, bien que des

facteurs environnementaux puissent modifier cet équilibre.

Remplacement du ligand Cl~ dans la dyade par DMF: Une analyse basée sur
la DFT a permis d’évaluer la substitution du chlorure par le DMF dans la dyade
Mog-porph(Fe), révélant un cofit en énergie libre endergonique de 3.9 kcal mol~!.
Etant donné la concentration bien plus élevée en DMF (12.91 M) comparée a celle de
I'espece Fe(IlI)-Cl (0.5 mM), I’échange de ligand est favorisé. Un modéle microciné-
tique, utilisant des constantes de vitesse dérivées de barrieres de diffusion supposées
et de différences d’énergie libre, a permis de prédire que 1'équilibre est atteint en ~8
ns, avec 95 % des dyades coordonnées au DMF. Ce processus met en évidence le dé-
placement du CI~ induit par le solvant. Une analyse de densité de spin indique en
outre que la coordination du DMF induit des effets électroniques similaires a ceux
observés dans le complexe lié au Cl .

Premiere réduction de Mog-porph(Fe): Deux régions principales du catalyseur
sont susceptibles d’étre réduites: le centre Fe de la porphyrine et les atomes de Mo
du POM. L'analyse des orbitales moléculaires frontieres du systeme coordonné au

DMF montre que la LUMO est majoritairement localisée sur le centre Fe!l!

,indiquant
que la premiere réduction implique la population électronique d"une orbitale de type
d sur le Fe, générant une espece Fell. Cette réduction augmente la densité électron-
ique sur le site Fe de la porphyrine, affaiblissant la liaison Fe-DMF et facilitant la
décoordination du ligand.

La modélisation cinétique, bien qu’intégrant la forte concentration en DMF (12.91
M), prédit que la décoordination reste thermodynamiquement favorable (AG =-5.2
kcal mol™!) et se produit rapidement (~150 ps). L'équilibre Fell-DMF = Fell +
DMEF a été modélisé en utilisant des constantes de vitesse directe et inverse dérivées
d’hypotheses de controdle par diffusion, confirmant une dissociation spontanée.

L’analyse des états de spin de I'espéce réduite Fe!l montre un état fondamental
triplet, avec toutefois un état quintuplet proche en énergie (AG = 2.2 kcal mol ™),
tandis que le singulet est fortement déstabilisé. L’état triplet présente une densité
de spin localisée sur le site Fe de la porphyrine, en accord avec le comportement
typique des porphyrines de Fell. Ces résultats soulignent le role central du centre
Fe dans lI'induction de changements structuraux redox-dépendants permettant des

transferts électroniques supplémentaires.
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Deuxiéme réduction de Mog-porph(Fe): Pour élucider la structure électronique
du complexe Mog-porph(Fe) réduit a deux électrons, nous avons examiné ses états
de spin potentiels, en nous concentrant sur la localisation du second électron ajouté
et I'influence du fragment lié de fagon covalente, i.e. le polyoxométalate (POM).
En partant de 'espece triplet réduite a un électron, I'analyse de la LUMO révele
un caractere majoritairement localisé sur un atome Mo du POM, en particulier sur
I'atome de Mo coordonné au ligand imido pontant. Cela suggere que le second
électron se localise sur le POM, ce qui est confirmé par la B-SOMO de I'espéce réduite
a deux électrons, fortement localisée sur le site Mo lié 4 I'imido.

Parmi les trois états de spin calculés pour le systeme réduit a deux électrons, le
doublet est le plus stable, avec le centre Fe conservant une configuration semblable
a celle de I'espéce triplet réduite a un électron. L'état sextuplet, seulement 1.6 kcal
mol~! plus haut, reflete un centre Fe a spin élevé avec un électron non apparié sup-
plémentaire sur le POM. L'état quadruplet, en revanche, est nettement moins stable
(10.9 kcal mol ! au-dessus du doublet), probablement en raison d’un réarrangement
défavorable des orbitales d centrées sur le Fe. Ces résultats mettent en évidence le
role central des interactions Fe-POM dans la modulation des énergies d’état de spin
et de la structure électronique de ce catalyseur hybride.

Troisiéme réduction de Mog-porph(Fe): Dans le complexe Mog-porph(Fe) réduit
a trois électrons, I’analyse des états de spin révele que le triplet est 1’état fondamen-
tal, présentant un centre Fe a spin intermédiaire, un électron a localisé sur le POM
(au niveau du Mo lié a 'imido), et un électron B dans une orbitale 77* centrée sur
la porphyrine—ce qui conduit a une configuration globale triplet. L'état quintuplet,
2.9 kcal mol~! plus haut, conserve la méme distribution électronique mais avec un
centre Fell a spin élevé, ce qui le rend moins favorable, tandis que 1’état singulet,
situé a 38.1 kcal mol~! au-dessus du triplet, impose une configuration fermée avec
deux électrons sur le POM. Ces résultats soulignent la flexibilité redox du systeme
hybride, le troisieme électron se localisant sur la porphyrine et permettant la délo-

calisation du spin et de la charge a travers les composants Fe, porphyrine et POM.

Quatriéme réduction de Mog-porph(Fe): La quatrieme réduction du systéme Mog-
porph(Fe) se localise principalement sur le fragment polyoxométalate (POM), comme
en témoigne le caractére fortement d du Mo dans la LUMO. Parmi les états de spin
étudiés, doublet, quadruplet et sextuplet, le doublet apparait comme 1’état fonda-
mental. 11 est significativement plus stable (respectivement de 3.8 et 9.5 kcal mol 1)
que les états sextuplet et quadruplet. Dans la configuration doublet, ’analyse de la
densité de spin montre que ’électron ajouté est délocalisé sur le POM, tandis qu'un
électron P réside sur 1'orbitale 7t* de la porphyrine, et que le centre Fe conserve un
caractere triplet local, similaire a celui de 1’espece réduite a trois électrons. En re-
vanche, les états de spin plus élevés impliquent des schémas de couplage différents,
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avec des électrons non appariés supplémentaires sur le POM menant soit a un dou-
blet déformé Fe—porphyrine (état quadruplet), soit a un électron localisé non couplé
sur la porphyrine (état sextuplet). Les tentatives de convergence de configurations
de spin encore plus élevées ont échoué. La HOMO de I’état doublet est localisé sur
la porphyrine, ce qui indique son role potentiel dans le transfert électronique cat-
alytique, notamment dans la réduction du CO,. Ainsi, nous avons conclu que la
configuration de spin doublet, combinant un triplet local sur Fe, un électron 77* sur
la porphyrine et un singulet ouvert sur le POM, est la plus stable et la plus pertinente

sur le plan catalytique.

Cinquieme réduction de Mog-porph(Fe): Lors de la cinquiéme réduction du sys-
téme Mog-porph(Fe), I’électron ajouté se localise principalement sur le ligand por-
phyrine, complétant les deux réductions précédentes centrées sur la porphyrine et
les deux sur le POM. L'analyse des états de spin révele que le quintuplet est 1’état
fondamental, avec le triplet et le singulet ouvert respectivement a 1.3 et 2.1 kcal
mol L. Ce faible écart énergétique suggere que plusieurs états de spin peuvent étre
accessibles thermiquement. Dans 1’état singulet, le centre Fe adopte une configura-
tion triplet locale couplée a deux électrons non appariés sur la porphyrine, tandis
que le POM reste apparié. L'état triplet présente une délocalisation du spin a travers
les especes Fe, porphyrine et POM. Le quintuplet, malgré un couplage plus faible
Fe—porphyrine, est le plus stable, suggérant que la stabilisation est principalement
gouvernée par la configuration des électrons d du Fe. Les états de spin plus élevés,
comme le septuplet, sont fortement défavorisés (18.6 kcal mol~!), probablement en
raison d’une déstabilisation des orbitales d du Fe. Globalement, le systéme montre
une flexibilité de spin, mais le Fe reste le déterminant central des énergies d’état de

spin.

Prédiction des potentiels de réduction: Les potentiels de réduction de Mog-porph
(Fe) ont été calculés par DFT a partir des énergies libres des configurations de spin
les plus stables et référencés a 1'électrode de ferrocene pour comparaison avec les
valeurs expérimentales obtenues par voltamétrie cyclique (CV). Alors que les deux
premieres réductions montrent un bon accord avec les valeurs expérimentales, les
réductions ultérieures présentent des divergences croissantes. Cela met en évidence
les limites des méthodes a déterminant unique, telles que la DFT, et souligne le
besoin potentiel de recourir a des méthodes quantiques multiréférence, comme le
méthode CASSCEF, [16, 17] malgré leur cotit computationnel élevé. De plus, les ef-
fets de paires d’ions impliquant les contre-cations TBA, qui influencent le comporte-
ment rédox, n’ont pas pu étre modélisés de maniére fiable avec les méthodes DFT
statiques, suggérant la nécessité de simulations dynamiques ou de techniques hy-
brides QM /MM pour des prédictions plus précises.
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Validation expérimentale et proposition mécanistique: Parallelement aux inves-
tigations théoriques, une étude expérimentale menée par le Prof. Leibl et Dr. Gotico
(Université Paris-Saclay et CEA) a utilisé des techniques électrochimiques et spec-
troélectrochimiques pour explorer le comportement rédox du complexe Mog-porph
(Fe). Leurs résultats ont corroboré 1'identification théorique des sites rédox-actifs et
ont mis en évidence des vagues catalytiques lors des troisiéme et quatrieme événe-
ments rédox. Ces observations ont permis de proposer un mécanisme réactionnel
détaillé, mettant en évidence que l'activation du CO; se produit non seulement a
I’état réduit a trois électrons, mais de maniere plus efficace aux états réduits a quatre
et cinq électrons (I3, I4 et Is Figure 8). Une analyse plus approfondie de I'insertion
du CO; sur ces intermédiaires a montré que les états de spin les plus stables sont
le quintet pour I3 et le quartet pour I;. Dans les deux cas, un transfert monoélec-
tronique (SET) de la porphyrine vers le ligand CO, est confirmé, accompagné de
réarrangements structuraux dans la sphere de coordination du Fe lors de la liaison
du CO;. Sur le plan thermodynamique, les énergies libres calculées (AG = 19.6 kcal
mol~!) sont comparables a celles du systéme de référence Fe-TPP, indiquant que la
liaison du CO; en soi n’est pas 1’étape limitante. Ce seraient plutot les étapes de
protonation ultérieures qui pourraient controler la vitesse globale de production de
CO, une hypothese actuellement en cours d’investigation.

Cette sous-section présente donc une étude computationnelle détaillée du com-
portement rédox et de la structure électronique de la dyade hybride Mog-porph(Fe),
révélant un mécanisme de réduction du CO, séquentielle débutant au niveau du
centre Fe de la porphyrine, suivi par la réduction du POM et le ligand porphyrine.
En utilisant la DFT, ’analyse NBO, la cartographie de densité de spin et la mod-
élisation microcinétique, cette étude met en évidence une localisation cohérente des
électrons ajoutés et une préférence pour des états de spin intermédiaires tout au long
des étapes de réduction, malgré les limites inhérentes a la DFT. Les résultats mon-
trent que la distribution électronique et les énergies des états de spin sont fortement
influencées par I'environnement des ligands et ’ordre de réduction, avec des étapes
clés telles que 1'échange de ligands qui s’avérent thermodynamiquement et ciné-
tiquement viables. La liaison imido pontant renforce le couplage électronique entre
les unités porphyrine et POM, améliorant ainsi le pouvoir réducteur global du sys-
téeme. Ces résultats offrent une base mécanistique pour la conception de catalyseurs
rédox porphyrine-POM aux propriétés modulables, notamment pour la réduction
du COs,.

4 Conclusions et perspectives

Cette thése de doctorat présente une étude computationnelle de catalyseurs molécu-
laires pour l’activation de petites molécules chimiquement inertes, telles que Hy et
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CO,, avec un accent particulier sur les réactions de dissociation de H; et de réduc-
tion de CO,. Les systemes catalytiques étudiés dans cette thése couvrent des archi-
tectures moléculaires allant de paires de Lewis frustrées (FLPs) moléculaires a base
de bore et d’azote (Chapitre 2) a des systemes hybrides plus complexes a base de
polyoxométallates (POMs) (Chapitre 3). Notre investigation computationnelle s’est
appuyée sur des calculs de la théorie de la fonctionnelle de la densité (DFT), des ap-
proches guidées par I’analyse dedonnées et 1’entrainement de modeéles, ainsi que sur
des simulations avancées de dynamique moléculaire, afin de i) établir des relations
structure-activité dans les FLPs B/N pour la dissociation de H» et '’hydrogénation
du CO,, et ii) fournir une compréhension mécanistique des systemes catalytiques
a base de POMs. Nos principaux objectifs étaient a la fois d’approfondir la com-
préhension théorique de ces systémes et d’identifier, dans la mesure du possible,
des principes directeurs pour la conception de catalyseurs efficaces. Nous mettons
ci-dessous en évidence les principaux résultats liés a ces deux familles distinctes de
catalyseurs, avant de proposer des perspectives possibles pour les travaux futurs
dans ces domaines.

Dans le chapitre 2, nous avons développé des modeles multivariés pour prédire
la thermodynamique (AG) et la cinétique (AGY) de la coupure de H, par des paires
de Lewis frustrées (FLP) intramoléculaires a base de B/N, en intégrant des calculs
DFT a une modélisation fondée sur les données. Un pipeline Python personnalisé
a été mis en ceuvre pour extraire systématiquement 38 descripteurs structuraux et
électroniques a partir des fichiers de sortie de Gaussian. Des régressions linéaires
multivariées (MLR) et des régressions par moindres carrés partiels (PLS), vérifiées
par validation croisée, ont révélé que AG est principalement gouverné par des fac-
teurs électroniques (notamment FEHA et FEPA) ainsi que par la distance LA- - - LB,
tandis que AG* est majoritairement influencé par des descripteurs géométriques tels
que d et A, tous deux présentant des dépendances quadratiques optimales. Le mod-
ele de AG a démontré une forte précision prédictive et une bonne généralisabilité
au-dela des systémes B/N, tandis que le modele de AG? reste fiable principalement
au sein des FLP de type B/N. Des modeéles préliminaires pour I’hydrogénation du
COg, utilisant le méme jeu de descripteurs, ont identifié FEHA comme une carac-
téristique prédictive clé, soulignant sa pertinence mécanistique plus large.

Ces résultats fournissent des indications exploitables sur les relations structure-
-réactivité et offrent des outils prédictifs pour orienter la conception rationnelle des
FLP. Cependant, des voies compétitives, y compris des mécanismes de désactiva-
tion et la formation de produits alternatifs, peuvent affecter significativement les
résultats réactionnels. La classification des états de transition (TS) en types « pré-
coces » et « tardifs » suggere en outre une dépendance structurale dans l’activation
de H; qui mérite une investigation plus approfondie. L'intégration de méthodes
statistiques ou d’apprentissage automatique (ML) plus avancées, telles que «ran-
dom forest» pourrait améliorer notre capacité a prédire les aspects cinétiques (états
de transition) et la diversité mécanistique.
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La performance des modeles fondés sur les données dépend également de ma-
niere critique de la diversité et de la taille du jeu de données. L’étude du chapitre
2, fondée sur 112 FLP intramoléculaires de type B/N, illustre que la génération de
données reste laborieuse, non pas a cause du cofit des calculs DFT, mais en raison
de la nécessité d'une supervision manuelle. Pour garantir une applicabilité plus
large et une meilleure généralisation des modeles, il est essentiel d’élargir le jeu de
données pour inclure une gamme plus étendue de chimies de FLP (par exemple B/P,
Al/N, FLP intermoléculaires). Les stratégies d’apprentissage actif offrent une voie
prometteuse pour réduire I'effort manuel tout en permettant la construction efficace
de jeux de données plus vastes et représentatifs.

Le Chapitre 3 s’intéresse aux catalyseurs a base de polyoxométallates (POM)
pour la réduction du CO,, en se concentrant sur deux systemes représentatifs: un
POM de type Keggin « sandwich » contenant quatre centres nickel (Niy), actif en con-
ditions photocatalytiques, et un complexe hybride porphyrine-POM, Mog-porph-
(Fe). Des études computationnelles démontrent que les POM agissent comme cen-
tres rédox actifs, facilitant des transformations multiélectroniques et multiprotoni-
ques essentielles a la conversion du CO,. Dans le systeme chargé Niy, 1’activation
du CO,, rendue possible par photoaccumulation, progresse via un échange de lig-
ands et une coupure de liaison C-O, les simulations par méta-dynamique chemin
abordant la surestimation des effets de solvatation souvent rencontrée dans les cal-
culs DFT statiques. Dans le complexe Mog-porph(Fe), le transfert électronique et
la dynamique des ligands sont élucidés par des calculs DFT et une modélisation
cinétique, mettant en lumiére le role des équilibres d’états de spin et du couplage
électronique inter-fragments. Ensemble, ces études soulignent la multifonctionnal-
ité des POM et renforcent I'importance des techniques computationnelles avancées
pour la conception de catalyseurs rédox actifs de nouvelle génération destinés a la
réduction du CO,.

Afin d’identifier les mécanismes les plus favorables, plusieurs voies réaction-
nelles possibles sont explorées. Cette tache est particulierement complexe dans des
systémes tels que les POM, ot les exigences computationnelles sont élevées. Bien
qu'une analyse plus exhaustive, incluant des processus secondaires comme la for-
mation de Hy, serait idéale, le cotit prohibitif des méthodes avancées (par exemple,
post-Hartree—Fock) limite leur application courante. Par conséquent, le développe-
ment de stratégies de modélisation a la fois précises et abordables en termes de cotit
computationnel demeure un enjeu majeur.

Enfin, les effets supramoléculaires, incluant les interactions avec le solvant et
les contre-ions, influencent fortement la réactivité dans des systemes tels que Ni4
et Mog—porph(Fe). Une modélisation explicite de I'environnement est importante,
mais cotiteuse. Les potentiels dérivés par apprentissage automatique et les out-
ils, tels que DESC, [18] offrent des alternatives prometteuses aux approches DFT
traditionnelles pour capturer ces effets environnementaux et effectuer des échan-
tillonnages améliorés. Les travaux futurs incluront des simulations de dynamique
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moléculaire classique pour évaluer l'influence de I'environnement sur la réactivité
des FLPs et des POMs.



Chapter 1

General introduction

1.1 Human impact on Earth carbon cycle

Humanity primarily relies on fossil fuels for energy, [19] depleting Earth’s thermo-
dynamic disequilibrium and contributing to greenhouse gas emissions and global
warming.[1] The concept of diminishing use of fossil fuels has become central to sus-
tainable development strategies. Even renewable energy use (e.g., biomass, wind,
...) can weaken natural Earth processes if overexploited, forming the basis of the
“Limits to Growth” concept, [20] though human technology can enhance Earth’s
energy production capacity.

Carbon is the element with the most complex chemistry on Earth. It can form ei-
ther organic and inorganic compounds through covalent bonds of shared electrons
between atoms. Its ability to form large molecules and its unique properties make
carbon-containing molecules the main chemical energy carrier of solar energy and
the base element of the biosphere. Besides the central role of carbon in the biosphere,
italso has played a fundamental role to access energy in human civilization, from the
earliest use of fire to the present-day industrial era. Human activities have increas-
ingly influenced the Earth’s carbon cycle, transforming it from a relatively closed
natural loop to a system heavily impacted by anthropogenic emissions (Figure 1.1).
During primitive civilization, human activities remained largely integrated within
the biosphere. Limited in number and with modest energy consumption based pri-
marily on biomass, the carbon dioxide (CO;) emitted from fire use could be readily
buffered by Earth’s natural carbon reservoirs.

However, the advent of agricultural civilization marked a turning point. The
expansion of farming practices and rising populations led to widespread deforesta-
tion and intensive firewood use. The carbon that would have remained stored in
terrestrial biomass for centuries was prematurely released into the atmosphere. In
addition, the deforestation weakened the forest carbon pool’s storage capacity, ini-
tiating a slow but noticeable rise in atmospheric CO; concentrations around 7000
years ago. The Industrial Revolution in the 18th century brought about a profound
shift. Large-scale exploitation of fossil fuels released vast amounts of ancient organic
carbon into the Earth system, changing its pre-human configuration. With the for-
est carbon sinks in decline, only approximately 31% of human-emitted CO, could
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FIGURE 1.1: Key processes regulating CO, levels involve negative
feedbacks distributing anthropogenic emissions among the ocean,
land, and atmosphere. Positive feedbacks from ocean and land pro-
cesses are driven by carbon—climate and carbon-concentration inter-
actions. Human CO, removal and additional biosphere processes are
also included. Reprinted from ref. 1.

be absorbed by terrestrial vegetation. A similar portion, 23%, was absorbed by the
oceans, which simultaneously experienced acidification that reduced their carbon
uptake efficiency. The remaining 46% of anthropogenic CO, emissions accumulated
in the atmosphere, leads to a rapid increase in its concentration: from 280 ppm be-
fore 1760 to 415 ppm in 2021.[1] Over the past 70 years, the rate of atmospheric CO,
increase has been approximately 100 times greater than during the end of the last

glacial period. This unprecedented rise is now a primary driver of global warming

and climate-related feedback loops (Figure 1.1).

1.2 The value of CO, in sustainable energy systems

To recover Earth system optimal conditions for human live while being compati-
ble with sustainable human civilization, the later needs to gain more control of the
planet, through technological advances. Solar energy is the principal source of low-

entropy energy and the main cause of other energy sources on Earth (wind, biomass,
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etc.). Chemistry is crucial to develop technologies to store solar energy into long-
time stable carbon forms of chemical energy, using the excess of CO; in the atmo-
sphere, like biosphere do, but keeping or even improving the efficiency of the related
processes.

Hydrogen is increasingly recognized as a clean, carbon-free energy carrier with
significant potential for supporting sustainable energy systems.[21] It can be pro-
duced through water electrolysis or photocatalytic water splitting and integrated
into energy systems consisting of three main components: hydrogen generation
(e.g., electrolysers), storage, and energy conversion units such as fuel cells. However,
storing hydrogen poses critical challenges: as a gas it has very low volumetric energy
density at ambient conditions, requiring either high-pressure tanks, cryogenic lig-
uid storage, or complex solid-state materials, all of which face issues such as hydro-
gen embrittlement of metal-based high pressure tanks, low weight-to-volume ratios,
high energy requirements for compression or liquefaction, and poor reversibility or
slow kinetics in metal/complex hydrides.[22]

The intermittent nature of most renewable energies makes finding alternatives
for fossil fuels challenging, as our energy consumption is not intermittent. Storing
excess energy produced during favourable weather periods is a key issue. Carbon,
and specially CO,, is ideal for chemical energy storage, overcoming H, main limita-
tions as a source for generating liquid and gaseous products (such as CO, methane,
methanol, etc.) with very stable and energetic covalent bonds, increasing their en-
ergy density (0.0107 MJ 1! for hydrogen vs 22.2 - 34.6 MJ 1! for liquid carbon
based products).[23] Such chemical storage process can be observed in nature where
plants, algae and bacteria can harvest light and use water during the light phase of
photosynthesis to stock energy and release O, then use the stored energy to trans-
form CO; into sugars, cellulose or starch during the dark phase of photosynthesis.
Transforming CO; in the atmosphere into chemically valuable products is an attrac-
tive strategy: carbon dioxide is largely produced from the combustion of fossil fuels
and using it as a C; carbon feedstock to store energy in chemical bonds would help
establish a circular CO, economy.

1.3 CO; properties

CO; is a linear molecule with two polar C=0O bonds despite its overall non-polar
character (*~O = C°* = (0°"). This structure imparts a quadrupole moment,[24]
making the carbon atom electrophilic and thus susceptible to nucleophilic attack,
while the oxygen atoms can be targeted by electrophiles. Theoretically, CO;’s lowest
unoccupied molecular orbital (LUMO) is a symmetric * orbital of both C=0O bonds,
facilitating electron uptake, whereas its highest occupied molecular orbital (HOMO)
consists on a 7r non-bonding orbital of lone pairs on oxygen.[25]

CO; activation involves occupying the ¢* LUMO weakening both C-O bonds,
favouring its bending. The resulting radical anion COO®~ is bent and presents the
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extra electron delocalized across the O-C-O 7 system. Stabilization of COO®~,
via protonation, further reduction or solvation clustering makes these processes
highly sensitive to pH, solvent environment, and the number of electrons and pro-
tons involved. Proton-assisted, multielectron reduction steps are typically more
favourable, particularly under acidic conditions and in solvents that stabilize charged
intermediates, leading to more stable molecules, when compared to the radical an-
ion, such as carbon monoxide (CO), formic acid (HCOOH), formaldehyde (H>CO),
methanol (CH30OH), methane (CHy4) or products containing more than one carbon
atoms (Cp ) (see Table 1.1).[26]

TABLE 1.1: Equations and potentials of CO; reduction (vs. NHE, at

pH7).

Entry Equation E (V)
1 COy +e” — COO*™ —1.90
2 CO; +2H* +2¢~ — HCOOH —0.61
3 COy+2H" +2¢~ — CO + H,O —0.52
4 CO; +4H" 4 4e~ — H,CO + H,O —0.51
5 CO, +6H' + 6~ — CH30H + H,O —0.38
6 2CO, 4+ 12H* +12¢~ — CoHy +4H,0 —0.34
7 CO, +8H' + 8¢~ — CHy +2H,0 —0.24

Compared to other common gases, such Hy, Ny or Oy, CO; is more soluble in
water, being in equilibrium with carbonic acid (H,CO3), the main reason for ocean
acidification (Figure 1.1). CO; is even more soluble in organic solvents like acetone,
acetonitrile, or toluene, an interesting property for design CO, reducing systems.[27]
Still, the chemical reduction of CO, faces two main challenges: i) the difficulty of
capturing CO; due to its dilution in ambient air, making it an expensive process; ii)
the chemical reduction of CO; in energy-dense molecules (CHy, ethanol, methanol,
ethylene, etc.) is fundamentally challenging due to the high thermodynamic stability
of CO; and the endergonic nature of its reduction. (see Table 1.1).

On top of the previously mentioned thermodynamics challenges underlying CO,
reduction, kinetic factors must thus also be considered. Multiple electrons and pro-
tons are necessary to chemically reduce CO; inducing high energy barriers and ki-
netic limitations as more electrons and protons are needed to produce more hydro-
genated C; molecules (CO, HCOOH HCOH, CH30H, CHy). Thus, efficient and
selective catalysts are needed to facilitate CO, chemical reduction process into valu-
able chemicals.

Current methods for catalytic CO, reduction can be grouped based on the type of
energy used to drive the reaction: heat (thermal), light (photocatalysis), or electricity
(electrocatalysis). In thermal catalysis, the kinetic energy of molecules is leveraged to
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overcome associated reaction barriers, whereas thermodynamic limitations are off-
set by strongly favourable side processes, such as acid-base events between the reac-
tion products and external agents. Photocatalysis uses light, i.e. the energy of pho-
tons, to excite molecules into high-energy, highly unstable and thus reactive states.
These excited states can trigger a series of electron and proton transfer processes that
eventually lead to CO, being reduced into useful products. Photocatalytic systems
often include photosensitizers (PSs) and sacrificial electron donors (SEDs).[28] These
help collect and transfer electrons to catalysts, which are not capable of absorbing
light themselves. Electrocatalysis relies on the application of an electric potential,
which allows the catalyst to be reduced at the electrode-solvent interface. In anal-
ogy to photocatalytic approaches in the presence of SED, this forms highly reducing
species, which can store electrons and spontaneously transfer them to CO, through
a range of mechanisms, involving either the formation of catalyst-CO, bonds, or the
reduction of protons to hydrides which are then used to hydrogenate CO,.

Besides the development of molecular catalysts for CO, conversion, it is worth
noting that there is also increasing interest in heterogeneous electrocatalytic and
photocatalytic systems for CO, reduction. Despite these are generally rather active,
more robust and recyclable, they typically offer less control over the product selec-
tivity compared to molecular complexes, in which secondary coordination spheres
can be tuned to modulate selectivity.

As explained in more detail below, this thesis presents computational studies on
molecular catalysts for CO, reduction involving thermal catalysis (Chapter 2) and
photo- and electro-catalysis (Chapter 3). Our goal is to better understand how these
reactions work and identify the key factors that affect their performances, in order

to help develop clear design guidelines and create new, improved catalysts.

1.4 CO; reduction by Photocatalysis

A photocatalytic system designed for CO, reduction comprises three key compo-
nents: a catalyst, a light harvesting photosensitizer (PS), and a sacrificial electron
donor (SED). These components work together to facilitate the conversion of CO,
into useful products. Light-driven catalytic routes can be categorized into two types:
oxidative quenching and reductive quenching, depending on the interaction be-
tween the photosensitizer and the electron acceptor. By understanding and manip-
ulating the interplay between the catalyst, PS, and SED, researchers aim to develop
efficient photocatalytic systems that can effectively use light energy to convert CO,
into valuable products.

Photocatalysis present exclusive factors related to the usage of photons to gen-
erate electrons. Most of photocatalytic systems use PSs, systems that have strong
visible-light absorption with enough long excited-state (PS* in Figure 1.2) lifetimes
in order to allow electron transfer processes of the excited PS to the catalyst. The
most common PSs ase [Ru(bpy)s;]** (Ru?") (bpy = 2,2"-bipyridine), [Ir(ppy)s] (ppy =
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2-phenylpyridine), and [Os(5dmb);]** (5dmb = 5,5'-dimethyl-2,2’-bipyridine).[29]
Photo-degradation processes are still problematic, exhausting the concentration of
the photoactive forms of PSs. Another fundamental agent in a photocatalytic system
is the sacrificial electron donor (SED) (D in Figure 1.2), which electrons are consumed
to regenerate the PS photoactive form. The most common SEDs consist in amines
such triethylamine (TEA) and triethanolamine (TEOA), ascorbate (AscH ™), BNAH,
or benzimidazole derivates (BIH, BI(OH)H). [30] Some SEDs also exhibit decompo-
sition processes that affect the activity of the photocatalytic system. Photocatalytic
systems, in contrast with electrochemical systems, provide electrons one-by-one via
PS excitation, making one-electron intermediates more relevant. This slower process
allows for for alternative reaction pathways that affects product distribution and ac-
tivity deactivation.

s te
Decomposition <= ) Decomposition

26" <CO,HCOOH

\_ps . CO

FIGURE 1.2: Schematic reaction mechanism for photocatalytic multi-
electron CO;-reduction reactions. Catalysts studied in this PhD thesis
are illustrated.

In the search for effective catalysts for photochemical CO, reduction, organome-
tallic complexes have emerged as leading candidates. Their well-defined structures,
featuring a distinct active site and surrounding environment, make them ideal for in-
depth mechanistic studies using various spectroscopic and computational chemistry
methods. By modifying the ligands, researchers can fine-tune the redox properties
of the metal centre, allowing for precise control over CO, reduction potential. These
distinctive features have driven the development of a broad array of molecular cat-
alysts aimed at converting CO; into "solar fuels".

In the context of this PhD work (Chapter 3), we have focused on two families of
such molecular catalysts: i) polyoxometalates (POMs), which constitute a vast fam-
ily of anionic metal-oxide clusters and that exhibit exceptional redox flexibility and
electron storage capacity.[31-33] These molecular metal oxides, composed primar-
ily of early transition metals in high oxidation states WV, MoY1, VV), can undergo
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reversible multi-electron reduction processes, making them ideal components for
mediating complex multi-electron transformations such as CO, reduction.[3] Their
modular structure and tunable properties have positioned them as versatile plat-
forms for designing hybrid catalytic systems. ii) Porphyrin-based complexes are
one of the most active and extensively studied families of molecular catalysts for
photocatalytic CO, conversion. Porphyrin-based molecular catalysts incorporating
transition metals, typically Fe and Co, have proved effective in reducing CO, to solar
fuels. They have a high affinity for carbon dioxide thanks to the formation of a CO,-
metal bond, while in the excited state they can accept the electrons needed to reduce
the substrate.[9, 10] As a seminal example, Bonin et al. [4] evidenced in 2014 that an
iron porphyrinic compound was able to perform carbon dioxide reduction reactions
(CO2RR) in homogeneous conditions under visible-light irradiation in presence of
an organic PS and a SED, with 100% selectivity for CO production and no deactiva-
tion of the catalyst after long-time periods. One of the fundamental advantages of
metalloporphyrins (MPs) is that they can be custom functionalised.

In Chapter 3, we will focus on this topic investigating two different systems, a
Nickel-based POM, [Niy(H,0),(PW034),]'~ (Niy), which was studied under pho-
tocatalytic conditions for CO, conversion into CO, and a covalent iron-porphyrin-
POM dyad, noted Mog-porph(Fe), which produces CO from CO; under both electro-

and photocatalytic conditions.

1.5 CO; catalytic conversion with Frustrated Lewis Pairs

Frustrated Lewis Pairs (FLPs) are organic molecules made of a Lewis acid (LA) and
a Lewis base (LB) that are frustrated due to geometric and/or steric constrains that
preclude the formation of the LA-LB adduct. This “frustration” creates a reactive
space between the LA and LB centres where small and stable molecules such as
H, and CO; can be activated and transformed. These FLPs architectures are either
intra- or intermolecular, and have emerged as promising metal-free catalysts for the
heterolytic cleavage of H, and the subsequent hydrogenation of CO,.[34, 35]. FLPs,
often called a “Holy Grail” of catalysis, have opened up a new path for more sustain-
able and eco-friendly chemistry. In particular, they allow the transition metal-free
activation of small molecules, demonstrating significant potential in hydrogen acti-
vation and double bond reduction in fine chemicals, including CO, hydrogenation.
This unique reactivity positions FLPs as a promising greener and metal-free alter-
native to traditional, often costly and low abundance transition metals-based com-
plexes. The splitting of H, by FLPs was introduced in the seminal work by Stephan
and co-workers, [2] who reported the reversible cleavage of H, using a boron-based
LA and phosphorus-based LB molecule. Since then, FLP chemistry has expanded to
include various LA /LB combinations (B/N, Al/P) across inter- and intramolecular
architectures. The heterolytic splitting yields a zwitterionic species where the proton
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(H') binds to the LB site and the hydride (H™) binds to the LA centre. These zwit-
terionic products can transfer both hydride and proton to unsaturated molecules
including CO,, [36] underscoring FLPs” potential as metal-free hydrogenation cata-
lysts. The reversibility of Hy splitting has been shown to depend on specific molec-
ular characteristics, such the electronic and geometric nature of LA’s substituents,
[37-41] offering promising applications in chemical energy storage of H,. Compu-
tational chemistry has been instrumental in advancing the understanding of FLP-
mediated Hj splitting and CO, reduction.[5] While the LA and LB strengths have
been recognized as key factors governing H, splitting, their relative contributions,
as well as the possible roles of additional parameters, is still a matter of intense de-
bate, with no clear or quantitative consensus. Hence, although important reactivity
trends have been identified, comprehensive and quantitative structure-activity rela-
tionships across a broad range of FLP families with diverse structures and properties
are still lacking. This lack of general insight hinders both a complete understanding
of the factors governing FLP-promoted H splitting and the development of general
design rules. Chapter 2 aims at bridging this gap through a data-driven approach of
FLP’s reactivity for H; splitting.

1.6 Thesis Objectives

This PhD thesis applies a range of computational tools and techniques to gain un-
precedented insights into various CO, reduction processes. The ultimate goal is to
push the boundaries of current knowledge and inspire the development of more
efficient catalytic systems by achieving a deep understanding of the reaction mech-
anisms and by revealing structure-activity relationships that govern catalytic effi-
ciency. This thesis presents a comprehensive computational study aimed at eluci-
dating the fundamental mechanisms underlying CO, reduction by both FLPs and
POMs, with particular emphasis on establishing quantitative structure-activity rela-
tionships that can guide catalyst optimization. Through the application of state-of-
the-art Density Functional Theory (DFT) calculations, molecular dynamics simula-
tions, and statistic and data-driven approaches, we seek to bridge the gap between
molecular-level understanding and macroscopic catalytic performance.

Chapter 2 presents the development of predictive models for H; splitting by
B/N Frustrated Lewis Pairs (FLPs), with the main goal of establishing a quantitative
framework that links simple molecular descriptors to FLP reactivity. The chapter
pursues several specific objectives: i) constructing multivariate regression models
to uncover chemically meaningful descriptors and general structure-activity rela-
tionships; ii) identifying the molecular features that most strongly govern thermo-
dynamic and kinetic parameters underlying this reactivity; and iii) generating pre-
dictive models for both the reaction free energies (AG) and activation barriers (AGY)
associated with H» cleavage and subsequent CO; reduction. Collectively, these ef-
forts aim to deliver mechanistic insights and quantitative tools that can inform the
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rational design of FLP systems with enhanced performance in H; activation and
CO; hydrogenation.

Chapter 3 then explores the role of POMs as electron mediators in photocat-
alytic CO, reduction, focusing on two molecular systems: [Ni4(HZO)2(PW9034)2]10*
(Nis) and Mog-porph(Fe). Using a combination of static DFT calculations, microki-
netic modelling and advanced molecular dynamics simulations, we investigate how
POMs serve as dynamic electron reservoirs to support efficient multi-electron CO,
reduction under mild conditions. For the Niy catalyst, we aim to elucidate detailed
mechanistic pathways, examine the impact of protonation states and redox proper-
ties, and identify key factors governing catalytic performance under photocatalytic
conditions. In the Mogs-porph(Fe) hybrid catalyst, we characterize the electronic
structure and sequential redox behaviour of the catalyst, explore the nature of elec-
tronic communication between porphyrin and POM moieties, and determine how
the POM scaffold modulates the catalytic properties of the porphyrin unit.

This PhD thesis applies a range of computational tools and techniques to gain
unprecedented insights into various CO; reduction processes, developing compre-
hensive understanding that can guide rational catalyst design and inspire develop-
ment of more efficient catalytic systems for sustainable CO, conversion.






11

Chapter 2

Frustrated Lewis Pairs for H,
splitting and CO, hydrogenation

2.1 Introduction

Frustrated Lewis Pairs (FLPs) are molecular architectures comprising a Lewis acid
(LA) and a Lewis base (LB) whose direct association into a classical Lewis adduct
(Figure 2.1a) is hindered or prevented. This frustration arises from steric hindrance
between bulky substituents or geometric constraints that preclude close interaction
of the LA and LB centres. Depending on the spatial arrangement, FLPs can be either
intramolecular (Figure 2.1b), in which both reactive centres are tethered within a
single molecular scaffold, or intermolecular (Figure 2.1c), where LA and LB reside

on distinct molecules.

EVAR A
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LA LB Acid-Base adduct

b) c)
Intramolecular FLP Intermolecular FLP
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FIGURE 2.1: Representation of a) an acid-base adduct formation, b)
an intramolecular FLP and c) an intermolecular FLP.

The region of space situated between the Lewis acidic and basic centres in an FLP

serves as a reactive pocket, enabling the activation of otherwise inert molecules such
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as Hy, COy, or N».[34, 35] This unique reactivity profile underscores the promise
of FLPs as metal-free hydrogenation catalysts and as tools for molecular activation
in synthetic chemistry. The discovery of FLPs capable of splitting dihydrogen (Hb)
heterolytically without the assistance of transition metals marked a milestone in the
development of sustainable chemical transformations. The splitting of H, by FLPs
was introduced in the seminal work by Stephan and co-workers, who reported the
reversible cleavage of H, using a molecule (Figure 2.2) that features a boron-based
LA and a phosphorus-based LB.[2] Since then, this field exhibits an ever-expanding

FR__F

(Mes)zP— —5—B(CeF )z

F~ F

FIGURE 2.2: System reported by Stephan et. al. named p-(Mes;P)-
CF4(B(CeF5)2) (Mes = 2,4,6-trimethylphenyl).

range of molecular LBs and LAs partners in intra- or inter-molecular fashions.[42,
43] They demonstrated their large potential for the activation of H, and the sub-
sequent reduction of double bonds in fine chemicals,[44, 45] including CO; hy-
drogenation.[46—48] across a broad range of molecular architectures, spanning both
inter- and intramolecular scenarios.

2.1.1 Molecular FLPs for CO, hydrogenation

Our project fits in the specific context of the computational investigation of molecu-
lar FLPs for CO, hydrogenation. The hydrogenation of CO, by FLPs has often been
shown to require the initial generation of an active hydrogenating species. FLPs can
first heterolytically split H, into a hydride (H™) and a proton (H"), which are ac-
commodated on the LA and LB centres forming the FLP, respectively, and can then
be transferred to CO; in a second step to release formic acid, as outlined in path
(i) in Figure 2.3. However, competition between H; and CO, for binding to FLPs
complicates the reaction mechanism. FLPs may often bind CO; more strongly than
Hp (path (i) vs (ii) in Figure 2.3), potentially inhibiting the first activation step unless
alternative pathways are available.[49]

Initial computational studies examined how FLPs can mediate both Hj splitting
and CO, hydrogenation. Wen et al. studied in 2013 an intermolecular FLP using
2,2,6,6-tetramethylpiperidine (TMP) as LB and B(C¢F5)3 as LA (Figure 2.4a), show-
ing that the ion pair [TMPH]"[HB(C4¢F5)3]~ could transfer H" /H™ to CO; through
a concerted transition state, yielding formic acid, which is deprotonated to form
a formato-borate.[50] Fontaine and Stephan analysed in 2015 B/N intramolecular
FLPs (Figure 2.4b) computationally and showed that they undergo H; activation and
splitting followed by CO, hydrogenation via low-energy concerted pathways.[47]
They also identified feasible protodeborylation processes after H, activation for such
systems and calculated feasible energy barriers for subsequent CO, reduction. Jiang
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FIGURE 2.3: Proposed pathways for CO, hydrogenation with in-
tramolecular FLPs.

et al. further proposed in 2018 two competing mechanisms for CO; hydrogenation
(Figure 2.3): the standard sequential path (i), involving H» activation first, and a re-
verse path (ii), where CO; first binds to the FLP.[51] While path (i) was generally
favoured for the studied systems (Figure 2.4c), some specific FLPs preferred path (ii)
such as systems i and iv. Ghara and Chattaraj later considered simultaneous activa-
tion of Hy and CO», but this concerted mechanism was associated with high energy
barriers (37-50 kcal mol 1), making it kinetically less favourable.[52] These charac-
teristics make the concerted H, + CO; activation mechanisms less competitive than
the stepwise pathway depicted in Figure 2.3, path (i), as later confirmed by the same
authors (Figure 2.4d).[53]

Designing effective FLPs for CO, hydrogenation thus requires optimizing both
Hy activation and hydride/proton transfer to CO,. Liu et al. examined five B/N
FLPs (Figure 2.4e), combinations of B(Cg¢F5); and p-B(CsFoHz)s LAs with TMP, N-
benzyl-tert-butylamine (btam) and 2,6-lutidine (Lut), by means of DFT calculations.
They found that while stronger acid/base pairs reduced the barrier for H; splitting,
they often raised the barrier for the CO, hydrogenation step due to overly stable ion
pairs.[54] Overall, the studies discussed above indicate that optimal FLPs for CO,
hydrogenation must achieve a delicate balance between efficient H, activation and
effective hydride/proton transfer from the zwitterionic LBTH/LAH™ intermediate
to CO;. This balance is crucial to ensure that both steps proceed with accessible free-
energy barriers. FLPs that are too weak may face slow Hj splitting kinetics (Figure
2.5, purple arrow), whereas overly strong FLPs can make the hydride/proton trans-
fer to CO, the rate-limiting step (Figure 2.5, red arrow), a balanced pathway towards
CO; hydrogenation into formate being illustrated in the green path (Figure 2.5).

Corminbeeuf and co-workers recently conducted in 2022 a comprehensive com-
putational investigation of intermolecular B/N and B/P frustrated Lewis pairs (FLPs)
for the hydrogenation of CO, into formate [6]. Their study involved the virtual
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FIGURE 2.4: Compilation of computationally studied FLP structures
for CO; hydrogenation with Hj.

screening of 3840 FLP candidates constructed by combining a library of 60 nitrogen-
and phosphorus-based LBs with 64 triarylborane LAs. Each combination was as-
sessed along a proposed catalytic cycle, computing the relative free energies of key
intermediates and transition states (TSs), assuming the LA at catalytic concentra-
tions and the LB in excess to drive product formation.

Two sub-libraries were extracted from this large dataset by fixing one Lewis part-
ner and varying the other, enabling an independent analysis of LA and LB effects. To
correlate structure with activity, linear free-energy scaling relationships were estab-
lished using two thermodynamic descriptors: the free energy of proton attachment
(FEPA) (Eq. 2.1) to the LBs and the free energy of hydride attachment (FEHA) (Eq.
2.2) to the LAs, that serve as direct indicators of basicity and acidity, respectively,
and are particularly relevant to Hy activation in FLP systems.

LB + NH; — [LBH]" + NH3 (2.1)

LA +H™ — [LAH]™ (2.2)
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FIGURE 2.5: Schematic free-energy profile for the two-step hydro-
genation of CO, catalyzed by FLPs. The green profile illustrates
an optimal situation where both H; splitting are kinetically accessi-
ble. Conversely, grey-dashed profiles represent sub-optimal situa-
tions limited either by a slow Hj splitting step, for which the bar-
rier is highlighted with a purple arrow; or by a slow hydride/proton
transfer step, in which the associated barrier is highlighted with a red
arrow.

Volcano plots relating turn-over frequency (TOF) to FEHA and FEPA highlighted
optimal and suboptimal reactivity regions, depending on the nature of the rate-
determining step. For example, with a weak LA (BMej3), efficient H, activation
was only achieved with strong bases like 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU),
while strong LAs paired with weak bases (e.g., pyridine) led to over-stabilization of
the boroformate intermediate, hindering catalytic turnover. By plotting FEHA and
FEPA against TOF (Figure 2.6), a clear optimal red-colored catalytic performance
zone emerged, surrounded by regions of poor activity caused by either overly sta-
bilized intermediates or high-energy TSs. This seminal work not only demonstrates
the importance of an acid-base balance in designing effective FLPs for CO, hydro-
genation but also establishes a powerful framework for predicting an FLP’s reactiv-

ity using simple thermodynamic descriptors.
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FIGURE 2.6: Map correlating the TOF (log scale) for CO, hydro-
genation into formate to FEPA and FEHA descriptors for the 1664
B/N intermolecular FLPs studied by Corminbeeuf and coworkers.
The highlighted systems correspond to A: B(C4eMey,COOH);/DBU, B:
B(Cs(OMe),F,COOH)3 /pyrazine, C: B(CsH;Mer;COOH)3/4-OMe-
py, D: B(C4(OMe),F,COOH)3/DBU and E: B(C¢F4COOH);/DBU.
Reprinted from reference 6.

Computational studies have shown that FLPs can engage in side reactions that
may hinder CO; hydrogenation. A key issue is the competition between H; and CO,
for FLP binding sites, as FLPs may readily form stable LB-C(O)O-LA adducts. If
CO; binds faster and more strongly than Hy, it can inhibit catalysis by raising the ef-
fective barrier for Hy splitting (AG?EU erall 17

however, such as systems following path (ii) (Figure 2.3), CO,-bound FLPs may still

Figure 2.7, light-blue lines). In some cases,

proceed to H activation via an alternative mechanism, although the factors dictating
this path remain unclear. To enhance selectivity for Hy over CO; binding (assuming
path (i), Figure 2.3), studies have explored structural modifications of FLPs. Tuning
LA /LB substituents affects both gas similarly, but shortening the LA- - - LB distance
selectively strengthens Hy binding.[55] Electron-conjugation effects also play a role:
increased aromaticity lowers barriers associated to CO, binding,[56] while reduced
anti-aromaticity aids H; activation.[57] These insights offer strategies for designing
more selective and efficient FLPs. Product inhibition is another challenge, as formic
acid can form stable adducts with FLPs (Figure 2.7, red lines), potentially stalling
the cycle. FLP-HCOOH complexes have been identified as the most stable, com-
pared to the separate species, in several systems.[6] Using bulky bases like DBU can
trap formic acid as [Hbase][HCOO] salts, avoiding FLP deactivation. Additionally,
moisture sensitivity and protodeborylation [47] can degrade FLPs or alter their reac-
tivity, forming H>O-LA adducts in the presence of H>O or braking LA—substituent
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FIGURE 2.7: Schematic free energy profile for the early steps of CO,
hydrogenation, highlighting the impact of possible stabilizing inter-
actions between the bare FLP and CO, (light-blue dashed lines) or
formic acid (red dashed lines) on the kinetics of Hj splitting. Black,
light-blue and red arrows represent the individual free-energy barrier
for the H splitting step (AGY), and overall barriers for the same pro-

cess measured from stable FLP-CO, (AGfU erat11) @nd FLP-HCOOH

(AGED erall 2) cOmMplexes, respectively. TS1” accounts for possible hy-
drogenation of CO, through path (ii) of Figure 2.3.

bonds in the case of protodeborylation. DFT studies suggest that increasing steric
bulkyness around boron sites can suppress such degradation, highlighting the need
to account for these effects in the catalyst’s design.

Overall, efficient FLP catalysts for CO, hydrogenation require a careful balance
between H activation, effective HT /H™ transfer to CO,, and the mitigation of poi-
soning pathways. Achieving this involves tuning the relative affinities of FLPs for
CO; and Hy, as well as ensuring that FLP-HCOOH complexes can readily release

the product to sustain catalytic turnover.
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2.1.2 Molecular FLPs for H; heterolytic cleavage

A key prerequisite for catalytic activity is the ability of FLPs to split H, under mild
conditions. Since this step initiates the entire CO, hydrogenation cycle, understand-
ing the mechanistic and structural factors that govern Hy splitting is essential. These
aspects, such as the influence of the geometry of LA-LB pair, its electronic proper-
ties, and the transition state stabilization, are the focus of this chapter, which aims
at providing a detailed examination of the H; splitting step and its central role in
determining the FLP’s reactivity and efficiency. As illustrated in Figure 2.8a, the het-
erolytic splitting of H, by FLPs involves a zwitterionic species, where the resulting
proton (H") is accommodated on the LB site while the hydride (H™), which retains
both electrons from the original ¢(H-H) bond, binds to the electron-deficient LA
centre. These zwitterionic products have demonstrated the ability to transfer both
the hydride and the proton to unsaturated molecules such as alkenes, imines, enam-
ines, or even CO,, [36] underscoring the potential of FLPs as powerful, metal-free
hydrogenation catalysts. Moreover, the reversibility of Hy splitting has been shown
to strongly depend on LA and LB substituents or their interatomic distance of each
FLP.[37-41]

(a) Intramolecular FLPs

(b) Intermolecular FLPs

) + B —
s“"“[

FIGURE 2.8: Overview of the main reaction mechanisms character-
ized by DFT calculations to govern the Hj splitting by (a) intramolec-
ular and (b) intermolecular FLPs.

Mechanistic origins and atomistic characterization

The very first example of the reversible splitting of Hy by an FLP system was re-
ported by Stephan and co-workers in 2006,[2] who demonstrated that a sterically
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encumbered phosphine-borane pair, p-(Mes;P)-CgF4-(B(CgFs)2) (Mes = CesH(CH3)s,
containing both boron LA and phosphorous LB centres, could reversibly split H, at
room temperature. The resulting product, Mes,PTH(CsF4)B~H(CgFs),, a zwitteri-
onic phosphonium borate, releases H, when heated to 150 °C, regenerating the orig-
inal FLP. This discovery was particularly notable because the P- - - B distance in the
molecule is about 6.2 A, far too long to permit the direct and concerted heterolytic H,
cleavage on P and B centres simultaneously. To rationalize this behaviour, Stephan
proposed two possible multi-step intramolecular pathways: the hydride migration
mechanism and the proton migration mechanism which are illustrated in Figure 2.9.
Both involve initial Hy addition either to the P-C or to the B-C bond, followed by

H R F
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FIGURE 2.9: Overview of the main reaction mechanisms character-
ized by DFT calculations to govern the H; splitting by (a) intramolec-
ular and (b) intermolecular.

migration of H~ or HT to the respective LA or LB sites. These findings motivated
the first computational exploration of the Hy splitting mechanism by Guo and Li
in 2008.[58] Using DFT calculations, they found that both the hydride and proton
migration mechanisms carried prohibitively high free-energy barriers: 69.1 and 54.7
kcal mol~!, respectively. Instead, they proposed a third pathway involving the for-
mation of a non-covalent head-to-tail dimer between two FLP molecules (see Figures
2.8 and 2.9).
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This intermolecular dimer allows the formation of a shorter effective P- - - B dis-
tance of 5.5 A, enabling the concerted activation of Hy by the P and B centres of
two different molecules through a significantly lower free-energy barrier of 33.7
kcal mol~! when compared to the hydride and proton-migration pathways. This
revised model suggests that even for apparently intramolecular FLPs like Mes,P-
(C6F4)B(CgFs5)2, the operative mechanism for Hy activation might involve dimeri-
sation and an intermolecular mechanism. Further studies on related intramolec-
ular P/B FLPs reinforced this type of conclusions. Spies et al. investigated sys-
tems like Mes,PCHRCH,B(CgF5)2 (R = H, Me), where H; splitting occurs readily,
whereas bulkier analogues such as Mes,PCH(Ph)CH,- B(C¢Fs), showed no reactiv-
ity.[39, 59, 60] For the ones splitting H,, early computational studies showed that
the most stable “closed” conformer (Figure 2.10) displaying a weak P-B bond can
be easily opened (with an energy cost of only ca. 7.0 kcal mol~?!) allowing for the
subsequent activation of Hj.[40, 59, 61, 62] However, some years later, Vankova et

RE~ PR, m  RoB--PRy
"open" "closed"

FIGURE 2.10: Open-closed displaced equilibrium of B/P FLP.

al. revisited the reactivity of these systems using DFT calculations and found that
FLPs capable of dimerizing into a reactive, stacked configuration could activate Hy,
while those that are too sterically hindered could not.[63] These findings revealed
that the previously assumed mechanistic scenario, in which a single FLP molecule
activates Hj in a concerted, intramolecular fashion (Figure 2.8a), cannot account for
the observed variations in reactivity as a function of substituent bulkiness. In con-
trast, the authors proposed an alternative, intermolecular mechanism (also shown
in Figure 2.8a), where H is split by a stacked dimer of “open” FLP conformers ar-
ranged in a head-to-tail configuration, similar to what Guo and Li proposed for the
Mes,P(CgF4)B(CsF5)2 FLP.[58] This mechanism was fully characterized and, unlike
the intramolecular pathway, explains the inertness of sterically demanding FLPs,
which cannot dimerize due to steric clashes that prevent formation of a suitable re-
active pocket. Still, this intermolecular mechanistic picture cannot be generalized to
all intramolecular or linked FLPs.

More recent computational studies have confirmed that not all intramolecular
FLPs require dimerisation by disclosing numerous examples of FLPs being able to
split Hy through an intramolecular pathway with no need of FLP dimerisation. In
many cases, especially with appropriate LA - - LB distances (typically 3-4 A), a con-
certed heterolytic cleavage of H; can occur between the LA and the LB centres within
a single molecule. These pathways often proceed via a single concerted TS, directly
producing a zwitterionic adduct that supports a hydride at the LA and a proton at
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the LB.[56, 64—66] Turning to genuine intermolecular FLPs, Pdpai and co-workers ap-
plied DFT calculations to analyse the Hj splitting mechanism promoted by the com-
bination of sterically hindered boranes and phosphines.[67] In such intermolecular
FLPs, the LA and LB partners are separated into two distinct and different molecules
as illustrated in Figure 2.8b. The authors selected the experimentally tested case of
B(CsFs)3 and P(tBu)s, which was reported in one of the seminal works by Welch and
Stephan.[68] The authors characterised a plausible mechanism that starts with the
energetically favourable formation of a P(tBu)s- - - B(CsFs)3 adduct (AEp;nging = -11.5
kcal mol™!) in which the two FLP partners interact via C-H- - - F hydrogen bonds
and dispersion forces. This association was found to lead to a reactive pocket be-
tween the P and the B centres, which are placed 4.2 A apart. In the latter, H, can
be heterolytically activated through a concerted TS whereby the H-H bond cleavage
occurs concomitantly with the formation of B-H(6 ) and P-H(6") bonds, overcom-
ing a calculated energy barrier from P(tBu)z- - - B(C¢Fs)3 + H» to the TS of only 10.4
kcal mol 1.

Despite ongoing debate over whether H; splitting by intra- and intermolecular
FLPs follows a concerted[69, 70] or stepwise mechanism,[71-75] this dichotomy has
been extensively explored through explicit-solvent DFT-based molecular dynamics
(DFT-MD) simulations. Notably, Liu et al. revisited the archetypal tBusP/B(C¢Fs)3
system using metadynamics simulations, reconstructing the free-energy landscape
along a multidimensional reaction coordinate that included the H-H distance and
the coordination numbers of B and P by H atoms.[75] Their results revealed a subtle
intermediate near the transition state, indicative of a stepwise pathway, in contrast
to the single transition state predicted by conventional static DFT calculations. The
simulations showed that H, cleavage proceeds via hydride transfer to the Lewis
acid, followed by proton capture by the base, with the former being rate-limiting,
underscoring the dominant role of the acid component in controlling reaction ki-
netics. More recent DFT-MD studies on intramolecular P/N and B/N FLPs sug-
gest concerted pathways,[69, 70] reflecting the complexity of the mechanistic land-
scape. Nonetheless, static DFT approaches, particularly those employing disper-
sion-corrected hybrid or meta-GGA functionals such as wB97X-D,[76] TPSS-D3,[77-
80] B3LYP-D3,[80, 81] M05-2X,[82] or M06-2X,[83] in combination with implicit sol-
vation models [84] and triple-{ basis sets [85] with polarization [86, 87] and diffuse
functions, [88, 89] remain reliable for accurately predicting geometries, reaction free
energies, and activation barriers, as supported by benchmarking against experimen-
tal and higher-level computational data.[90-92]

Overall, the above findings constitute a well-established mechanistic picture for
the activation of H, by FLPs that is illustrated in Figure 2.8 and can be summarized
as follows. On the one hand, intermolecular FLPs proceed via the formation of a
non-covalent adduct between the LA and LB partners that is usually referred to as
“encounter complex”, followed by the insertion of Hj into the reactive pocket and its
subsequent splitting to form a hydrogenated [LB-H]*- - - [LA-H]~ ion pair. On the
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other hand, molecules that contain both LA and LB sites and can thus be classified
as intramolecular FLPs may either activate Hy by themselves or dimerize to operate
as an intermolecular FLP. Although the competition between intra- and intermolec-
ular pathways in intramolecular FLPs has not been systematically investigated for a
whole range of systems to set clear conclusions, we can envisage that the prevalence
of each of these paths might depend on the equilibrium LA- - - LB distance within
the intramolecular FLP structure and on the ability of FLPs to dimerize into stable
non-covalent adducts. Up to now, this mechanistic knowledge has been successfully
applied to rationalize the H; splitting activity of a wide variety of FLPs, including
mostly P/B and N/B pairs,[38, 90, 93] and less often carbene/B,[94] and N/TM (TM
= Ni, Pt) pairs,[95] or even that of heterogeneous systems such as hydroxylated in-
dium oxide surfaces.[96-98]

H, polarization and cleavage

Two complementary models have been proposed to rationalize the origin of H, po-
larization and cleavage in FLPs: the Electron Transfer (ET) model,[67, 99] and the
electric field (EF) model (Figure 2.11).[100] In the ET model, Hj splitting is described
as a synergistic charge-transfer process: the p-type lone pair of the LB donates to
the o* orbital of H, while the ¢ orbital back-donates to the vacant p-type orbital of
the LA. This push-pull interaction weakens the H-H bond and facilitates cleavage.
Conversely, the EF model emphasizes the polarization of H, within the electric field
existing between the LA and LB. Grimme and co-workers showed that such fields
can elongate the H-H bond even in the absence of direct orbital interactions. The
energy cost of Hy insertion into the FLP pocket correlates with the magnitude of the

electric field and may become barrierless at sufficiently high field strengths.

(a) Electron Transfer (ET) model (b) Electric Field (EF) model
p(LB) _H_

DbBO \ *(H \ ’;-.-'g_;"'-:. " /
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FIGURE 2.11: Schematic representation of the ET (a) and the EF (b)
models proposed to explain the physicochemical foundations for Hp
splitting by FLPs.
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Using DFT-MD simulations in combination with the Metadynamics enhanced-sam-
pling technique, Liu et al. reinvestigated the splitting of H, by the archetypal tBuzP/
B(CsFs)s FLP and revealed that both mechanisms can operate simultaneously.[75]
The simulations showed that at long distances from the reactive centres (>2.5 A), H,
is polarized by the EF existing between LA and LB partners, displaying a slightly
elongated bond with respect to the equilibrium distance (0.80 A vs. 0.74 A). By con-
trast, at shorter distances, charge transfer dominates, as evidenced by measurable
charge density transfer from LB to H, and from H» to LA, supporting that the ET
model governs at short FLP- - - H; distances, although the EF model can also con-
tribute to ease the Hy splitting.

Skara et al. reported a classification of FLP’s TSs which further supported this du-
ality, by scrutinizing the reactivity of six Lewis pairs towards H, employing DFT cal-
culations.[101] These include three classical Lewis pairs: Me3sP-BF3, Me3P-B(CsF5)3
and Lut-B(CgF5); (Lut represented in Figure 2.4e); and three FLPs: carb/B(CgFs)s,
tBusP/B(C¢F5)3, MeszP/ BPhs (carb = N,N’-tBu disubstituted imidazole-based car-
bene). This investigation identified two different types of TSs for Hj splitting, which
differ both in structure and in energy demand and were classified accordingly. Reac-
tive systems exhibiting low-energy TSs exhibited short H-H bond lengths (~0.80 A)
with geometries resembling the reactants, thus referred to as "early" TSs, whereas
unreactive systems (e.g., Me3P-BF3; and MeszP-BPhj3) showed high-energy TSs char-
acterized by more product-like geometries and elongated H-H bonds (~0.95-0.98 A),
thus referred to as "late" TSs. These findings support the existence of two different
mechanisms: one dominated by EF activation and another governed by ET. The
authors concluded that the ET model applies to high-energy, ie “late” TSs. On the
contrary, the EF was proposed to play a more critical role in the splitting of H, by
systems that operate through “early” TS structures, in which no sign of base — ¢*
donation was detected. While this classification advances our mechanistic under-
standing, predicting whether a given FLP will follow an "early" or "late" TS path-
way remains challenging and likely requires broader systematic analysis of reactiv-
ity data and machine learning approaches to establish generalizable classification.

Structure-activity relationships in FLP reactivity

In addition to characterizing atomistic pathways of H; splitting by FLPs, computa-
tional efforts have aimed to uncover structural and electronic factors governing this
process. Indeed, the first key requirement for an active FLP is a suitable LA- - - LB
distance. Illustratively, by performing constrained potential-energy surface scans
along the P- - - B distance of the P(tBu);/B(CsF5); FLPs, Vankova et al. showed that
the optimal P- - - B distance for H; activation lies in the 3-5 A range.[102] For B/N
FLPs, Corminbceuf et al. found for H; splitting an ideal B- - - N distance of ~2.9 A,
with an effective activation over a larger 2.6-3.5 A range based on a Morse potential
fit.[103]
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Notably, experimental studies by Papai et al. [40], have demonstrated that the
electronic properties of substituents on the LA and LB centres significantly influ-
ence H; splitting by FLPs. Their partition analysis of the Gibbs free energies for
H, splitting promoted by a series of intra- and intermolecular FLPs yielded sev-
eral key insights: (i) unreactive FLPs for H, splitting typically exhibit unfavourable
thermodynamics, highlighting that the stabilization of the product is an essential re-
quirement; (ii) the thermodynamics of H; splitting correlates with the cumulative
acid-base strengths of the FLP components; (iii) intramolecular FLPs experience a
reduced entropic penalty along the reaction coordinates when compared to inter-
molecular FLPs, and thus require lower cumulative acid-base strengths to be active;
(iv) acid-base strengths can be quantified using proton and hydride attachment en-
ergies; and (v) in intramolecular FLPs, the reaction free energy correlates linearly
with the inverse of the LA- - - LB distance, indicating that shorter donor-acceptor dis-
tances favour more exergonic Hj splitting. Although accessible kinetics are also nec-
essary, the Bronsted-Evans-Polanyi (BEP) principle [104, 105] implies that favourable
thermodynamics often ensure low activation barriers, as subsequently confirmed.
[54]

By analyzing a series of intramolecular B/N FLPs (Figure 2.12), Yepes et al. [64]
reported that the height of the reaction barrier is highly sensitive to the electronic
nature of the substituents of both the LA and LB sites, as these modulate the coop-
erative LB — ¢*(H) and o(H)—LA charge transfers as well as the electrostatic in-
teractions along the reaction path. In particular, electron-withdrawing or soft/poor
rt-donor substituents on the LA were found to lower the energy barrier. Vankova et

AN
H,N" " BR, Me,N" “BH,

R=H, F, Cl, Br, I, Me, g
Ph, p'CGH4N02, N 2
CeFs, OMe [T

FIGURE 2.12: Intramolecular B/N FLPs studied computationally for
heterolytic Hy splitting by Yepes et. al.[64]

al. [102] extended these findings by studying a series of experimentally tested inter-
molecular FLPs with systematically varied acid-base strengths, showing that both
strong LBs and strong LAs enable irreversible H, activation, while combinations of
weak LA /LB fail to activate H,. Intermediate strength FLPs exhibited reversible Hj
splitting [2, 106], with calculated Gibbs free energies correlating with cumulative
acid-base strength [102]. Strong cumulative strengths led to highly exergonic and
irreversible Hy activation, while weak pairs showed endergonic processes. Neu et
al. [107] experimentally confirmed this correlation, and the concept has since guided
the design of FLPs for CO; hydrogenation. Despite consensus on the importance
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of LA and LB strengths, their relative influence on kinetics and thermodynamics re-
mains underexplored. Liu et al. [38, 75] used metadynamics to show that in tBuzP/
B(CsFs)3, the hydride transfer to the LA is rate-limiting, while the subsequent proto-
nation of the LB drives the thermodynamics of the reaction. Thus, the authors con-
cluded that LA acidity controls kinetics and contributes to thermodynamics, while
LB basicity chiefly determines the latter. In contrast, experimental work by Berke
and co-workers [108] suggested that the LA acidity is the primary factor in the re-
versibility of the H; splitting, with the LB basicity playing a secondary role. In light
of this, it can be inferred that there is no clear consensus on how FLP parameters
affect their reactivity.

Even though some qualitative trends relating to the Hj splitting ability of FLPs
and their molecular structure had been previously reported, Ye and Johnson high-
lighted a lack of clear structure—activity relationships in this area.[109] In their com-
putational study on CO, hydrogenation using FLPs grafted onto the organic linkers
of the metal-organic framework UiO-66, they focused specifically on the H; activa-
tion step, as well as on the subsequent CO, hydrogenation step. The study focussed
on a series of eight B/N FLPs incorporating pyrazole-BR, motifs (R = CHj3, F, H, Cl,
Br, CN, CF3, NO»), which were chosen for their ability (at the experimental level) to
be covalently grafted onto the terephthalate linkers of the MOF (Figure 2.13a). This
work aimed to establish the first structure-activity relationships between the FLPs’
structure and Hj activation and, ultimately, CO, hydrogenation under a gas stream
of Hy and CO,. Here, we focus on their findings concerning the initial H, split-
ting step. The selected FLPs form a series of intramolecular B/N pairs of increas-
ing Lewis acid strength, allowing the authors to compute electronic energy profiles
and probe for Brensted-Evans-Polanyi (BEP) relationships between reaction ener-
getics (reaction energies and barriers) and molecular descriptors. These descriptors
included the strength of the LA and the LB, estimated as the hydride and proton at-
tachment free energies, respectively; electronegativity was calculated from the ion-
isation potential and electron affinity of the FLP using the Mulliken formula,[110]
whereas hardness and softness were also derived employing the Parr and Pearson’s
formula.[111]

Electronic energy profiles revealed a linear correlation between the H; dissocia-
tive adsorption energy and the hydride attachment free energy so that, as the LA
strength increases, so does the H; dissociative adsorption energy (Figure 2.13b),
but no correlation with the proton attachment energy, consistent with Berke’s re-
sults.[108] However, the computational work of Ye and Johnson addressed the im-
pact of the substituents at the LA boron centre exclusively, resulting in a rather nar-
row range of proton attachment energies. In other words, the analysed FLPs do
not significantly differ in terms of LB basicity, and therefore, the impact of this pa-
rameter remained uncharted. Still, a BEP relationship was found between the H;
splitting barrier and the LA’s chemical hardness (Figure 2.13c). Increasing the hard-
ness of the LA thus decreases the barrier for Hj split in accordance with Pearson’s
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FIGURE 2.13: (a) Octahedral cage of the UiO-66 metal-organic frame-
work bearing an organic linker functionalized with a N/B Lewis Pair
(X). (b) Dissociative adsorption energy of Hp in UiO-66-X plotted
against the free-energy of hydride attachment to the B centre of the
Lewis pair. BEP relationships between the H; dissociation barrier on
X and the chemical hardness of the Lewis pairs (c) and the Nj-N,-B
angle in the bare UiO-66-X structure (d). Reprinted from ref. 109.
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theory, as this is a process along which the LA binds a hydride. We wish to stress
here that, unlike the H; adsorption energy, this barrier was found not to correlate
with the acidity of the LA. This can be interpreted by the fact that the BEP principle
does not fully apply to this process, given the absence of a linear correlation between
reaction energies and barriers; and that some other factors affect the kinetics but not
the thermodynamics of the reaction. Another BEP relationship was found between
the H; splitting barrier and the bond angle N;-N,-B formed by N;, N, and B centres
(Figure 2.13d) in the bare FLP, which was ascribed to the fact that larger angles in-
duce more strain in the FLP, thus lowering the barrier for Hy splitting. The height of
the reverse barrier for H, release, however, was found to be inversely proportional
to the H, dissociative adsorption energy and to the hydride attachment energies,
which as mentioned above, correlate linearly to one another. It is also relevant that
the MOF environment was not found to significantly affect the splitting energy of H,
on the FLP, as similar reaction energies were obtained from both isolated and MOF-
hostedFLP models. Later, Ye et al. extended this to four FLP families (B/N and B/P),
finding strong correlations within individual FLP sub-families between H; splitting
and hydride attachment energies (r? > 0.95), but weaker correlations when consider-
ing all FLP families (r* = 0.83).[55] A multivariate relationship was derived (Eq. 2.3),
involving the LA- - - LB distance, d;, the hydride attachment energy on the LA site
(AGpa), and A8, which stands for the variation of the angles concerning the LA /LB
sites and the two consecutive atoms of the scaffold in the direction of the FLP part-
ner upon Hj binding. This evidences that besides hydride attachment free energies,
there are other significant factors that influence the splitting of H, (AE).

AE = (0.184 - dy + 0.273) - AGy, + (0.990 - dy +0.010 - AG — 0.400)  (2.3)

Zhang et al. [112] studied the splitting of Hj for four similar B/N FLPs, including
inactive Piers’s ansa-aminoborane [113] and active derivatives reported by Repo’s,
[114, 115] which differ in the substituent’s electronic properties on both the B and N
centres. The authors concluded that the acidity of the LA has an important effect on
the reaction free energies of the Hj splitting. The latter correlate with the Hammett
constants of the substituents for a series of compounds bearing a -B(p-C¢F4R), LA
moiety whereby R is modified systematically, as shown in Figure 2.14, again high-
lighting LA acidity’s influence on thermodynamics. However, the reaction barrier
was found to depend more of the LB strength than of the LA acidity. Also, increasing
the solvent’s polarity was also found to stabilize the zwitterionic product, improving
in turn the thermodynamics of Hj splitting. Tussing et al. used similar descriptors
to relate FLP-catalyzed imine hydrogenation rates to substituent effects.[116] Their
work further demonstrated that, while P-based LB groups form strong zwitterionic
adducts, their larger size promotes effective product separation, a feature crucial for
catalytic turnover. By contrast, oxygen-based LBs resulted in more tightly bound
products, impeding further reactivity.
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FIGURE 2.14: Relationship between the reaction Gibbs free-energy
for Hy splitting by an intramolecular FLP (shown in the inset) and
the Hammett constants of the substituents. Reprinted from ref. 112.

In 2020, Heshmat and Ensing performed a broad computational screen of 75 in-
termolecular FLPs which was aimed at disclosing the impact of the electronic and
steric effects of both LA and LB components on the kinetics and thermodynamics of
H; splitting.[117] The array of analysed FLPs consisted of combinations of 12 exper-
imentally reported borane-derived LAs with two families of LB partners, including
strong phosphines (tBuzP and Me3P) and less basic ethereal solvents (terahydrofu-
ran and PhyO). Their study confirmed that modifying the LA electrophilicity and
the LB nucleophilicity allows to adjust the thermodynamics of H; splitting, con-
sistent with the cumulative acid-base strengths model.[40, 102] O-based LBs yield
strong ion-pair interactions and short H™- - - HT distances, hindering H, dissocia-
tion, while P-based LBs give longer distances and more exergonic reactions due to
stronger P-H bonds and bulkier geometry. Concerning H» splitting kinetics, they
found that: i) strong LA and LB partners reduce energy barriers; ii) bulky LBs pro-
mote early transition states, reducing steric clashes and barriers (as also shown by
Skara et al. [101]); iii) LA bulkiness increases barriers by restricting B access. The
authors noted that BEP principles apply well to these intermolecular FLPs, as bar-
riers correlated with reaction energies. These features contrast with those reported
by Ye and Johnson on intramolecular FLPs,[109] suggesting fundamental differences

between intra- and intermolecular systems.
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Overall, these computational findings establish that FLP’s reactivity is indeed
governed by a combination multiple factors, including acid-base strengths, LA- - - LB
distance, electronic hardness, and steric environment. Still, several points still lack of
a quantitative and unambiguous answer. For instance, the exact structural and elec-
tronic parameters that determine whether an intermolecular FLP operates through
an intra- or an intermolecular mechanism, the relative impact of electric field polari-
sation and orbital overlap on H, splitting and how they depend on the FLP’s nature
and structure, are aspects of the Hy splitting by FLPs that remain controversial or
unclear nowadays. Despite the above progresses, generalizable and quantitative

structure-activity relationships remain still underdeveloped.

2.1.3 Motivation and scope of this work

To overcome these limitations and establish transferable generic models, we aim at
developing multivariate regression models to identify and quantify general structure-
activity relationships between FLPs” molecular features, one the one hand, and their
reactivity towards Hp splitting, on the other hand. Our ultimate goal is to be able to
predict the reactivity of a given FLP molecule for H» splitting on the basis of sim-
ple molecular features or descriptors of this FLP molecule. In that purpose, we have
constructed a dataset of 112 intramolecular B/N FLPs possessing systematically var-
ied electronic and structural features, i.e. covering various backbones and chemical
substituents for LA and LB centres. Using dispersion-corrected DFT calculations,
we computed for each FLP molecule the related reaction free energy (AG) and free-
energy barrier (AGH) for H, splitting, together with a set of chemically meaningful
molecular descriptors, described in section 2.3.

We then developed multivariate regression models aiming at correlating these
molecular descriptors with both the thermodynamic (AG) and kinetic metrics (AG?)
of Hj splitting (Figure 2.15), thus aiming at identifying the key molecular features
governing FLPs’ reactivity for H, splitting. These models aim to provide new in-
sights into how an FLP’s structure dictates its reactivity towards H; splitting and to
offer predictive capabilities for structurally and chemically related FLP systems. Our
approach aims to bridge the gap between mechanistic understanding and quanti-
tative prediction, enabling rational design and prescreening of effective FLPs can-
didates for optimal H; activation and splitting, requirement for further transforma-
tions.

An important long-term objective of this work is to move beyond the sole re-
liance on quantum chemical calculations by leveraging predictive models to esti-
mate Hy splitting reactivity metrics directly from FLP’s molecular features. The use
of such predictive simple models would in principle allow for faster screening and
design of efficient FLPs for H; splitting, bypassing the computational cost of full
DFT evaluations.
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Free Energy

FIGURE 2.15: Schematic free-energy profile illustrating the het-
erolytic splitting of Hy promoted by intramolecular FLPs. LA and
LB stand for Lewis acid and Lewis base, respectively. The main en-
ergy parameters discussed in this work (i.e., reaction free energy, AG;
and free-energy barrier, AGY) are highlighted with red arrows.

This project aims not only at elucidating which descriptors best predict an FLP’s
reactivity for Hp splitting, but also how steric and electronic features jointly modu-
late barrier heights and reaction energies. Importantly, the ultimate goal is to inte-
grate these findings to guide the design of FLPs for tandem processes such as CO,
hydrogenation, where H; splitting must be obviously balanced with subsequent re-

activity.

2.2 Computational methods

In order to create a representative sample of the target chemical space, the H, split-
ting free energy profile as illustrated in Figure 2.15, of a library of 112 B/N FLPs (Fig-
ure 2.23) was computed and characterized by means of DFT calculations. Regres-
sion methods, such multivariate linear regression (MLR) and Partial Least Squares
(PLS), were used to build mathematical expression models based on molecular de-
scriptors of FLPs in order to predict their catalytic performances for H; splitting,
i.e. the reaction free-energy (AG in Figure 2.15), that captures the thermodynamic
stabilization of the process; and the free-energy barriers (AG* in Figure 2.15), which
captures the kinetics of the process (Figure 2.16). We expect being able to assess
correlations to i) identify key FLP’s molecular descriptors at play in the H; splitting
reactions, ii) predict in a quantitative fashion the reactivity of FLPs using simple
molecular descriptors, while iii) gaining new chemical understanding of FLP’s reac-
tivity which will be of valuable use for further design. The creation and exploration

of different predictive models based on a variety of descriptors (structural, chemical



2.2. Computational methods 31

P Data extraction

4 .
gt ] —>
_I ilL
=
FLP library
112 DFT calculated
bare FLPs output text files

_ Data Descriptor i
~ €9 builder P calculator P FLP finder
@J\ ==
response DD
variables y Dataset Descriptors (x
(AG and AG¥)
:.,JL PLS Data-driven
| analysis method

... Overfitted?
. . -
[
° [

Polished
model

n
y =int + Z CiX;
(=0

1=
r? (q° RMSE

K-fold
cross-validation

FIGURE 2.16: Schematic representation of the methodology followed
to create all the models showed in this chapter. In blue the response
variables (AG and AG}) in Figure 2.15). In red the descriptors detailed
in section 2.3.1. In orange the model fitting methods. Finally, in pur-
ple the data-driven model polishing method.

or electronic) of FLPs should allow us to identify the underlying key features that
control their reactivity towards H; splitting. The proposed approach is meant to be
generic and applicable to the further step of CO, hydrogenation. All the python
codes and files mentioned in the following sections can be found in the correspond-
ing GitHub repository (https://github.com/FrancescPenas/FLPs_for_H2_splitting

.git).

2.2.1 Data generation from DFT calculations

The free-energy profile of each FLP-containing molecule of the library (Figure 2.23),
mentioned above, were evaluated by means of Density Functional Theory (DFT)
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calculations at the wB97X-D/6-311++G(d,p)[76, 85, 87-89, 118] level using the Gaus-
sian 16 (rev C.02)[119] quantum chemistry software. Such a level of theory has been
successfully applied before to model FLP chemistry.[90, 92, 101] Solvent effects of
toluene were accounted both in geometry optimizations and energy calculations
through the IEF-PCM implicit solvent model.[120] The nature of all stationary points
on the potential energy surface, minima and TSs, was confirmed by frequency cal-
culations. The orbital occupancy was studied using the Natural Bond Orbital (NBO)
analysis version 3.1 already implemented in Gaussian. All the information of each
DFT-optimized FLP, TS and Hj; splitting product (R, TS and P, respectively in Figure
2.15) are stored in plain text ".log" output files.

A change of +1.9 kcal mol~! was applied to the free energies of all species to
account for the free energy variation in going from the reference state of an ideal gas
at 1 atm assumed in Gaussian’s thermochemistry calculations, to a standard state of
1 mol L™! in solution at 298.15 K. These corrected energies were used to calculate
AG and AG? of the H; splitting process (Figure 2.15).

2.2.2 Automated data extraction from DFT calculations

An in-house developed Python code (data_extractor.py) has been used to retrieve in
a systematic fashion the information contained in the Gaussian output files of the
bare molecule (R in Figure 2.15) of all the studied FLPs. As shown in the flowchart
(Figure 2.17), the code first collects the name of all the Gaussian output files in the
input directory, sorting them alphanumerically. It then creates empty lists that are
filled with the extracted data of all the Gaussian output files. The code then loops
through each text output file calling the "gaussian_reader" function that transforms
the text file into a list of strings corresponding to each line of the Gaussian out-
put file. For each file, several subroutines are called to identify desired sections of
the list of text lines containing the corresponding information (data types), check-
ing if the information exists in the file, or detecting possible errors in the original
Gaussian output file. The mentioned subroutines extract optimized cartesian co-
ordinates (gaussian_coordinates_extractor.py), Natural Bond Orbitals (NBOs) (gau-
ssian_nbo_extractor.py), connectivity (gaussian_connectivity_extractor.py), natural
charges derived from the Natural Bonding Analysis (gaussian_nat_charges_extrac-
tor.py) and ChelpG charges (gaussian_esp_charges_extractor.py). All the extracted
information is saved in the previously created lists and the possible generated errors.
After looping through all the Gaussian output files, the extracted data is compiled in
python directories. Finally, the data is saved in the "input_data.pkl" binary file and
the errors, if any, in the "data_extractor_error_list.csv" file. Notable, the code can be
easily tuned to adapt it to other kinds of files types and to make it compatible with
other kinds of software.
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2.2.3 FLP finder

The following code is aimed to detect both LA and LB centres for each FLP-contain-
ing system (flp_detector.py), for which flowchart is shown in Figure 2.19. First, the
code checks the existence of the extracted data and loads the information used to
detect both Lewis partners, i.e. the coordinates, NBO and the connectivity of each
FLP. Then, it creates empty lists to store the generated information. The code loops
through all the FLP-containing molecules, calling two subroutines that identify the
LA ("gaussian_la_detector.py") and the LB ("gaussian_lb_detector.py"), respectively.
Importantly, for each FLP, the "gaussian_la_detector.py" code looks for the lowest
energy-lying unoccupied orbital (labelled as LP* in NBO analysis) of the boron atom
using the NBOs information. If such an orbital does not exist, it returns an error

message. The "gaussian_lb_detector.py" code then identifies the LB by searching

N\ LA
. B ‘b
R

\

FIGURE 2.18: Example of an FLP containing one LA (B) and several
LB candidates containing a lone pair (LP) of electrons (N7, N3 and
Ny), without a LP (N5) and directly bonded to the LA (Ny).

for the occupied lone pair (LP) orbital of the nitrogen atom. When more than one
N atom with a LP (N3, N3 and Ny of Figure 2.18) are present in the FLP molecule,
the code calculates their respective distance from the identified LA, and takes the
closest one that is non-directly bound to the LA (N3 of Figure 2.18). Finally, the
Gaussian indexes corresponding to the Lewis partners identified above and the cal-
culated LA- - - LB distance are compiled in the python dictionaries and saved in the
"data_flp.pkl" binary file.

2.24 Regression methods

Using the data extracted from the Gaussian output files (Section 2.2.2) and the Lewis
partners identified above (Section 2.2.3), a set of selected molecular descriptors (x)
was further calculated using this information (Section 2.3.1). These descriptors were
selected to cover both structural and electronic properties of the FLPs and will be
described in more detail in section 2.3 and in Table 2.1. They constitute the dataset
which will be used to create mathematical expression models (Eq. 2.4) in order to
predict AG and AGH (Figure 2.15), also referred in this work as response variables
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(y). The mathematical models (Eq. 2.4) consist in a linear combination of n descrip-
tors (x) weighted by coefficients (c), the coefficients (c) thus directly reflecting the
contribution of the descriptors to the model.

M-

I
—

y=) cixj+int (2.4)

1
First of all, the data needs to be normalized. This procedure guarantees that var-
ious descriptors contribute equally to the analysis, especially when these descrip-
tors differ in units and scales, as is common with chemical, structural, or electronic
properties. For that purpose, we used the "MinMaxScaler" function, imported from
the sklearn python package,[121] to reshape the range of the descriptors, also re-
ferred to as original variables (x), from 0 to 1. The normalized variables (x) are cal-
culated subtracting their corresponding minimum value (min(x)) divided by their
range value (max(x) — min(x)), according Eq. 2.5.
- x — min(x)

= max(x) — min(x) 25)

The regression models are evaluated using the correlation coefficient r? to check the
model’s fitting following Eq. 2.6, using the response variable value (y;) of the FLP (i),
the predicted value using the model (77;) and the mean value of the response variable
of all FLPs (y).

2 S (2.6)

Y(yi—y)?

For 12, the best possible score is 1.0 and it can be negative, due to the fact that the
model can be arbitrarily worse than simply predicting the mean of the target variable
for all observations.

K-fold cross-validation

In order to evaluate the predictive ability of the fitted models, we employed the
cross-validation parameter q° (Eq. 2.7), which is calculated using the same strategy
as 12 (Eq. 2.6), but using cross-validation methods. The g? coefficient is calculated
from leave-one-out cross-validation, where #; is the predicted value of y; when the
i-th data point is left out during the model training.

L .)2
P=1- Elyi = 9:)° 2.7) RMSE = /Y (yi — 9)? (2.8)

According to Tropsha, [122] models with g? values gives an estimation of the pre-
diction ability of the model: from 1.0 to 0.9, the model can be considered as pre-
senting an excellent precision; from 0.9 to 0.7, a good precision; from 0.7 to 0.5, a
screening ability; and under 0.5, it fails to predict the response variable, y. Using
the same values than for ¢* (y; and ¥;), the root mean squared error (RMSE) is also
calculated as an indicator of the precision of the models but keeping the original
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scale and units of the response variable (Eq. 2.8). The q? parameter can be obtained

Averaged g2 and Time over 5 repetitions

0.5575
q? —— Time | 2.00
0.5550 -
1 1.75
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FIGURE 2.20: Average value of q> and the computation time using
different folds for the evaluation of the model predicting AG* using
all descriptors.

from the Leave One Out Cross-Validation (LOOCV) methodology, which consists in
withdrawing each one datapoint of the dataset used to train the model, rebuild a
model with the remaining ones and finally predict the excluded datapoint. While
this is feasible in manageable datasets, the LOOCV makes the calculation of q? com-
putationally more expensive as datasets become bigger and when the number of
models to fit and evaluate increases significantly. Thus, to save computational re-
sources, the K-fold methodology has been used. This consists in randomly divide
the dataset into k equally sized subsets of datapoints or “folds”. The methodology
of the LOOCYV is used by keeping each "fold" aside and training a model with the
remaining folds. Each data point of each separated fold is then predicted with its
related trained model, and g? is recalculated using those predicted values. Figure
2.20 shows the evaluation of q> and the time required to calculate it, using different
number of folds generated using the "k-fold_opt.py" code. The g° value is practi-
cally conserved as the number of folds is reduced until 60, when the g° value starts
to fluctuate, meaning that the probability of generating biased models increases. All
the models created in this chapter were evaluated using 60 folds that reduces the
computation time to the half, barely loosing quality.
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Partial least squares analysis

Partial Least Squares (PLS) modelling [123] is a statistical method that builds pre-
dictive models by finding latent variables, latent variable (LV), new, unobserved
variables that are linear combinations of the original predictors, which best explain
the variation in both the independent variables (our descriptors) and the response
variables (AG and AG? for H; splitting). It is especially useful when there are many
collinear variables (L.e. descriptors that are highly correlated with each other), which
can make traditional regression methods unstable. Unlike Principal Component
Analysis (PCA), which focuses only on the variance in the descriptors, PLS selects
components that maximize the covariance between the descriptors and the response
variable, thus enhancing the prediction accuracy. This makes it ideal for analysing
high-dimensional, noisy datasets, such as those commonly found in chemometrics,
bioinformatics, and spectroscopy.

The PLS analysis is coded in "pls_analysis.py" to create predictive models, im-
porting all tools from the sklearn python package.[121] Each data point is predicted
to calculate the correlation parameter, r2. The k-fold cross validation is carried out
using the "cross_val_predict" function, which allows calculating q* and the RMSE.
The coefficients of the PLS model are extracted to evaluate their impact; and the
intercept (int) value is calculated following Eq. 2.9. ¥ is the average value of the
response variable, ¢; the coefficient of each descriptor and X; the mean value of the

corresponding descriptor across all the dataset points.
n
int=y-Y cx; (2.9)
i=1

Then, coefficients are transformed into the non-normalized ones in order to create
the non-normalized model that predicts the response variable using directly the
original (non normalized) descriptor values. This is done with the "convert_to_-
non_normalized_coefficients" function. Finally, a table is created that contains the
real, predicted and error values for each data-point for data analyses. The main
advantage of the PLS method is the transformation of the original set of variables,
here the descriptors, into a new set of variables called latent variables, latent vari-
ables (LVs), which are linear combination of the original ones, and sorted according
their contribution to the response variable. This fact allows to reduce the number
of LV, sacrificing the minimum amount of data representation and overcome possi-
ble overfitting effects due to the limited size of the training dataset. Nevertheless,
when re-converting the LV into the original variables (here descriptors), their num-
ber remain unreduced without providing any information about the uninformative

descriptors.
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Data-driven method

In order to discriminate uninformative descriptors, we adopted the data pretreat-
ment protocol inspired by Andries et al. [7] This procedure, coded in informative-
_var_filter_PLS_iter.py, which flowchart is shown in Figure 2.22, involves augment-
ing the original set of N descriptors (including both linear and squared, normal-
ized terms) with N randomly generated, intentionally non-informative variables. To
avoid artifacts emanating from randomness, this process was repeated 10 times, each
with a different set of random variables. For each of these 10 extended datasets, we
built a series of PLS models with the number of latent variable (LV) ranging from
1 to 2N. For each dataset, we selected the model that simultaneously minimizes
the RMSE. The coefficients of all real variables (both descriptors and random vari-
ables) were averaged across the 10 selected models. The highest average coefficient
among the random variables was used as a threshold (see Figure A.1), so that de-
scriptors with mean coefficients above this threshold were considered informative,
while those below it were discarded (see Figure A.2). This process was iteratively
repeated using the classified informative descriptors of previous iteration and new
sets of random variables until no further original descriptor was classified as non-
informative.

In the end, only 23 descriptors out of the initial 38, either linear or quadratic
terms, passed this filtering process and were subsequently used to model relation-
ships with the AG*. The coefficients of the final model including all 23 informative
descriptors can be used to sort them according their relevance to the response vari-
able. Using our final sorted set of 23 informative descriptors, we then performed a
combinatorial analysis to generate all possible models. This involved creating ev-

1.8
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FIGURE 2.21: Quality of the best AG* model of certain number of
informative descriptors (r>+q2) vs each number of descriptors, from
1 to 14.
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FIGURE 2.22: Flowchart illustrating the structure and functionality of the informative_var_filter PLS_iter.py script.
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ery combination of 2 to 23 descriptors and, for each, building MLR models, if the
number of LV are equal to the number of original variables used, as well as PLS,
if the number of LV are less than the original. Starting from combinations of two
descriptors, this analysis was carried out by systematically increasing the number
of included descriptors, following the sorted informative descriptors order, until the
performance of the best model began to drop (Figure 2.21). The array of resulting
models were ranked based on the sum of their 2 and g2 values, used as a combined

metrics of the model’s quality and stored in opt_barr_models.pkl.

2.3 Results and discussions

2.3.1 Construction and analysis of the dataset

Computational sampling of the chemical space was carried out, focusing on in-
tramolecular FLPs featuring a boron atom as the LA and a nitrogen atom as the LB.
This subclass of molecular FLPs represents one of the broadest and most extensively
studied families of FLPs reported to date, owing to their rich structural diversity,
well-documented reactivity, and synthetic accessibility,[5, 90, 124] making it an ideal
platform for uncovering general structure-activity relationships. Figure 2.23 illus-
trates the library of the 112 FLP-containing molecules selected in this work to form
our dataset, which serves as a representative subset of the target chemical space. A
diverse set of molecular backbones was used to explore geometric constraints, re-
sulting in LA- - - LB distances spanning from 1.70 A to 5.62 A. We also investigated
various substituents on both Lewis partners to examine a range of geometric and
electronic environments surrounding the reactive sites. The FLPs were grouped into
sub-families, each uniquely defined by the number of atoms in the shortest path be-
tween LA and LB, as well as by the relative orientations of these sites imposed by the
molecular framework. Most of the core structures were derived from FLPs that have
been either experimentally reported or previously investigated computationally.
We initially performed DFT calculations to determine the reaction Gibbs free en-
ergies (AG) and free-energy barriers (AG}) associated to the Hy splitting promoted
by each of the FLPs in Figure 2.23. As shown in Figure 2.24, our library covers a
broad range of reaction free energies, from approximately -30.0 to +35.0 kcal mol !,
encompassing FLPs that promote both highly favourable and unfavourable H» split-
ting. Notably, a significant number of data points cluster around AG ~ 0, a poten-
tially desirable feature for designing FLPs with tunable H, splitting reversibility,
which is particularly relevant for applications in energy storage and hydrogenation
catalysis. In terms of free-energy barriers, the dataset also captures a wide range
of transition-state stabilities, spanning from low barriers of 10 — 15 kcal mol~! to
moderate-high (up to 35.0 kcal mol~!) and even prohibitively high barriers in the
35 - 60 kcal mol~! range. Therefore, the selected library constitutes a representative
subset of the chemical space in terms of the response variables, encompassing FLP
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FIGURE 2.23: Library of all the intramolecular B/N FLPs constituting the dataset. Most of them were inspired by FLP structures
analyzed in previous works. FLP 1:[55, 109], 42:[47], 41-54:[55, 114], 46:[125], 46 & 48: [55], 47 & 49:[112, 115, 126], 61 & 81:[103], 60-
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structures that were predicted to be active, as well as inactive ones limited by either
kinetic or thermodynamic factors.

Interestingly, Figure 2.24 also reveals a weak correlation between AG and AG*
(r?=0.37), indicating that the Brensted-Evans-Polanyi (BEP) principle, [135, 136] cor-
relation between AG and AG¥ of the same chemical process, does not hold across the
entire dataset. This suggests that different factors influence the thermodynamics and
kinetics of H splitting in distinct ways. However, when evaluating the BEP prin-
ciple within individual families (Figure 2.25), significant correlations emerge. For
example, among the geminal FLP family I (r* = 0.85) and the dibenzofuran-based
family VIII ( r*= 0.91). In contrast, other families, such as II, containing anilines
and quinolines, show little to no correlation (r?= 0.15). This observation recalls to
earlier results of Ye and Johnson[109], who reported that linear relationships be-
tween the binding energy of H, (AE) on FLPs and FEHA held within individual FLP
sub-families (with 72> 0.95), while the correlation weakened substantially (r?= 0.83)
when data from all families were combined, supporting the idea that meaningful
structure—reactivity relationships are more readily captured within structurally re-
lated groups. Interestingly, as shown in Figure 2.26, the families that exhibit strong
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FIGURE 2.24: Scatter plot of reaction free-energies (AG) versus free-
energy barriers (AGY) for Hy splitting across the FLP library. Each
point represents a distinct FLP and is colored according to the family
it belongs to (see Figure 2.23). The black line represents the linear
regression fit across the entire dataset (BEP correlation), with a 12 =
0.37.

BEP relationships are characterized by having the H, splitting TSs in the dataset
with H-H distances around 0.95 A. This indicates that the TS is structurally close to
the product and referred to as "late" TS, which according to Hammond's postulate,
is also energetically close. These findings suggest that the nature of the molecular
backbone plays a critical role in determining whether a given FLP proceeds via an
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"early" (close to the reactant) or "late" (close to the product) TS and, consequently,
whether the BEP principle holds or not. Note that Skara et al. were also able to dis-
tinguish between "early" and "late"-type TSs for Hj splitting as function of the FLP
features.[101]

Thus far, the structural and electronic properties of FLPs have been shown to
strongly influence their reactivity, as further exemplified by the broad variability
in Hj splitting reaction energies and barriers observed in our library (Figure 2.24).
However, there is still no clear consensus regarding which parameters govern the

TABLE 2.1: List of descriptors used in this study along with their de-
tailed descriptions. See Figure 2.28 for histograms showing the dis-
tribution of all descriptor values across the FLP library.

Descriptor Description
dlal Distance between LA and LB centres.
ol Angle between the vectors defining the direction of the p-type or-
bitals of both Lewis partners. Illustrated in Figure 2.27a.
Dihedral angle between the directions of the p-type orbitals of each
U Lewis partner (Jg—-B-N-0y), shown in Figure 2.27b.
A Sum of the angles between each p-type orbital direction and the
LA-LB vector (x and B in Figure 2.27a).
r Orbital energy of the lowest unoccupied p-type orbital of LA, ob-
p(LA) tained from Natural Bond Orbital (NBO) analysis.
E Orbital energy of the highest occupied p-type orbital of LB, ob-
p(LB) tained from NBO analysis.
Atomic charge of LA calculated using Natural Population Analysis
dla (NPA> (NPA).
qib(NPA) Atomic charge of LB calculated using NPA.
EF,(NPA)  Electric field generated by ¢i,(NPA).
EF,(NPA)  Electric field generated by gy, (NPA).
EP(NPA) Electrostatic potential at the LA-LB midpoint, generated by NPA
charges.
Atomic charge of LA derived from the molecular electrostatic po-
1a (ESP) tential (CHelpG method).
Atomic charge of LB derived from the molecular electrostatic po-
o (ESP) tential (CHelpG method).
EFy, (ESP) Electric field generated by g, (ESP).
EFy, (ESP) Electric field generated by gy, (ESP).
EP(ESP) Electrostatic potential at the LA-LB midpoint, generated by ESP
(CHelpG) charges.
FEPA[RI Free energy of proton attachment.
FEHALRI Free energy of hydride attachment.
My, Molecular weight.

[a] Previously used molecular descriptors in the field of FLP chemistry. [6, 55, 103, 109]

thermodynamics and kinetics of Hy splitting, or the extent to which each contributes.

Aiming to bridge this gap, we defined a set of chemically meaningful molecular
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descriptors, readily obtainable from simple DFT calculations, to capture both the
structural and electronic properties of FLPs.

These descriptors were subsequently applied in the following sections to estab-
lish clear relationships with the key energetic metrics of the Hj splitting process,
namely, AG and AG*. These descriptors are listed in Table 2.1.

Descriptors calculator

Before calculating any descriptor, the text format of the Gaussian output files is
converted into a data format that can further be processed (see Section 2.2.2) and
both LA and LB are automatically identified (see Section 2.2.3). The "desc_gen.py"
script utilizes the data produced by the workflows described in Section 2.2.2 and
Section 2.2.3 to systematically compute a set of descriptors (Table 2.1) for each FLP
molecule in the library, including the B-N distance previously determined in Sec-
tion 2.2.3.

The descriptors related to the conformation of the FLPs use the the vectors o5
and zf)\;, which describe the orientation of the LB’s lone pair and the LA’s unoccupied
p-type orbital, respectively (see Figure 2.27a). Using the coordinates and the connec-
tivity, the first vector is calculated as the perpendicular vector to the plane defined
by the coordinates of the three atoms directly bound to the B centre (4 in Figure
2.27a). Then, the second is calculated the same way if N has three substituents. If
the N centre has two substituents, the code calculates the vector perpendicular to the
line defined by the two substituents of N in the plane that contains the N atom (on
in Figure 2.27a). The angle ¢ corresponds to the angle between these two vectors. In
addition, we propose two new descriptors, y and A, designed to evaluate the FLP
molecules from a structural standpoint, accounting for the alignment and direction-
ality of the p-type orbitals of the FLP partners, respectively. A is calculated as the
sum of the angle &, between U_B> and TE)\] (in black in Figure 2.27a), and B, between
the vectors 77\; and U—NB>. The dihedral angle () is calculated between the plane con-
taining the vectors ZJ_B> and z@ and the plane containing the vectors zm and U—NE (see
Figure 2.27b).

To further account for the electronic properties of the LA and LB centres, we drew
inspiration from two main reactivity models developed to explain FLP-mediated H,
splitting explained in Section 2.1.2. Accordingly, the energy levels of these p-type
orbitals (E,14) and E,( p)) serve as relevant descriptors for FLP reactivity. Here, us-
ing the identified LA and LB, the energies of the orbitals involved in the reactivity,
are directly taken from the NBO information, implemented in Gaussian 16. In this
context, the electric fields generated by the LA and LB centres may correlate with re-
activity. We therefore considered, in first instance, the atomic charges on the LA and
LB as potential descriptors. These were obtained using two methods: Natural Pop-
ulation Analysis (NPA), which assigns charges based on wavefunction localization,
and Electrostatic Potential (ESP), which fits atomic charges to reproduce the molec-
ular electrostatic potential. Using these atomic charges, we computed the electric
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FIGURE 2.27: Graphical representation of the A, ® (a) and vy (b) geo-
metric descriptors. B is colored in pink, with its orbital direction (vg)
in magenta. N is colored in blue, with its orbital direction (ZJ_1\>]) in
cyan. Backbone atoms are colored in dark grey and substituents of
the B centre in green. o4 is defined as the perpendicular vector to the
plane formed by the three substituents of B that crosses the B centre;
while 7y is the vector included in the plane formed in sp? N. In FLPs
containing a sp> N, oy is calculated as 3. A is the sum of « and B an-
gles; ® corresponds to the angle between 4 and oy; and 7y accounts
for the dihedral angle formed between T)_B> , B, N and zm

tield (EF) and Electrostatic Potential (EP) at the midpoint of the LA- - - LB segment
via Coulomb’s law. The EF generated at the midpoint between the LA and the LB
sites (r being thus 1/2 of the LA- - - LB distance) is considered using the charges (Q)
extracted previously from the DFT outputs of the FLP library (Eq. 2.10). The con-
stant K was set to 1 for simplicity, any other value would only shift the data and the
models were built using normalized descriptors anyway. Hence, the EF descriptor

was calculated with Eq. 2.11.

Q

EF=K- 1’7 (210) EFjesc = Q

5 (2.11)

The electrostatic potential (EP) descriptor accounts for the Coulombic interaction
between two charged centres (Qr4 and Q) and a particle placed at the midpoint
between these two (hence at distance r of both) obeying Eq. 2.12. Again, as done for
the EF descriptor, the constant K is set to 1 so that the EP equation is simplified to
Eq.2.13.

EP=K-

(2.12) EPgesc =

QLA}; QLB (2.13)

Qra-Qrs
r

This gives rise to the g, EF, and EP descriptors listed in Table 2.1. The attachment free-
energies (FEHA and FEPA) were calculated by means of DFT as the free-energy dif-
ference of the processes showed in Eq. 2.14, being R and R’ the rest of the molecule,
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and added externally to the final dataset of descriptors.

FEHA: R-LA +H™ — R-LAH™

(2.14)
FEPA: R-IB+H"™ — R-LBH™

Finally, we also considered the molecular weight of the FLP (M) as a potential 0-D
descriptor, given that translational entropy depends on molecular weight and can
therefore influence the height of free-energy barriers in bimolecular processes. Us-
ing the atomic masses of the mendeleev python module,[137] the atom types of the
coordinates are used to calculate the molecular weight of the molecule.

The histograms of all the computed descriptors (Figure 2.28), confirm the vari-
ability of the explored chemical space, essential to perform data-driven analysis (see
section 2.2.4).

All the computed descriptors, the response variables, the name of the files and
the labelling used are stored in "final_data.csv" and "final_data.pkl" files.
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2.3.2 Structure-activity relationships governing product thermodynamic
stability (AG)

The correlation matrix shown in Figure 2.29 reveals weak individual correlations
between the computed descriptors and both free-energy values, with the notable
exception of FEHA, which shows a strong correlation with AG. This preliminary
analysis suggests that the acidity of the LA, which influences the stabilization of
the hydride formed upon heterolytic Hy cleavage, plays a more significant role in
determining the thermodynamics of H» splitting than the basicity of the LB. This
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FIGURE 2.29: Scatter matrix of the correlation coefficient (R) of all the
descriptors, AG and AGH.

observation is consistent with previous findings based on smaller datasets, [55, 108,
109, 112] confirming that the trend remains valid when extended to a broader and
more diverse set of FLP families. As a first and simplest approach to predicting AG,
we fitted a linear regression model using FEHA as the sole descriptor. The model’s
performance was evaluated using three metrics: the coefficient of determination (r2),
which measures the goodness of fit; the ¢> coefficient, which assesses predictive abil-
ity, and the root mean squared error (RMSE), which reflects the average prediction
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error in the units of the response variable (kcal mol~!). The last two metrics are ob-
tained via K-fold cross-validation as explained in Section 2.2.4. The resulting model
yielded r2, qz, and RMSE values of 0.62, 0.60, and 8.90 kcal mol 1, respectively. This
confirms that while FEHA can qualitatively account for the variation in AG, a more

accurate prediction likely requires incorporating multiple descriptors.

Multivariate linear regression (MLR)

Multivariate linear regression (MLR) models were next used to evaluate how multi-
ple molecular descriptors jointly influence the response variable (AG). MLR assigns
weights to each descriptor in a linear equation, optimizing the fit by minimizing the
error between predicted and measured values. Initially, all descriptors listed in Table
2.1 were included to improve the model’s accuracy. Since descriptors vary in scale,
each of them was normalized to a 0 — 1 range by subtracting its minimum value and
dividing the result by the maximum value in the range. The resulting normalized
dataset was then used to train the MLR model and therefore, the coefficients of the
normalized descriptors in the model can be interpreted as the relative influence that
the descriptor has on the response variable (Figure 2.30).

Structural Electronic

LB

RN
o

o
@

o
N

o
N

0.0 —

Normalized weights

Descriptors

FIGURE 2.30: Coefficients of the normalized MLR model using all the
descriptors for AG. 1> = 0.93, 4> = 0.84 and RMSE = 5.50 kcal mol 1.
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The improved quality metrics (caption of Figure 2.30) demonstrate that MLR of-
fers significantly better fitting and predictive performance than the single-descriptor
model. As expected, FEHA emerged as the most influential descriptor, followed by
the LA- - - LB distance (d) and EFj,. Notably, the EF descriptors calculated using
either NPA or CHelpG charge schemes appear in the model with similar weights
but opposite signs, effectively cancelling each other and complicating their chem-
ical interpretation. Based on this, we next built a "simplified" MLR model using
only d, FEPA and FEHA, aiming to maintain representativeness while reduce over-
fitting, thereby improving predictive ability. The resulting model is given in Eq. 2.15.
The first line, with tilded descriptors, corresponds to the model built using normal-
ized descriptors, where the weights (coefficients) can be meaningfully compared. In
the second line, where the descriptors are not tilded, the model uses the original,
non-normalized values, allowing direct calculation of the response variable. The
bottommost line presents the fitting and validation metrics. The coefficients of the
normalized variables indicate that all three descriptors contribute comparably to the
reaction energy, with FEHA having the greatest influence, as expected.

e~ e~

AG =289 -d+67.6- FEHA + 24.4 - FEPA — 54.4
AG = 7.37 -d +0.821 - FEHA + 0.685 - FEPA + 151 (2.15)
» =087 ¢°=085  RMSE = 5.52kcal -mol!

The positive coefficients of FEHA and FEPA are consistent with the idea that weaker
hydride and proton affinities (i.e., more positive values), make the H; splitting less
favourable (more positive AG), due to lower acidity and basicity of the FLP sites. The
positive coefficient of d may reflect the contribution of attractive electrostatic interac-
tions between LA-H™ and TH-LB groups in the zwitterionic product, which become
stronger at shorter distances, thereby stabilizing the Hy splitting product and low-
ering AG. These findings are consistent with previous observations by Pédpai and
co-workers, who showed that H» splitting becomes more exergonic with increas-
ing acidity and basicity of the FLP partners, and with decreasing donor—acceptor
distance.[40] However, Eq. 2.15 provides the first near-quantitative model that ex-
plicitly assesses the individual contribution of each parameter to the reaction free
energy. In terms of model performance, the simplified model loses correlation (12
of 0.93 vs 0.87 for simplified and non-simplified models, respectively) while con-
serving the exact same predictability (4> of 0.85 for both models), indicating that the
excluded descriptors added noise rather than value, potentially leading to overfit-
ting. The MLR model presented in Eq. 2.15 not only highlights the relative contri-
butions of key FLP parameters, acidity, basicity, and the LA- - - LB distance, to their
Hp activation ability, but also functions as a simple and practical quantitative struc-
ture—activity relationship (QSAR) model, with a reasonable RMSE at 5.0 kcal mol L.
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Notably, models constructed using only two of these descriptors perform sub-
stantially worse than the three-dimensional model shown in Eq. 2.15.

AG = 64.4 - FEHA + 12.3 - FEPA — 36.8
AG = 0.781 - FEHA + 0.346 - FEPA + 110 (2.16)
=066 ¢*=0.63 RMSE = 8.62 kcal mol !

AG = 20.7-d +58.1 - FEHA — 36.3
AG =5.28-d+0.705 - FEHA +24.9 (2.17)
=075 ¢*=073  RMSE = 7.37 kcal mol !

Still, when FEHA is paired with either FEPA (Eq. 2.16) or d (Eq. 2.17), the resulting
models still show reasonable correlation (r* up to 0.75) and screening power (4% up
to 0.73). In contrast, models using only FEPA and d (Eq. 2.18) fail to capture any
meaningful relationship, further highlighting the key role of FEHA in determining
the reaction thermodynamics.

AG =243 -d + 458 - FEPA — 2.87
AG = 621 -d +0.129 - FEPA + 12.2 (2.18)
=016 ¢* =009 RMSE = 13.52 kcal mol !

This is consistent with the scatter plot in Figure 2.31 and Figures 2.32, 2.33 and 2.34,
which show that only FEHA can qualitatively categorize FLPs based on their ability
to stabilize the Hy splitting product (i.e., their AG values), whereas the other descrip-
tors cannot.

With the insights gained from Eq. 2.15, the computed AG values for the FLPs in
our dataset can be rationalized based on the magnitudes of their associated molecu-
lar descriptors. As shown in Figures 2.31 and 2.32, a group of FLPs featuring strongly
electron-withdrawing substituents on the LA fall within FEHA values ranging from
~100 to —80 kcal mol~!, leading to highly favourable H; splitting. These include
-NO, substituents in molecules 13, 40, 65, and 74; —-CN in 31; -CCls in 30; and —CF3 in
37 and 110. FLPs with FEHA values between -80 and —60 kcal mol~! mainly contain
moderately electron-withdrawing groups, resulting in slightly less favourable, but
still exergonic, Hy splitting. Examples include -COOH in 36, or —Cl in molecules 6,
19, 46, 63, 69, 86, 93, and 98. Still, some structures with strong electron-withdrawing
groups, such as in 33 and 73, containing -C¢F5 and —CFj3, respectively, were also
found to fall within this range. The remaining molecules, with FEHA values be-
tween —60 and —20 kcal mol 1, typically feature aliphatic substituents and cluster in
a region characterized by endergonic H; splitting. Notably, molecule 110, despite
lying within the highly stabilizing FEHA range (100 to -80 kcal mol™!), shows a
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FIGURE 2.31: Scatter plot of the data points projected on the three-
dimensional space of d, FEHA and FEPA. Each point is colored ac-
cording to its DFT-calculated AG value. Four selected data points are
projected on the FEHA vs d plane to illustrate the stronger discrimi-
nation power of FEHA compared to the other descriptors.

higher AG than its neighbors in FEHA /FEPA space due to its longer LA- - - LB dis-
tance imposed by the molecular framework (see Figure 2.33c,e), which reduces elec-
trostatic stabilization of the zwitterionic product. Similarly, although molecules 4
and 73 have comparable FEHA and FEPA values (Figure 2.32c), 73 exhibits a more
exergonic H; splitting due to a shorter LA- - - LB distance (Figure 2.33e). Another
interesting example is the difference in AG between molecules 4 (AG = +19.4 kcal
mol 1) and 19 (AG = -3.7 kcal mol™'), which exhibit similar FEHA and d values
(Figure 2.33e). This disparity can be ascribed to the stronger basicity of the LB (more
negative FEPA) in the FLP 19 (Figure 2.32c). Overall, these observations confirm
that the nature of the LA substituents, directly affecting its acidity, plays the domi-
nant role in stabilizing the Hj splitting product; that is, higher acidity correlates with
more exergonic reactions. Shorter LA- - - LB distances and stronger LB basicity also
favour Hj splitting from a thermodynamic perspective, albeit to a lesser extent.
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FIGURE 2.32: a) Scatter plot of the dataset projected on the FEHA vs
FEPA space. Data points are coloured according to their AG values. b)
The same showing isovalues of the predicted response variable (kcal
mol~!) holding d to the mean value of the dataset. c-f) Zoomed quad-
rants of graph a) labelled according to Figure 2.23.
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2.3.3 Structure-activity relationships governing activation free-energy
(AGH)

In addition to an accessible reaction free energy, FLP-promoted H, splitting must
also proceed through surmountable free-energy barriers (AG?) to be kinetically fea-
sible. We therefore next aimed to develop mathematical models relating the descrip-
tors listed in Table 2.1 with the calculated H; splitting barriers, in order to identify
which features of FLP structure most strongly influence the reaction kinetics. None
of the individual descriptors exhibit a clear correlation with AG* (Figure 2.29), sug-
gesting that no single parameter can independently account for the activation bar-
riers across the FLP dataset. To gain initial insights, we constructed an MLR model
using all normalized descriptors, following the same approach as for AG. However,
the resulting model, whose coefficients and quality metrics are given in Figure 2.35,
shows a lower accuracy and predictive power than the corresponding model for AG.
This initial model can only capture linear relationships between the descriptors and
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FIGURE 2.35: Normalized weights of the MLR model for predicting
AG? built using all the descriptors. Quality metrics: r2 = 0.75, ¢° =
0.43 and RMSE = 8.92 kcal mol ~*.

AG*. However, the true dependence may involve non-linear trends, including the
existence of optimal values for certain descriptors. Previous studies have identified
such behaviour for the LA- - - LB distance (Vankova ef al. [102] and Corminbceuf et
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al. [103], see Section 2.1.2), finding minimized H, splitting barriers at distances be-
tween 3 and 5 A. These findings suggest that more sophisticated, non-linear models
may be necessary to accurately capture the factors influencing AG*. To this end, we
incorporated the squared values of the molecular descriptors as an additional set of
features, enabling the model to account for potential quadratic relationships, thus
providing it with more flexibility. The data_expander.py code is created to calculate
the square values of the descriptors in final_data.pkl and append them into the new
file final data_expanded.pkl. Nevertheless, further increasing the number of vari-
ables certainly increases the risk of overfitting, given the size of the dataset used to
train these models.

To maintain the necessary model flexibility while minimizing overfitting, we a-
dopted a data-driven approach that combines the Partial Least Squares (PLS) method,
[123] automated selection of informative descriptors and combinatorial analysis (see
Section 2.2.4) to systematically explore dimensionality reduction. The resulting best-
performing model, given in Eq. 2.19 represents a MLR model build with 9 descrip-
tors, which exhibits reasonably good fitting, along with predictive ability provided
a g*>0.8 and a RMSE in barrier heights below 6.0 kcal mol~!, obtained from cross
validation.

AGE =161 - 22 —133-d+514-12—388-A —21.9-FEHA? + 9.32 - FEPA

—_—
—~— —_—

182 - q;(NPA)2 — 12.4 - EP(NPA)? — 20.0 - EP(NPA) + 55.4

AGH =560 d? — 34.0 - d + 0.00159 - A2 — 0.222 - A — 0.00228 - FEHA? (2.19)
4+0.262 - FEPA — 30.2 - q5(NPA)? — 57.4 - EP(NPA)? — 45.1 - EP(NPA) + 131

» =085 ¢*=081  RMSE = 5.13 kcal mol

Interestingly, the weights of the descriptors in this model (illustrated graphically in
Figure 2.36) indicate that the energy barrier is primarily governed by the geometry
of the FLP (black bars), rather than its electronic properties. The largest coefficients
are related with the LA- - - LB distance, being positive for its squared value and neg-
ative for its linear one. This agrees with previous reports indicating that there is an
optimal distance that minimizes the height of the barrier; as too short or too long
distances may lead either to strained TS geometries or to poor orbital overlap, re-
spectively. The second most influential descriptor is A, which also exhibits a similar
quadratic relationship with the barrier height (Figure 2.36). This reveals that, in ad-
dition to an optimal LA- - - LB distance, an optimal orbital directionality maximizing
the interaction with Hy, is also required to lower the Hj activation barrier. Impor-
tantly, these two features, and thus the reaction kinetics, are mainly dictated by the
structure of the FLP backbone, i.e., the molecular framework in which both FLP sites
are embedded. Electronic effects, captured by FEHA?, FEPA, qlb(NPA)2, EP(NPA)
and EP(NPA)? in our model, were found to play a secondary role, suggesting that
efforts to accelerate Hj splitting in FLP systems should prioritize the design of the

scaffold, rather than focusing on tuning the electronic properties of the LA and LB
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centres through substituent screening. Also, the fact that the AG* is mostly governed
by structural features, whereas AG is more strongly influenced by electronic effects
might explain the lack of general BEP relationships, as observed in Figure 2.24.
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FIGURE 2.36: Normalized weights of the descriptors influencing the
Hp splitting barrier according to the MLR model given in Eq. 2.19.
The signs of the weights indicate whether the relationships are di-
rectly or inversely proportional.

As shown in Figure 2.37, projecting our data points (AG* values) onto the d vs. A
two-dimensional space reveals clustering by FLP families, as defined in Figure 2.23.
This analysis shows that, regardless of the electronic properties of the LA and LB
sites, families II, IV, and V consistently exhibit the lowest barriers due to optimal
values of both d vs. A. In fact, all five FLP systems with the lowest calculated bar-
riers are, in order of increasing values, 60, 68, 42, 65, and 52, all them belonging to
the same family (see Figure 2.23). Conversely, although the FLPs in family I possess
an optimal LA- - - LB distance, they display systematically higher barriers than FLPs
with similar electronic properties belonging to the aforementioned families due to
a suboptimal orbital directionality (A), which forces significant structural rearrange-
ment to reach the TS structure. At the other extreme, families VI and VIII present
favourable or near-optimal A values but suffer from excessively long LA- - - LB dis-
tances, introducing strain and poor orbital overlap into the TS geometry. Plotting the
response variable predicted by the model against d and A, while holding all other
descriptors at their mean values across the dataset (Figure 2.37), the blue-colored re-

gion reveals that the barrier height is indeed minimized at optimal d values around
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3.0 A, in excellent agreement with previous reports,[103] and at A values around 70°.
Together, these structural features can be considered practical design rules that may
significantly aid future FLP screening efforts. Nonetheless, beyond these structural
effects, the electronic properties of the LA and LB sites do play a secondary role (Fig-
ure 2.36). Indeed, the influence of electronic descriptors is further evidenced by the
broad range of barrier heights observed within individual FLP families (Figure 2.24).
Therefore, electronic properties should also be considered for fine-tuning FLP reac-
tivity, becoming particularly important to modulate the reaction thermodynamics,
as discussed in the previous section.

The above observations indicate that the main factor influencing the height of
the Hy splitting barrier is the energy penalty associated with the structural distortion
an FLP must undergo to reach the TS configuration from its equilibrium geometry.

This conclusion is supported by the strong correlation observed between distortion
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FIGURE 2.38: Distortion energy of the bare FLP required for reaching
the TS structure from its equilibrium geometry plotted against AG*
for some randomly selected FLP systems. The black line represents
fitting of the data to a linear regression model.

energies and Hy splitting barriers (Figure 2.38). Typically, the distortion energy is
lower and thus, the reaction barriers tend to be smaller, for FLPs bearing small sub-
stituents on the boron centre, as these ease the rotation of the B-containing group to
align with the LB partner in the TS structure. This trend is exemplified by the three
FLPs exhibiting the lowest barriers (systems 60, 68, and 42), all of which contain the
minimally hindered —-BH, group. Also, FLPs with bulky substituents on boron, such
as tBu or iPr (e.g., systems 50, 53, and 72), tend to adopt equilibrium configurations
in which the p-type orbital of boron is already oriented toward the LB site. This pre-
alignment reduces the structural reorganization required to reach the TS, thereby
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lowering the energy barrier.

Prompted by residual impact of FEHA and FEPA on the AG} model, we also
developed a multivariate model for predicting AG* using the same methodology,
but excluding FEHA and FEPA from the initial pool of descriptors. This approach
allows barrier predictions to be made using descriptors derived solely from a sin-
gle DFT calculation of the bare FLP structure, thus bypassing the need for addi-
tional DFT calculations on the protonated and hydrated analogues required to com-
pute the attachment energies, further easing the practical application of the model.
The resulting model is presented in Eq. 2.20, and the weights of the descriptors are
graphically illustrated in Figure 2.39. Excluding the attachment energies results in

Structural Electronic
LB

-
o

o
oo

o
o

o
N

Normalized weights
& o
N o

o
()

-1.0

o
o4
79
+4
%,

& <
Descriptors

FIGURE 2.39: Normalized weights of the best obtained model in
terms of r> + g2 for predicting AG* without using attachment ener-
gies FEHA and FEPA. Quality metrics: r> = 0.73, g = 0.68 and RMSE
= 6.65 kcal mol 1.

only a modest decline in model performance, consistent with their secondary role
in the original model. Specifically, r* decreases from 0.85 to 0.73 and ¢° from 0.81
to 0.68. The descriptor weights in this simplified model remain largely consistent
with those in the full model. These results suggest that H, splitting barriers can be
reliably estimated using descriptors exclusively derived from a DFT calculation on
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the optimized structure of the FLP, without requiring any additional computation.

AGH=181-d2—160-d + 67.4- A2 —54.0- A + 7.74 - EF,(ESP)

P
~——

—4.35-EP(NPA)”> — 18.9 - EP(NPA) + 46.3
AGY =630 d% — 40.9 - d + 0.00208 - A% — 0.309 - A + 19.1 - EFy, (ESP)  (2:20)
—20.1- EP(NPA)* — 42.5 - EP(NPA) + 87.2

? =073 ¢>=069 RMSE = 6.65 kcalmol !

2.3.4 Validation of the models

Finally, we sought to further validate the presented models by performing two addi-
tional tests coded in model_validation.py. First, the response variable of the models
was shuffled, assigning a random free energy value to each FLP containing molecules,
in order to verify that the methodology does not fit good quality models systemat-
ically.  All the models presented in this work completely lose their fitting quality
and predictive ability upon shuffling the response variable. Secondly, we explored
the application of our models to predict the Hy splitting AG and AG* values for an
external set of FLPs previously unseen by the models (Figure 2.40), and generated
using the same codes used to generate the training set. This includes eight new
B/N intramolecular FLP molecules (E1-E8) stored in intra_B_N_data.pkl, five inter-
molecular B/N FLPs (E9-E13) stored in inter_B_N_data.pkl, and two groups of in-
tramolecular FLPs varying the chemical nature of either the LA or the LB. These con-
sist of three B/P FLPs (E14-E16) stored in intra_B_P_data.pkl and three Al/N FLPs
(E17-E19) stored in intra_Al_N_data.pkl, inspired from previous works.[6, 138, 139]
The set of structural molecular descriptors for intermolecular FLPs (E9-E13) were
determined from the optimized structure of their encounter complex (i.e., the non
covalent adduct between LA and LB molecules).

As shown in Table 2.2, the qualitative trends in AG across all families in the ex-
ternal validation set are correctly captured by our model. Quantitatively, the model
performs well for intramolecular B/N FLPs, with a mean absolute error (MAE) of
4.9 kcal mol™!, and the largest deviations remaining below 9 kcal mol~!. Remark-
ably, AG values are also reasonably well reproduced for the other subsets, despite
their more pronounced structural differences from the molecules in the training set.
The largest discrepancies were observed for E13, E14, and E19, which correspond
to an intermolecular B/N, a B/P, and an Al/N FLP, respectively. These systems
are not structurally related to those included in the training set, and thus, accurate
predictions for them were not initially expected. Thus, although certain parameters
such as the LA- - - LB distance may exhibit distinct optimal values depending on the
specific nature of the FLP, our model is still able to capture general reactivity trends,
providing reasonable reaction energy estimates even for FLP types different than
intramolecular B/N systems.
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TABLE 2.2: Comparison of calculated and predicted reaction free en-
ergies (AG) and free-energy barriers (AG?) for the external test set.

Entry ‘ AG ‘ AGH
‘ DFT Pred. Error ‘ DFT Pred. Error
Intramolecular B/N FLPs
El 8.2 7.3 09 | 27.7 36.5[32.1] 8.8 [4.4]
E2 12.0 8.9 3.1 30.1 30.2 [34.9] 0.1[4.8]
E3 21.3 16.6 4.7 | 23.2 19.9 [34.4] 3.3[11.2]
E4 0.8 -7.6 84 | 29.0 16.2 [40.0] 12.8 [11.0]
E5 -28.6 -21.2 7.4 11.3 27.9 [31.7] 16.6 [20.4]
E6 -19.4 -16.7 27 | 17.3 27.3[32.2] 10.0 [14.9]
E7 11.7 7.9 3.8 18.4 19.7 [23.0] 1.3 [4.6]
E8 29.6 21.1 85 | 455 44.3 [36.5] 1.2[9.0]
Intermolecular B/N FLPs
E9 -22.7 -23.1 0.4 12.6 6.1[19.9] 6.5[7.3]
E10 114 20.6 9.2 19.8 53.8 [50.5] 34.0 [30.7]
El1 -34.0 -34.0 0.0 8.4 0.4 [15.3] 8.0 [7.0]
E12 -4.9 -6.0 1.1 114 19.1 [20.6] 7.7 [9.2]
E13 3.2 20.1 169 | 22.1 25.9 [30.0] 3.8[7.8]
Intramolecular B/P FLPs
E14 34.1 16.0 18.1 409 39.3 [38.3] 1.6 [2.6]
E15 7.8 1.1 6.7 | 20.7 8.4 [4.4] 12.3 [16.3]
Ele 9.2 2.1 7.1 203 -67.3[-32.9] 87.6[53.2]
Intramolecular AI/N FLPs
E17 16.8 11.8 5.0 17.5 8.0 [44.1] 9.5 [26.6]
E18 5.8 2.8 3.0 | 20.2 41.9 [41.9] 21.7 [21.7]
E19 19.4 62.1 427 | 21.0 54.8 [43.0] 33.8 [22.0]

All values are in kcal mol~1. Errors are absolute deviations. Bracketed values correspond to

predictions from the simplified model excluding FEHA and FEPA (Eq. 2.20)

Regarding free-energy barriers (AG*), the predictions are generally less accurate
than those obtained for reaction energies, in line with the lower quality metrics of
the corresponding models. Still, the AG* of intramolecular B/N FLPs are, in gen-
eral, well reproduced by the full model (Eq. 2.19) with a MAE of 6.8 kcal mol .
As expected, the simplified model (Eq. 2.20) provide worse quantitative, although
still reasonable predictions, with a MAE of 10.0 kcal mol~!. The largest deviations
were observed for systems E4-E6 and E8, which contain —-CClz, -CF3 and —-OH sub-
stituents on the boron centre, features that might be underrepresented in the orig-
inal training set. Prediction errors for barrier heights increase in going from intra-
to intermolecular B/N FLPs. Even so, the models can still differentiate between low
(E9, E11, E12) and high (E10, E13) barriers, although the latter tend to be overesti-
mated. Lastly, predictions for FLPs other than B/N exhibit larger errors in general,



68 Chapter 2. Frustrated Lewis Pairs for H, splitting and CO, hydrogenation

even leading to a non-physical negative barrier for system E16. These results indi-
cate that the applicability of the AG* models is currently limited to B/N FLPs, and
predictions of intermolecular pairs should be interpreted with caution. Thus, while
the model developed for AG prediction exhibits a certain degree of transferability to
other types of FLPs, the same does not hold true for AG*. This strongly suggests that
the molecular features governing the height of the barrier are more sensitive to the
specific nature of the FLP, making them more difficult to capture and thereby com-
plicating the development of general predictive models. Consequently, extending
the applicability of AG* models to other FLP types will most likely require the in-
corporation of additional descriptors that can account for the impact of both the na-
ture of LA and LB centres and the geometric nuances introduced by non-covalently
linked donor-acceptor architectures.

2.3.5 Towards CO; hydrogenation

The potential catalytic activity of FLPs for CO, hydrogenation to formate has been
both experimentally evidenced and theoretically studied.[5] Following the commonly
favoured path (i) in Figure 2.3 that involves initial H, activation by the FLP, followed
by a concerted transfer of hydride and proton to a CO, molecule, the latter step was
addressed using the same methodology than that applied to H; splitting. We have
thus computed the second transition state (TS2) for the reaction, corresponding to
the formation of formic acid (see Figure 2.5). Inspired by our structure-property
approach used for H» splitting, we conducted a preliminary attempt to build a nu-
merical model to predict the energy barrier associated to TS2 (AG:tCo2 hydro) for CO2
activation based on the same descriptors than for Hj splitting (Table 2.1). A three-
variable model was obtained, shown in Eq. 2.21, incorporating the square of FEHA
descriptor, the LA- - - LB distance (d), and the angle A.

—~——

i _ 2 ~ ~
AGCOZ hydro = 46.8 - FEHA” —182-d —842-A —16.4

i _ 2
AGCO2 hydro — 0.00486 - FEHA“ — 4.65-d —0.0483 - A + 28.6 (2.21)

=082 ¢*=081  RMSE = 4.51 kcalmol !

Among these descriptors, FEHA? appears to contribute most significantly to the
model’s predictive power, possibly reflecting that AG* o, hydro 1S IN Many cases gov-
erned by hydride motion; the stronger the hydride is attached to the LA, the more
difficult it is to make it react with CO,. A simplified one-variable model based
solely on FEHA? achieves r? = 0.63 g> = 0.61, and RMSE = 6.54 kcal mol~!. While
this suggests a notable correlation, inclusion of the geometric descriptors d and A
improves the model fit, pointing to a non-negligible influence of FLP geometry on
AGHco, nydro-

Among all the TSs calculated by means of DFT, types were identified. Ideally

is expected a H™ /H™ concerted TS, in which both are transferred simultaneously
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to the physisorbed CO, moiety, as observed for system 81. However, many TS ge-
ometries appear intermediate between this concerted case and more asynchronous
variants, where proton displacement is minimal at the transition structure. This may
indicate that proton transfer occurs in a subsequent step, potentially representing the
true rate-limiting transition state in such systems like 106. The other way around,
TSs in which the proton displacement is the predominant, where identified for sys-
tems like 38. Finally, in certain systems, we also observed a distinct perpendicular
TS geometry, where hydride transfer occurs out of the CO, plane. This motif seems
to be more frequent in FLPs characterized by large LA- - - LB distances and strong
electron-withdrawing substituents on the LA such system 110.

Overall, this analysis offers an initial quantitative perspective on the factors influ-
encing AGfFCO2 hydro- The diversity of transition state motifs observed further high-
lights the mechanistic complexity of CO, hydrogenation by FLPs, emphasizing the
need for comprehensive modeling strategies that integrate both electronic and ge-
ometric contributions. Future efforts may benefit from incorporating dynamic or
solvent effects to capture more accurately the energetics of this multifaceted process.

2.4 Conclusion

This work presents a robust data-driven framework to uncover structure-activity
relationships in B/N-based FLPs for Hj splitting. Practical multivariate models were
developed to predict both reaction free energies (AG) and activation barriers (AG¥),
while identifying and quantifying, for the first time, the influence of key molecular
descriptors.

Our analysis reveals that the thermodynamics of the reaction is primarily con-
trolled by the acidity and basicity of the FLP sites, captured by the free energies of
hydride and proton attachment (FEHA and FEPA, respectively) and the LA---LB
distance. Stronger acidity/basicity and shorter LA- - - LB separations lead to more
favourable H; splitting energies. While these factors were previously acknowledged
to influence reactivity, their relative contributions remained unclear thus far. Here,
we demonstrate that FEHA has the dominant effect, with FEPA and the LA---LB
distance having similar, but approximately three times lower, impact. In contrast,
barriers were found to be more sensitive to structural features, especially the LA- - - LB
distance (d) and the A parameter, which measures the directionality between the LB
lone pair and the LA’s unoccupied p-type orbital, both showing a quadratic depen-
dence. Additional descriptors related with the electronic properties of LA and LB
sites play a secondary, albeit non negligible role in determining AG*. Thus, barrier
heights are minimized at optimal values of d and A around 3.0 A and 70°, respec-
tively, assuming average values for the remaining descriptors across the dataset.
This optimized minimum and the captured trend provides useful insights in the
preselection or design of future operational FLPs for hy splitting. External vali-
dation suggests that the AG model generalizes well to structurally diverse FLPs,
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whereas predictions of AG* are reasonable for intramolecular B/N FLPs although
less transferable to other FLPs types, reflecting the greater sensitivity of transition-
state energetics to the detailed nature of the FLP. In this regard, ongoing efforts aim
to broaden the model’s applicability by expanding the training set incorporating
new descriptors that better capture geometric characteristics of intermolecular FLPs
and the diversity of different LA/LB combinations.

Building upon these insights, we extended our analysis to the hydrogenation of
CO,, a key downstream transformation following Hj activation. Using the same
descriptor-based approach, a preliminary multivariate model was developed to pre-
dict the activation barrier for hydride/proton transfer to CO, (AG* CO, hydro)- A three-
variable model involving FEHA?, d, and A yielded a strong correlation (> = 0.82,
q2 = 0.81, RMSE = 4.51 kcal molfl), indicating that similar descriptors govern this
subsequent step, with FEHA? exerting the dominant influence. Complementary
analysis of TS geometries revealed a diversity of mechanistic motifs beyond the ide-
alized concerted H™ /H™ transfer pathway. This mechanistic variety underlines the
complexity of CO, hydrogenation and the need for refined models that account for
dynamic, geometric, and electronic subtleties.

Additional deactivation pathways, such as FLP poisoning processes discussed in
Section 2.1.1 (see Figure 2.7), should be incorporated into future modeling efforts to
enhance accuracy and predictive power. Including these side processes is essential
for developing more realistic and comprehensive models of overall reactivity, as they
can significantly impact the global free energies of reaction and activation (AGgjobal
and AG!

global
activation events into a unified framework will provide deeper mechanistic insight

). Integrating both Hj splitting, CO, hydrogenation, and potential de-

and offer more robust guidance for experimental FLP design.

Overall, this work delivers actionable structure-reactivity insights and computa-
tional tools to guide the design and screening of efficient FLP-based systems not only
for Hj activation but also for downstream transformations such as CO; hydrogena-
tion. By identifying the molecular features that most strongly impact both steps,
and by setting the foundation for models that can incorporate side processes like
FLP deactivation, this approach enables the rational targeting of FLPs with tailored
thermodynamic and kinetic profiles. Such comprehensive models hold promise for
advancing chemical energy storage, CO, valorization, and the broader field of sus-
tainable catalysis.
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Chapter 3

Catalytic CO, reduction assisted by
polyoxometalates

3.1 Introduction

Polyoxometalates (POMs), are anionic molecular metal oxide clusters formed by
transition metals of groups 5 and 6 such as W, Mo, V, etc., in their highest oxidation
state (d°) that form MOy (x = 5, 6) polyhedral units. [31-33] These transition-metals
are in a distorted octahedral environment and are linked to one another through
bridging oxo ligands forming edge-sharing and corner-sharing patterns. However,
other environments like square or pentagonal pyramid have been also reported for
V and Mo, respectively, in mixed-valent compounds where the metals are not found
in their highest oxidation state. [140, 141] POMs are usually synthesized from their
mononuclear oxo-anions governed by the equilibrium, showed in Eq. 3.1, that are
strongly dependent upon concentration, pH, ionic strength, the nature of the coun-
tercation or temperature. The transition metal oxides such V,0s5, MoO3 or WO3,
dissolve at high pH to give orthometalates (VO,*~, MoO4>~ or WO4>7). As the pH
is lowered, orthometalates protonate to give oxide-hydroxide compounds that con-
dense losing water and forming M-O-M linkages.

gMO4"™ + rHT = [M,0,]" + %HZO @3.1)
gMO4"~ + X0 + rH* = [XM;0,]" + %HZO (3.2)

Introducing other oxides like silicates (SiO4*~) or phosphates (PO,°") following Eq.
3.2, the resulting POMs can also incorporate p- and d-block atoms, named het-
eroatoms (X). POM can thus be divided into two sub-families, isopolyanions and
heteropolyanions.[142] Representative examples of POM structures are shown in
Figure 3.1. The Lindqvist are compact clusters with a general formula [MgO19]" ™
without heteroatoms (Figure 3.1 w). Their structure is composed of six MOg oc-
tahedra that form an almost spherical shape. Lindqvist-type POMs are valuable in
redox chemistry due to their multiple accessible oxidation states and high stability in
various solvents that makes them a good platform for metal substitution and incor-
poration into larger supramolecular assemblies. They are often used in the design of
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WOg or MoOg WOy MoOg 3dTM™ VOg NhDﬁ PO, or POy SiD.q
o "o
C 0 M 5 Mo Rh

FIGURE 3.1: Polyhedral representations of various POM struc-
tures. The figure includes Lindqvist-type (w), Keggin-type (a), Wells-
Dawson-type (i), Preyssler-type (o), lacunary structures (b—e), substi-
tuted and sandwich-type POMs (f, j, m, n), hybrid organic-inorganic
POMs (g, h, k, 1), keplerate structures (p, q), and other structural mo-
tifs (r-v).
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organometallic complexes, battery electrodes,[143, 144] and molecular electronics.
The Keggin-type POMs, [XM,040]"", are the most well-known and widely stud-
ied polyanions (Figure 3.1 a). They structure consists of a central XO4 tetrahedron
surrounded by twelve edge-sharing MO octahedra, forming a nearly spherical,
highly symmetric anion. The Wells-Dawson-type POMs, [X;M;1504,]" ", are larger
and structurally more complex than Keggin-type POMs, and are composed of two
central tetrahedral heteroatoms embedded within a framework of eighteen MOg oc-
tahedra, offering a greater number of redox-active sites and a higher surface area
(Figure 3.1 i). The Wells-Dawsons are particularly valued as molecular precursors to
functionalized hybrids. Their structural complexity allows for easier functionaliza-
tion at specific sites, enabling fine-tuning of their electronic and chemical properties
for targeted applications. Preyssler-type POMs (Figure 3.1 o) are large symmetric
clusters with a formula [XsM30O110]" . Their "crown-shaped" structure makes it the
smallest POM with internal cavity that confer them an extra ability to encapsulate
certain cations. The most prominent families offer distinct architectures that in-
fluence their chemical behaviour, highlighting the adaptability and use of POMs as
molecular building blocks for advanced technologies. On top of it, POMs present
several isomers that further increase their structural variability and affecting their
properties.[145] Furthermore, the metal positions of POMs can be substituted by
other metals[146], the controlled addition of a base, increases the pH that leads to
the dissociation of certain metal oxo units, generating lacunary POMs (Figure 3.1 b-
e) that serves as polydentate ligands for the substituting metal that comes from the
dissolved corresponding salt (Figure 3.1 £, j, m and n) or allows their clusterization
to form bigger structures (Figure 3.1 p and v). Nevertheless, not only the metal posi-
tions can be substituted, but the oxo-ligands can also be substituted by other ligands
that can contain organic molecules forming organic-inorganic POM-based hybrid
platforms[147-149] (Figure 3.1 g, h, k and 1) exhibiting enhanced stability, control
on the number and relative orientation of the organic and inorganic components,
tuning of the steric and/or electronic features and possible increase of synergetic ef-
fects, where both the organic and inorganic moieties mutually alter their properties
in response to each other’s presence.

By combining all the possible structural modifications, it becomes feasible to de-
sign an almost infinite variety of species tailored for specific roles in chemical pro-
cesses (Figure 3.1 r-u). For instance, certain structures can be engineered as scaffolds
to host specific chemical reactions (Figure 3.1 q), or modified to enhance the disper-
sion of POMs in polymers, enable their immobilization on surfaces, or fine-tune their
supramolecular properties. Such control over their behaviour in solution paves the

way for developing highly efficient heterogeneous catalysts.[150-158]

Properties

Thermal distortion of POMs involves structural changes at elevated temperatures,
such as reversible geometric distortions of metal-oxygen bonds, loss of structural
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groups, and formation of lacunary sites upon removal of metal-oxo units, often
preceding decomposition above 350-500°C for stable tungsten-based Keggin- and
Dawson-type POMs, while molybdenum- and lacunary POMs degrade earlier. POMs
can also undergo multiple redox processes without suffering strong distortion thanks
to the delocalization of negative charges across the entire POM structure that en-
hances electronic stability, and their entirely inorganic composition, which helps
avoid common decomposition pathways typical of organic compounds. Thermal
distortion is monitored by thermogravimetric analysis, differential scanning calorime-
try, and in-situ spectroscopy, while strategies to minimize distortion include using
tungsten-based POMs, embedding them in protective matrices, functionalizing for
stability, and controlling the heating atmosphere to prevent unwanted redox reac-
tions.

Commonly, the traditional POMs exhibit diamagnetism as all their electrons are
paired. However, transition-metal substituted POMs can present unpaired electrons
making them exhibit paramagnetism and other magnetic behaviour.

The most accessible oxygen sites in POMs are typically the surface bridging
(M-O-M) and terminal (M=0) oxygens at their surface, both of which exhibit signif-
icant basic character due to the high electron density on the O*~ anions. In specific
structures, such as the Preyssler-type POM, even the internal oxygen atoms bonded
to the central heteroatom (X—O-M) within the molecular cavity can be exposed and
are among the most basic sites. These anionic oxygens, particularly in the bridging
positions, act as strong Brensted bases, a behaviour supported by both crystallo-
graphic data and computational studies, which consistently show a preference for
these sites in host-guest and protonation interactions.[159]

The redox properties of POMs[145] comes from the presence of many metal
atoms in high oxidation states, which make POMs prone to accept electrons. Extra
electrons occupy non-bonding low-energy molecular orbitals of the POM, consist-
ing on linear combinations of d-type orbitals centred on metal centres. The ability
of POMs to be reduced and therefore the oxidizing power, can be generalized by
considering the overall negative charge and the number of metal atoms. The ra-
tio between the charge and the metals strongly determines their redox behaviour
being a simplified molecular charge density evaluation of POMs. Furthermore, sol-
vation effects also play an important role, precisely highly negatively charged POMs
electronic nature depend on how solvent molecules are able to stabilize the charge,
having a strong impact to their properties. The multiple available low-energy metal
orbitals make POMs prone to be reduced multiple times, which in turn, increases
their Bronsted basicity. Protonation of reduced POMs offsets to some extent their
increased charge density, decreasing the charge/metal ratio, enhancing their ability
to be further reduced[160]. This synergetic behaviour is very promising for their
application as electron storage [161] and relay agents or as hydrogen evolution pro-
moters.[162, 163]
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Applications

Owing to their structural versatility, which allows fine tuning of their properties,
POMs are used in many areas like in biochemistry and biomedicine which POMs
have demonstrated antitumoral, antiviral, and antibacterial activities.[164] For in-
stance, certain titanium- and vanadium-substituted POMs exhibit potent antiviral
properties, including activity against human immunodeficiency virus (HIV) and
SARS viruses, as well as antibacterial effects against strains like MRSA and VRSA.
POMs also play a role in protein crystallography. Their high negative charge and
ability to form multiple hydrogen bonds make them effective additives in protein
crystallization processes,[165] aiding in the formation of high-quality crystals for X-
ray diffraction studies. In enzymatic catalysis, POMs have been explored as mimet-
ics, particularly in hydrolytic processes.[166] Their structural resemblance to certain
enzyme active sites allows them to mimic enzymatic functions, offering insights into
catalytic mechanisms.

POMs are renowned for their versatile redox properties, enabling them to partic-
ipate in a variety of chemical reactions and energy-related applications. Their ability
to undergo reversible multi-electron and proton-coupled electron transfer processes
makes them valuable in both oxidation and reduction reactions. POMs can act as
direct oxidants, accepting electrons in reactions such as the dehydrogenation of al-
cohols and dienes. They also serve as co-catalysts in oxidation reactions, facilitating
electron transfer processes and can be regenerated using molecular oxygen, pro-
ducing water as a byproduct.[166] Moreover, POMs can participate in Mars—van
Krevelen-type oxidations, transferring oxo ligands during the reaction cycle.[167]
Beyond oxidation, POMs have shown promise in energy storage applications due to
their ability to undergo reversible multi-electron redox processes. This characteris-
tic makes them suitable for use in batteries and other energy storage systems.[168]
For instance, certain POMs can reversibly store up to 24 electrons, highlighting
their potential in high-capacity energy storage devices.[169] Their capacity for multi-
electron and proton-coupled electron transfer processes also positions POMs as at-
tractive candidates in multi-electron/proton catalysis, including applications in so-
lar energy conversion processes like water oxidation and proton reduction. Studies
have demonstrated the use of tetraruthenium POM in photochemical water oxida-
tion, showcasing their ability to facilitate multiple oxidative proton-coupled electron
transfer events.[170]

More relevant to the present chapter is the capability of POMs to promote re-
duction reactions, including proton reduction for hydrogen evolution,[171] nitrogen
fixation,[172] and carbon dioxide conversion.[168] Their ability to reversibly accept
and store multiple electrons makes them excellent redox-active ligands or catalytic
platforms for multi-electron transfer reactions.[3] For example, POM-based materi-
als have been explored for electrocatalytic nitrogen reduction reactions, where they
act as electron reservoirs to facilitate the activation and reduction of N> molecules.
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The reduction of N, to NHj3, a critical step in nitrogen fixation, has gained atten-
tion in the context of sustainable chemistry. Traditional Haber-Bosch processes are
energy-intensive, but POM-based catalysts offer a low-temperature, solution-phase
alternative. Recent work has demonstrated that certain metal-substituted POM sys-
tems, M-POM (M = Mo, Fe, etc.), can serve as biomimetic models for nitrogenase en-
zymes. For example, an iron-substituted POM cluster has shown promising electro-
catalytic activity for N, reduction under ambient conditions, producing NH3.[172]
Furthermore, hybrid architectures involving POMs and transition metal complexes,
such as Fe-POM assemblies, have also demonstrated potential for photocatalytic
nitrogen fixation. These systems mimic key features of the nitrogenase active site,
including the requirement for coupled proton and electron transfers. A recent study
reported that a Fe-functionalized Dawson-type POM enabled visible-light-driven
N»-to-NHjz conversion, highlighting the potential of POM-based systems in arti-
ficial nitrogen fixation.[173] POMs have been integrated into CO, reduction sys-
tems, enhancing the selectivity and efficiency of converting CO, into valuable hy-
drocarbons.[3] In electrocatalytic systems, POMs have been used in combination
with molecular complexes or conductive surfaces to facilitate CO, reduction. For
instance, copper nanocubes modified with Mog-type POMs generated acetate with
high selectivity (48.7% Faradaic efficiency) and current density, highlighting the role
of Cu-O-Mo interfaces in steering product selectivity.[3] POM-based materials have
also been explored for photocatalytic CO; reduction. A manganese-modified POM
photocatalyst was reported by Zhang et al. to exhibit a high CO evolution rate with
90.3% selectivity over Hy, enabled by efficient charge separation and electron trans-
fer.[174] Another study demonstrated the selective reduction of CO, to methane us-
ing a Zn-based POM in conjunction with an Ir-based photosensitizer under visible
light irradiation, achieving high selectivity due to favourable redox alignment and
multi-electron capability.[175]

Finally, polyoxometalate-metalloporphyrin organic frameworks (PMOFs) have
been developed to optimize directional electron flow and promote multi-electron
catalytic cycles. In one example, a Co-PMOF achieved nearly quantitative Faradaic
efficiency for CO,-to-CO electroreduction,[176] and analogous frameworks are be-
ing extended to explore N, reduction pathways as well.

These studies collectively underscore the versatility of POMs in promoting key
redox processes, including CO; and N; conversion. Their ability to stabilize high-
energy intermediates and serve as electron reservoirs makes them valuable as tun-
able platforms for designing catalysts with high efficiency and selectivity for reduc-
tion reactions of critical small molecules.

POMs for electro- and photocatalytic CO; reduction

Regardless of whether the approach is photocatalytic or electrocatalytic, the central
goal in using POMs for carbon dioxide reduction is to inject electrons into the POM
framework, which then acts as a redox-active reservoir to mediate the multi-electron
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reduction of CO, into value-added products such as CO, formate, or methanol.
Fully-oxidized POMs do not typically absorb light in the visible range. Thus, using
POMs in photocatalytic schemes requires external photosensitizers, such as transi-
tion metal complexes or semiconductors, that harvest photons and transfer excited-
state electrons to the POM. These photosensitizers enable the stepwise reduction
of POMs under illumination, allowing them to participate in downstream CO, ac-
tivation and reduction. In contrast, during electrocatalysis, the POMs are directly
reduced at the electrode surface due to an externally applied potential. This electro-
chemical input allows for precise control over the number of electrons introduced
into the POM, which can then be channeled toward CO, transformation without the
need for light or additional sensitizing agents.

The state of the art in POM-mediated CO, reduction reveals a broad and evolv-
ing landscape of molecular design and hybrid material strategies. Studies such as
those by Wang et al. (2021)[8] have demonstrated how redox-tunable POMs can be
selectively reduced and coupled to catalytic moieties for efficient CO, activation.
Fabre et al. (2022)[177] highlighted how surface-functionalized POMs enhance elec-
tron transfer properties when immobilized on conductive supports, improving cat-
alytic turnover and selectivity. Gu et al. (2021)[178] reviewed various POM-based
nanostructures, including hybrids and single-cluster systems, and emphasized their
ability to balance redox storage with structural stability under electrochemical or
photochemical conditions. Cao et al. (2019)[179] provided key insights into how the
composition and nuclearity of POMs affect their performance and electron transfer
dynamics in photocatalysis, while Song and Tsunashima (2012)[180] explored the
versatility of POMs as scaffolds that can be easily functionalized with metal cen-
tres or organic ligands to enhance activity and selectivity. The latest contributions
by Zang and Wang (2022)[181] offer a comprehensive perspective on how structural
and electronic modifications in POMs, such as incorporating transition metals or
forming organic-inorganic hybrids, can fine-tune their catalytic behaviour, pushing
the boundaries of efficiency and selectivity in both photo- and electrocatalytic CO,
reduction.

3.2 Ni substituted POMs for CO, reduction

This section was written based on of the paper: Photocatalytic CO; reduction by Ni-
substituted polyoxometalates: Structure-activity relationships and mechanistic insights, by
Khadija Talbi, Francesc Penas-Hidalgo, Amanda L. Robinson, Philipp Gotico, Win-
fried Leibl, Pierre Mialene, Maria Gomez-Mingot, Marc Fontcave, Albert Solé-Daura,
Caroline Mellot-Draznieks, and Anne Dolbecq, Applied Catalysis B: Environment
and Energy, 2024, 345, 123681. [182] F.P-H. contribution: computational investiga-

tion, formal analysis, and visualization.
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3.2.1 Introduction

Nickel(IT)-substituted POMs proved highly active for photocatalytic proton reduc-
tion and subsequent H; evolution.[183-189] Also, recent reports demonstrate their
activity in photocatalytic CO, reduction,[190-192] although the application of Ni-
POMs in the field of CO, reduction is still significantly underexplored compared
to that in H, evolution. Inspired by these findings, our experimental collaborators
at Institut Lavoisier de Versailles synthesized a series of POMs with vacant SiWg
or PWy units connected to Ni clusters (Figure 3.2) and tested them for the pho-
tocatalytic reduction of CO;, within the context of the PhD of Khadija Talbi. The
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FIGURE 3.2: Ni containing systems studied specifying the counter-
ions used and the formula of the organic ligands. Octahedral W col-
ored in blue, tetrahedral P in yellow or orange, C in black, N in light
blue, oxygen in red and Ni in yellow.

set of selected Ni-substituted POMs included structures that exhibit different Ni
contents, sizes, charges and shapes, and were synthesized using reported proto-
cols. The smallest system, NigAc, conformed by a cluster of four Ni centres coor-
dinated by a trilacunary Keggin and three acetate ligands, was synthesized from
the trilacunary Keggin and nickel acetate acidified with HCL.[193] A tetra-nickel-
containing sandwich Keggin-type POM was synthesized using NapWO,-2H,0 and
NayHPOy, followed by the slow addition of nickel acetate, resulting in the formation
of Ni4.[183] By modifying the synthetic conditions and starting from NiCl,-6H,0, a
bisphosphonate ligand, and an excess of trilacunary Keggin units, a system com-
posed of two subunits was obtained. In this system, the bisphosphonate groups
form two tetrahedral phosphorus centres that coordinate with the nickel centres,
leading to the formation of Niy.[194] Such species were shown to be highly stable
in the pH 7-10 range, and derivates with different organic groups or coordination

complexes were further synthesized.[195] Using a similar strategy and adjusting
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the concentration of the salts and setting the pH at 9.1, a Nij4 system was syn-
thesized, made of a trilacunary Keggin ligand capped by a tetradecanuclear Ni'!
cluster.[187] Substituting the bridging acetate ligands of system NisAc by rigid di-
carboxilates generates Nij; which corresponds to a metal-organic polyhedra (MOP)
due to the acute angle of 72° between its three acetate ligands that avoid the for-
mation of possible metal-organic frameworks (MOFs).[192] As it is shown in Figure
3.2, two organic counter-ions have been studied, tetrabutylammonium (TBA) and
bis(triphenylphosphoranylidene)ammonium (P>N) in order to evaluate their poten-
tial effect on the catalyst’s activity.

3.2.2 Experimental background

All the POM salts represented in Figure 3.2 were studied under photocatalytic ho-
mogeneous conditions in a mixture of CH3CN:H,O:TEOA solution saturated with
CO;, using TEOA as SED, H,O as proton source and [Ru(bpy)3]2Jr (Ru’*) as PS.
The solution was irradiated with visible light at A > 415 nm for 2 h with a 280 W
Xe lamp. Analyzing both gas and liquid phases, negligible traces of formate were
detected in the liquid phase and the concentration of CO and H, were quantified in
the gas phase as the only products. The catalytic activity of the set of POMs has been
evaluated and is expressed in Figure 3.3 using optimized conditions in terms of wa-
ter and PS content, as well as in terms of the nature and concentration of the PS. As
(TBA)Niy salt proved to be the most efficient catalyst, the experimental conditions
were further optimized for this system. In short, the catalytic activity of (TBA)Niy4
was found to maximize in a reaction mixture consisting in a CH3CN:H,O:TEOA vol-
umetric ratio of 8.8:2:1. Modifying the volume of TEOA decreased the production of
CO. Also the presence of water proved to be beneficial with a significant decrease in
CO production in the absence of water. The concentration and different types of PS
were screened showing that Ru?" exhibits the best performance with 1.95 mM con-
centration, while [Ru(pher1)3]2Jr affords systematically lower activities and no activ-
ity was observed with [Ir(dtbbpy)(ppy),]*. The production of CO and H, was mea-
sured for the seven salts of Ni-substituted POMs using the above optimized condi-
tions. Niy and NigAc exhibited the lowest photocatalytic activities, while the catalyst
(TBA)Niy4 exhibited the highest one. The other catalysts exhibit similar suboptimal
performances. Notably, the activity of Niy significantly decreased using a fully inor-
ganic salt consisting of a mixture of Na™ and K* cations compared to the analogous
TBA™ salt. The same effect is observed for Nij4 using Na™ as counter-ion instead of
P,NT. Control experiments proved that the production of CO becomes negligible in
the absence of any agent of the catalytic system, CO,, light, PS, SED or the catalyst
itself. The CO production increased linearly for the first 2 h but leveled off after 4 h.
The production restarted after addition of 8 mg (10.5 ymol) of fresh [Ru(bpy)3]Cly,
indicating that the photocatalytic plateau can be attributed to the deactivation of the
photosensitizer, as commonly observed.[196, 197] The production of CO and H; of
the NagH[PW9O34] precursor measured using the same conditions was found very
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low, evidencing that the Ni centres of the POM play a crucial role in the catalytic
process. Noticeably, it has been experimentally observed that the selectivity of the
catalyst increases as its concentration decreases. Through isotope tracing experi-
ments the origin of the CO product has been attributed to the initial CO,. Using
mass spectrometry (MS) techniques, the solutions after the photocatalytic processes
were analyzed confirming the previously observed oxidized product of the TEOA,
the aldehyde product,[12, 198] supporting that TEOA acts indeed as a SED during
the catalysis. Finally, the stability of the catalyst is obviously an important param-
eter in photocatalytic CO, reduction. First, EDX measurements performed on the
precipitate obtained by addition of [Ru(bpy)s;]Cl, after photocatalysis have shown
that the Ni\W and P\NIi ratio are the ones expected for [Ni4(HZO)2(PW9034)2]10_
POM. Analyzing the same precipitate using infrared (IR) spectroscopy, confirmed
the preservation of the POM during the reaction, being identical to the IR spectrum
of the pristine POM in the W-O, W=0 and P-O vibration regions. Dynamic light
scattering (DLS) experiments did not detect any nanoparticles higher than 1 nm,
suggesting that no nickel oxide nanoparticle was found during the catalytic event.
All these observations support that (TBA)Niy, is stable under the described catalytic

conditions.
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FIGURE 3.3: CO; and Hj; reduction activity (bars in gray and or-
ange respectively) of all the catalyst-counterions combinations stud-
ied. Octahedral W colored in blue, tetrahedral P in yellow or orange,
C in black, N in light blue, oxygen in red and Ni in yellow.

For all the photocatalytic experiments mentioned above, a phase separation has
been observed triggered by the bubbling of CO; in the mixture, explained by a salt-
induced liquid-liquid phase separation in CH3CNH,O mixtures.[199] The satura-
tion of CO, molecules enhance the formation of TEOA-CO, adducts[200], carba-
mate, HTEOA™T and HCO3™ species, which in turn enhances the water solvation of
the ions by breaking the CH3CN-H,O interactions that allows the miscibility of both
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liquids.[201] Interestingly, adding a few drops of N,N-dimethylmethanamide (DMF)
recovers an homogeneous phase which is maintained upon further bubbling of CO,.
It can be proposed that such addition of DMF regenerates the interactions between
solvent molecules, preventing the liquid-liquid phase separation. 'H Nuclear mag-
netic resonance (NMR) measurements on both phases verified that the POM was
present exclusively in the aqueous phase while the counter-cation TBA' was in the
organic phase. Surprisingly, the experiments showed that the biphase formation is
essential for the catalysis as the activity drastically drops in the absence of CH3CN
in the catalytic medium. This can be attributed to the fact that the organic counter
ion remains in the organic phase of the biphasic system and that the catalytic reac-
tion takes place in the water phase at its interface with the CH3CN phase, whereby
the separation of the POM from its TBA counter-ions has a beneficial impact on the
resulting photocatalytic activity. This explanation is in line with the higher catalytic
activity of (TBA)Ni4 over (Na*/K*)Niy. In the latter the alkaline cations present in
the aqueous phase have strong interactions with the POM[202] and interfer with the
Ru?"-Niy interactions[203] thus hindering the electron transfer from the PS to the
POM and consequently, the CO; reduction process. Along that line, the behaviour
of a Keggin-type POM was studied in 2009 in an organic-aqueous interphase in the
presence of different types of counterions (Cs*, NBuy*, H;O", HsO," and Eu®")
by means of molecular dynamics (MD) simulations.[204] The results of these simu-
lations further support that POMs remain in the aqueous phase. Moreover, in the
case of TBAT salts, water-solvated POMs were found to accumulate close to the in-
terface with the organic solvent, where TBA™ cations reside due to its hydrophobic
nature. This supramolecular behaviour may be responsible for the superior activity
of (TBA)Niy compared to other salts based on inorganic cations by: (1) enhancing
ion-pair separation, which favours POM-PS interactions; and (2) positioning the cat-
alyst closer to the organic phase, where the concentration of CO; is higher due to its
greater solubility in acetonitrile than in water. The latter effect may facilitate interac-
tion between the active from of the catalyst and CO,, bypassing diffusion limitations
and thus positively impacting the catalysis.

The diverse range of properties associated with POMs has been extensively in-
vestigated over the last decades. However, understanding their behaviour under
specific conditions can become extremely challenging due to the multitude of po-
tential processes they can undergo, often involving redox processes, proton transfer
events or even structural changes. Despite substantial research into their structure
and reactivity, clear evidence regarding the structural and compositional parameters
essential for the catalytic activity in CO, to CO conversion of POMs is still lacking.
This uncertainty is compounded by the complex interactions within photocatalytic
systems, whereby the behaviour of the photosensitizer may differ based on whether
it undergoes reductive or oxidative quenching pathways. These processes are not
understood in a systematic fashion, hindering the development of efficient photo-
catalytic systems for CO, reduction. The lack of a comprehensive understanding of
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the critical factors driving the CO, reduction process in POMs highlights the need for
a more detailed exploration of the fundamental interactions involved. Furthermore,
the involvement of complex intermediates and the dynamics of charge transfer pro-
cesses, such as the quenching of the photosensitizer, require a deeper investigation.

In response to these challenges, our computational study aims to bridge the gaps
in understanding by analyzing the interactions between the principal components of
the photocatalytic system, providing a complete atomistic description of the reaction
mechanism and elucidating the parameters that affect the catalytic performance. Fo-
cusing on the Niy catalyst as a representative example, we combined static Density
Functional Theory (DFT) and time-dependent Density Functional Theory (TD-DFT)
calculations with DFT-based molecular dynamics (DFT-MD) simulations, to eluci-
date the nature of the chemical processes and mechanisms governing the photocat-
alytic CO; to CO conversion. By doing so, we aim to identify the critical features
that facilitate optimal catalytic performance, thus paving the way for the design of

more efficient photocatalysts for CO, reduction.

3.2.3 Computational methods

The initial structure of the Niy catalyst was retrieved from the ioChem-BD repos-
itory.[205] This initial geometry and all the subsequent intermediates, as well as
other components of the catalytic system (PS, reactants, products, SED...) were
optimized by means of DFT adopting the wB97X-D functional[76] using Gaussian16
(rev C.02) quantum chemistry software[119]. The LANL2DZ basis set[206] and asso-
ciated pseudopotentials[207] supplemented by Frenking’s f-type polarization func-
tions[208], were used to describe the heaviest elements such Ni, W and Ru. An
all-electron 6-31g(d,p) Pople-type basis set[86, 209, 210] was used for the remain-
ing atoms. As the POM was experimentally observed to reside exclusively in the
aqueous phase, solvent effects of water were included by means of Integral Equa-
tion Formalism variant of the Polarizable Continuum Model (IEF-PCM) implicit sol-
vent model.[120] The nature of all stationary points on the potential energy surface
was confirmed by frequency calculations. The standard-state correction of +1.9 kcal
mol~! (from the 1 atm reference state assumed in Gaussian calculations to the stan-
dard state of 1 mol L™! in solution at 25 °C) was applied to the free energy of all the
species with the exception of water molecules. For the latter, which are part of the
solvent, the standard-state correction accounts for +4.3 kcal mol~! according to their
concentration of 55.3 M. UV-vis spectra have been simulated using TD-DFT calcu-
lations at the same level of theory. The Ni4 system has two unpaired electrons per
Nil! centre, making the overall spin multiplicity equal 9 in a high-spin configuration,
which is supported by previous studies.[211]

DFT-MD simulations were performed using the CP2K code (2022.1 release)[212,
213] at the BLYP level of theory[214, 215], augmented with the Grimme’s D3 disper-
sion correction [80] using the Gaussian and Plane Waves (GPW) method, whereby
the wave function is expanded using a localized Gaussian basis set and the density
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is expanded using an auxiliary plane-waves basis set.[216] Valence orbitals were de-
scribed by the split-valence DZVP-MOLOPT Gaussian basis set [217] of double-(
quality and one set of polarization functions in conjunction with Goedecker, Teter,
and Hutter (GTH) pseudopotentials.[218, 219] The auxiliary plane-wave basis set
was cutoff at 400 Ry. Simulated systems contain a H,Ni4(2e)]®~ anion and a CO»,
molecule embedded in a 3D-periodic cell of 18 x 18 x 20 A3 containing 170 water
molecules. Hydrogen atoms were replaced by Deuterium atoms for the sake of com-
putational efficiency. During the DFT-based molecular dynamics simulations, posi-
tions and momenta were propagated within the Born-Oppenheimer scheme with a
time step of 0.5 fs in the canonical (NVT) ensemble. The Canonical Sampling through
Velocity Rescaling (CSVR) thermostat [220] was used to keep constant the tempera-
ture of the system at 300 K. Following 500 ps relaxations of the solvent around fixed
solutes at the universal force-field (UFF) level, [221] the system was equilibrated for
3 ps of DFT-MD. Then, biased DFT-MD simulations were carried out in combina-
tion with the path-metadynamics enhanced sampling technique,[222, 223] in order
to study firstly the release of an aqua ligand from the coordination sphere of a Ni'!
centre; and secondly, the binding and activation of CO, to the ligand vacancy of
Ni'l. This was done in a sequential manner, as a configuration generated in the first
simulation, in which the Ni bears no aqua ligands served as a starting point for
the second one. In the first simulation, set to study the decoordination of the aqua
ligand, the path collective variable was built from a non-linear combination of the
Ni- - - O(aqua) distance and the coordination number (CN) of Ni by O atoms of sol-
vent water molecules, defined by ary = 2.8 A and exponents of n =12 and m = 24 to
the numerator and denominator, respectively. In the second one, aimed at investigat-
ing the binding of CO,, the reaction path was defined by the Ni- - - C(CO,) distance
and the O-C-O angle. In order to prevent the binding of other water molecules to
the Ni centre, an upper potential wall with a force constant of 150 kcal mol~! was
applied to the CN of Ni by O atoms of solvent water molecules, which becomes ac-
tive at CN > 0.2; the latter being defined by rp = 3.0 A and exponents of n = 12 and
m = 24.

3.2.4 Results and discussions
Exploration of the basicity and protonation state of Niy

As it is well known that the redox properties of POMs depend on their protonation
state[160], the acid-base properties of the Ni4 system were evaluated in a first step.
As it is mentioned in the experimental background, the mechanism in which TEOA
acts as a SED, also involves proton releasing and the generation of the protonated
version of the amine (HTEOA™), as illustrated in Figure 3.4. The latter is the prod-
uct of the spontaneously deprotonation of TEOA®** radical cation by a second TEOA
molecule after the first step of the reductive quenching of the photoexited Ru®**.[12,
198, 224-228] Furthermore, HTEOA™ can be also spontaneously generated in the
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FIGURE 3.4: Radical chain decomposition mechanism of TEOA acting
as proton source and SED.

presence of water via protonation of TEOA by a water molecule, according to the ex-
perimental pKa value of 10.75 determined for HTEOA™. For this reason, HTEOA™
was used here as the protonation agent to evaluate the basicity of the Nig POM. Its
polyanionic makes all oxo ligands susceptible to behave as Brensted bases. Still, the
symmetry of the catalyst allows identifying equivalent oxo ligands (see Figure 3.6).
Among all the non-equivalent positions, two main types of oxo-ligands can be dis-
tinguished, those occupying bridging positions (O—M—0) and those in the terminal
positions (M=O0). Bridging positions present two ¢ interactions with the metal and
the terminal only one ¢ interaction together with an extra 7r interaction with the
same metal. Previous computational studies have demonstrated that bridging oxy-
gens are typically more basic than terminal ones.[145] This can be ilustrated in the
simple case of the Keggin ion, for which the molecular electrostatic potential (MEP)
is represented in Figure 3.5. The red-colored region represents the most electron-
rich regions of the POM, which correspond to the parts of the surface occupied
by the bridging oxo-ligands, whereas the terminal O?>~ positions are less basic as
they interact more strongly with the metal, making them less electron rich, in other
words, less basic. When compared to a Keggin-type POM, Ni4 presents even more
potentially basic bridging oxo-ligand positions, as illustrated in Figure 3.6. Interest-
ingly, the system under study presents some symmetry that makes this evaluation
simpler. The Niy system presents a C, symmetry axis and a perpendicular mirror
plane (m) as shown in Figure 3.6. The symmetry axis make each trilacunary Keggin
moiety equivalent. Furthermore, the symmetry plane divides both trilacunary Keg-
gin moieties, making the oxo ligands inside the highlighted region unique in terms
of electronic environment. Knowing that the bridging positions are the most basic
ones due to their electronic particularities, the protonation energy of four bridging
oxo ligands have been computed using HTEOA™ as Brensted acid (positions 1-4 in
Figure 3.6). The corresponding protonation free energies for these four positions are
shown in the table of Figure 3.6, ranked from less to more favourable sites, revealing
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FIGURE 3.5: Left: the polyhedral representation of a Keggin, W oc-
tahedra in grey, P tetrahedra in yellow and O as red spheres. Right:
molecular surface of electrostatic potential of the same orientation of
the Keggin being the energy difference between red and green -11.0
kcal mol 1. The red-colored area represents the most basic regions of
the system.

that W-O-Ni are those exhibiting the strongest basicity. This behaviour can be as-
cribed to the fact that the four Nil! are richer in electrons compared to the WV ones,
meaning that they are weaker Lewis acids, which renders O atoms directly bound
to them more electron rich than those connecting two W"! ions. Regarding the posi-
tions 1-3, even if the nature of the neighboring metals are the same, the closer to the
Ni!! sites, the more basic they are. This trend is in line with the corresponding ESP
surface of the Niy system illustrated at the left of Figure 3.7 in which the red-colored
region, representing the most basic area of the system, is concentrated around the
Nill centres. The other bridging oxo-ligands also comprise more basic areas com-
pared to the terminal positions, in a similar fashion than in the Keggin system at the
left of Figure 3.5.

These basic positions of Niy were found to spontaneously abstract up to two pro-
tons from HTEOA™, the reaction Gibbs free-energies for the first and second proton
transfer events being -6.8 and -5.1 kcal mol !, respectively. The protons in the dou-
bly protonated anion (H;Ni,) are accommodated on two Ni-O-W oxo-ligands (at
the right of Figure 3.7) which corresponds to symmetric sites of the position 4 in
Figure 3.6. Furthermore, intramolecular hydrogen bonds with neighboring O sites
of the POM further favours the protonation process to occur at these positions. By
symmetry, two more equivalent sites 4 are still available, but the evaluation of a third
protonation turned to be unfavourable, being endergonic by about 4.2 kcal mol 1.
With this in hand, we next explored the redox properties of H,Niy and its poten-
tial reduction by the employed Ru-based PS via single-electron transfer (SET) steps.
Throughout this process, we also considered additional protonation events of the
reduced form of the POM, owing to its increased negative charge density.
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FIGURE 3.6: At the left the symmetry elements on the C; symmetry
axis orientation of the polyhedral representation on Nij coloring the
octahedral W in grey, the tetrahedral P in yellow, the O atoms in red,
the Ni atoms in blue and H atoms in white; indicating the calculated
basic positions from 1 to 4. At the centre the m plane orientation.
At the right a table of the free protonaton energies of the positions
explored.

Exploration of the electronic structure and redox properties of the H,Ni4 species

A first exploration of the redox properties of a system involves the calculation of
the molecular orbitals (MOs) diagram in order to identify the nature of the lowest
energy virtual orbitals involved in the reduction processes of the system. The calcu-
lated MOs for the Niy POM indicate that the lowest unoccupied molecular orbital
(LUMO) and the following ones, correspond to d-type orbitals of the W centres (Fig-
ure B.1). Noticeably, the d-type orbitals of Ni are inserted into the "band" of W cen-
tred d-type orbitals. This kind of MO distribution is common in POMs whereby the
frontier MOs correspond to the occupied p-type orbitals of the oxo-ligands and the
virtual d-type orbitals belonging to the metals. Recovering the concept of the ESP
surface of Niy (Figure 3.7), the trilacunary Keggin moiety of the Niy system, presents
the most positive region. In line with this fact, the MOs diagram indicates that the
lowest-energy unoccupied orbitals correspond to the W centres most distant from
the Ni'! region. The diagrams of the mono- and the bis-protonated system (H;Niy)
(Figure B.2 left and right side respectively) show that all the orbitals are systemati-
cally lower in energy when compared to those of Ni4, supporting that protonating
the POM make all W centres easier to reduce.[160] Such calculated virtual orbitals
of a system are indeed useful to anticipate its potential reduction sites. However,
they are just a prediction derived from the optimized occupied orbitals distribution
that do not account for possible interactions between the incoming electrons and the
electronic structure of the POM. In order to evaluate the stabilization of these ex-
tra electrons of the system, the reduced versions of the H,Niy POM were calculated
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FIGURE 3.7: At the left the ESP energy surface overlapped with the
tube representation of Niy being the energy difference between red
and green -90.9 kcal mol~!. At the right, the polyhedral representa-
tion of HpNi, colored the octahedral W in grey, the tetrahedral P in
yellow, O atoms in red, Ni atoms in blue and H atoms in white. Hy-
drogen bonds are represented as dashed lines.

next. Figure B.3 represents the spin density of H>Nis(le) with a spin multiplicity
of 10, that is, assuming that the extra electron is magnetically decoupled from spin-
up electrons located on Ni'l centres. Due to the virtual orbitals of the initial system
indicates that the most accessible positions involve spin down or beta electrons on
the d-type orbitals of the W centres, the spin multiplicity of 8 of HyNis(1e) was also
explored. This was found to be nearly degenerate with the high-spin solution, with
a free energy difference of only 0.5 kcal mol ™}, indicating that even if the spin-down
electron is localized in a different W centre than the spin-up suggesting a possible
coupling with Ni'!, it barely affects the stabilization of the system. Thus, in the fol-
lowing, we assumed for simplicity that all reduction events of the POM increase the
multiplicity of the system. In other words, that the added electrons are magnetically
decoupled from the others.

Identifying the nature of the electron-donor species

Before exploring the feasibility of the HyNis to be reduced, it is crucial to evalu-
ate the reducing ability of the electron source, in this case the photocatalytic sys-
tem conformed by the PS and the SED. As mentioned in the experimental section, a
photocatalytic system can operate via either reductive or oxidative quenching path-
ways (Figure 3.8). The oxidative quenching pathway involves a SET process from
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the triplet metal to ligand charge transfer (MLCT) exited state of Ru®* to H,Niy
followed for a SET from the SED to the resulting Ru®>". On the other hand, the re-
ductive quenching involves first the reduction of the photoexcited state of the PS by
the SED followed by the reduction of H,Niy by the reducing Ru™ species. As shown

oxidative quenching reductive quenching

[H,Nig]% [RU]2+’* TEOA
[HzNi4(1e)]*’1/sgT SMLCT N TEOA™
AGSET =+15.3
[Rup?+ hv  [Ru]*

TEOA SET /— [HaNigl®

TEOA™*  [Ru]®* [HoNig(1€)]%
AGSET - 0.0

FIGURE 3.8: Reductive and oxidative quenching scheme of
[Ru(bpy),]*" (Ru?*) as PS.

in Figure 3.8, the first step of oxidative quenching pathway involves the SET from
the triplet MLCT state of Ru’" to HyNis, which has been calculated as endergonic
(+15.3 kcal mol~?). Even though this might be accessible at room temperature, the
charge recombination between the reduced POM and the oxidized PS was found
to be strongly favourable (by 64.5 kcal mol~!), thus preventing the efficient forma-
tion of the reduced POM. In fact, experimental photophysical studies revealed that
although the presence of the POM can quench the excited state of the PS, the charge-
separated state cannot be detectable on a nano-seconds time scale. This strongly
suggest that the [Ru(bpy)3]3’Jr species formed after electron injection into the POM
is unable to escape the association complex before charge recombination, rendering
the oxidative quenching pathway unlikely. Moreover, experiments in the presence of
TEOA revealed the formation of a long-lived [Ru(bpy),]™ species (reduced form of
the PS), which decay is accelerated upon increasing the POM concentration. Hence,
photophysical studies clearly point to a reductive quenching pathway.

Our DFT calculations indicate that the reduction of the exited PS by TEOA is
endergonic (by 10.8 kcal mol~!), although the spontaneous deprotonation of the as-
formed TEOA®™ by a second molecule of TEOA, which is present in large excess in
the reaction mixture, is exergonic by 11.3 kcal mol~! (see Figure 3.4), providing the
thermodynamic driving force for the formation of Ru'. As shown in Figure 3.8, the
reduction of H,Nis by Rut was estimated to be ergoneutral. Therfore, these results
strongly indicate that the Nig\Ru?" \TEOA photocatalytic system operates through
a reductive quenching mechanism (Figure 3.8, blue arrows), further supporting the
mechanistic picture inferred from photophysical studies. It is worth noting that as
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previously reported in the literature, the oxidation of TEOA leads to the formation
of aldehyde groups from the alcohol ones for each substituent of the amine.[12] The
alcohol groups need to transfer two electrons and two protons to be oxidized to alde-
hydes. Mechanistically, this implies the formation of a neutral TEOA® radical (Figure
3.4).[228] The latter is a stronger reducing agent compared to TEOA, producing the
correspondent cation TEOA™ upon one-electron oxidation, which further evolves to
an enol via deprotonation and finally tautomerizes into the aldehyde. Hence, it is
also likely that TEOA® radicals involved in the chain decomposition mechanism of
TEOA also participate in the formation of Ru™. However, according to experimen-
tally determined oxidation potentials, Ru* is a stronger reducing agent compared to
TEOA*® (-1.33[229] and -1.12[230] V vs SCE, respectively and therefore, we used Ru™
to evaluate subsequent reduction processes of the POM catalyst. It is also relevant
here that protonation of the Niy is essential to allow efficient charge accumulation
in the catalyst. As a matter of fact, the SET from Ru™ to the non-protonated Niy,
which bears an overall charge of -10, is much less favourable compared to that to
the doubly-protonated [H,Ni4]®~ anion, with a reaction free-energy of +16.9 kcal
mol ! vs 0.0 kcal mol~! (see Figure 3.9). This can be ascribed to the polyanionic
nature of the POM, as reducing its overall negative charge via protonation lowers
the energy of its unoccupied MOs, favouring in turn reduction events. Also, possi-
ble ion-pairing effects involving the POM, which are not explicitly captured in our
models; are expected to ease SET processes due to the same principle, although to a
lesser extent than protonation. Hence, it cannot be ruled out that the SET processes
from the PS to the POM are actually somewhat more exergonic than what computed

values suggest.

Exploration of the redox and protonation states accessible to the POM under pho-
tocatalytic conditions

Once we explored the protonation ability of the POM and the reduction ability of the
photocatalytic system, we aimed to identify the nature of the active form of the cat-
alyst under photocatalytic conditions. This is crucial to understand the interaction
between the catalyst and the reactant, CO; in this case. Due to the synergy between
the reduction and the protonation of POMs[160], multiple protonated and reduced
states of Niy have been explored (Figure 3.9). The first and second reduction of the
Niy catalyst were computed to be endergonic by +16.9 and +20.8 kcal mol !, respec-
tively. However, we showed that the catalyst is basic enough to be spontaneously
protonated twice (H,Nis) by -6.8 and -5.1 kcal mol ™! for the first and the second
protonation processes, respectively. Then, the first reduction process of the doubly
protonated catalyst was evaluated to be ergoneutral generating HoNiy(le) and the
second one endergonic by 7.2 kcal mol~! producing HoNis(2e). The protonation
reduces the overall negative charge of the POM, thus lowering the energy of its un-
occupied MOs, and further favouring the reduction events, as previously discussed.
Despite this last process was computed to be slightly endergonic, the subsequent
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FIGURE 3.9: Gibbs free-energy diagram of all the protonation and reduction processes explored for Ni4 in blue the less energetic path
for the resting state of the catalyst and in orange the path for feasible other intermediates.
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spontaneous association of two additional protons to the remaining bridging Ni-O-
W positions (-15.0 and -7.9 kcal mol 1), provides the thermodynamic driving force
to the second SET process while preventing undesired back electron transfer from
the reduced POM to the PS. It is worth mentioning here that the protonation of the
most basic region drives the localization of the electrons to the W positions neigh-
boring Ni centres. The resulting 4-fold protonated and two-electrons reduced POM,
H4Niy(2e), exhibits an accessible third reduction in standard conditions by 3.5 kcal
mol~!. However, in this case, its protonation is exergonic by only 2.1 kcal mol !,
being thus unable to compensate the cost of its reduction. Thus, from HyNis(2e)
onwards, all further reduction\protonation events proceed uphill (see Figure 3.9).
Overall, Figure 3.9 summarizes the free-energies associated to all the explored
processes, highlighting in blue the most likely reduction\protonation path leading
to H4Niy(2e). Still, some species were found to be close to that one in energy (orange
path), opening the possibility for some of them to coexist in a significant concentra-
tion. In order to evaluate the concentration of each potential intermediate, a Boltz-
mann distribution was calculated to quantify the probability (P;) of each species (i)
with energy (E;) of being populated at thermal equilibrium in standard conditions
over the contribution of all the participating species (j), following Eq. 3.3, using the

ideal gas constant (R).
e Ei / (RT)

Pi=———
Efye 5/

(3.3)

TABLE 3.1: Gibbs free energy, population probability (calculated us-
ing Boltzmann distributions), and aqua ligand substitution energy by
CO;, for the four most stable catalyst intermediates.

Free energy H,0 = €O

System (kcal mol-1) Probability (%) sub?lt(lct;tlli)lr(;leirll)ergy
H4Niy(2e) -27.6 90.72 34.1
H4Niy(3e) -24.1 0.25 -
Hs5Niy(3e) -26.2 8.54 27.0
HgNigy(4e) -24.5 0.48 31.4

As shown in Table 3.1, the 90.72% of the catalyst is estimated to be in the form of
H4Niy(2e) under photocatalytic conditions, followed by H5Niy(3e) (8.54%), HsNiy(4e)
(0.48%) and H4Ni4(3e) (0.25%). The concentration of the other intermediates appear-
ing in Figure 3.9 were estimated to be negligible. Hence, subsequent steps of the
reaction mechanism were analyzed focusing on HsNis(2e). Of note, this species al-
ready hosts the number of extra electrons required to promote the conversion of CO,
into CO, as observed experimentally.
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Towards CO; insertion and CO production

Next, the mechanism of the experimentally observed reduction of CO, to CO was
explored. From a thermodynamic point of view, the reduction of CO, to CO pro-
moted by HyNi4(2e), giving a water molecule as a byproduct and regenerating the
fullyoxidized HpNiy anion (Eq. 3.4) was computed to be slightly endergonic by 4.5
kcal mol 1.

H4Niy(2e) + CO, — HoNig(0e) + CO + H,O (3.4)

Out of curiosity, the same energy balance was calculated for H5Ni4(3e), generat-
ing the oxidized H3Nia(le) system (Eq. 3.5), being endergonic by 16.7 kcal mol L.
This energy difference comes from the fact that H3Nig(le) is less stabilized than
HyNig(0e).

HsNi4(3e) + CO, — H3Nig(le) + CO + HyO (3.5)

Inspired by the reaction mechanisms reported for other molecular CO, reduction
catalysts containing redox-active ligands, [231-234] we initially explored the replace-
ment of the aqua ligand by CO; in the coordination sphere of one of the accessible
Nil! centres of H4Niy(2e). The spin density distributions of the resulting species (Fig-

FIGURE 3.10: Spin densities of HyNiy(1e)-COO®*~. At the left, the
spin up state where the electron of -COO®~ is not coupled to those
of Nill, at the right the spin down configuration in which the extra
electron on the CO, moiety is coupled with Ni'l.

ure 3.10) indicates that indeed, such ligand-exchange process induces the transfer of
one electron from the POM framework to the incoming CO, ligand, which coordi-
nates to the Nill site through the carbon atom and adopting a bent configuration.
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Assuming no variation of the total spin multiplicity (left of Figure 3.10) this pro-
cess was computed to be prohibitively endergonic by about 53.5 kcal mol 1. How-
ever, exploring the possible antiferromagnetic coupling between the available spin
up electrons of the Nil! and the transferred electron to the -COO®~ ligand (right of
Figure 3.10) resulted in a strong stabilization of the system, reducing the free-energy
cost of the ligand exchange (and associated CO, activation) from 53.5 to 34.1 kcal
mol~!. Notably, despite the stabilizing effect of the coupling, this energy cost is still
too high to afford efficient CO, reduction at the experimental conditions. However,
as shown in Table 3.1, the calculated free energy costs considering electronic cou-
pling are all quite alike, suggesting that the protonation and redox state of the POM
does not have a strong impact on the overall H,O — CO; ligand substitution energy.
Other commonly employed correlation-exchange functionals (B3LYP-D3B] or PBEO)
provided a very similar free-energy cost of +34.3 kcal mol~!, suggesting that such
a high energy cost does not arise from a methodological artifact coming from the
nature of the employed density functional.

Splitting the ligand substitution process into two elementary steps, (I) the deco-
ordination of the aqua ligand followed by (II) the insertion of CO,, reveals individ-
ual free energy costs of 26.5 and 7.6 kcal mol !, respectively, indicating that the most
limiting step corresponds to the release of the aqua ligand to the solvent bulk to gen-
erate a ligand vacancy on the Ni'! centre where CO, can bind. On these grounds, we
developed two possible hypotheses to explain the experimentally observed reactiv-

ity:

* Hypothesis 1: As CO, reduction takes place under constant light irradiation,
the formation of a WY — Nil! excited state in HyNiz(2e) may facilitate HyO
release, allowing subsequent CO; binding and activation.

¢ Hypothesis 2: Due to the complexity of aqueous solutions, characterized by
hydrogen-bond networks and cavitational effects, our static DFT calculations,
combined with implicit solvent models, may not accurately capture the free-
energy change associated with releasing a water molecule into the bulk sol-

vent.

To probe Hypothesis 1, we carried out time-dependent Density Functional The-
ory (TD-DFT) calculations to investigate the photochemical properties of H4Niy(2e).
While, Niy does not absorb in the visible range, the presence of d(W) electrons in
H4Niy(2e) may allow excitations at higher wavelengths, as commonly observed in
reduced classical POMs.[144] Indeed, the simulated UV-vis spectrum of HyNi(2e)
(see Figure 3.11) reveals electronic transitions in the visible range. However, these
are exclusively associated to WY — WV! transitions and do not involve Ni!! cen-
tres. Hence, there are no indications that the formation of H4Niy(2e)-centred excited
states could assist the Ni-aqua dissociation.



94

Chapter 3. Catalytic CO, reduction assisted by polyoxometalates

4000

3500 4

3000 4

2500 4

L 2000 4

1500 1

1000

392

N

0.040

0.035

435
d(W+5) > d(W+6) 0.030

0.025

0.020

llator Strength

0.015"

Osc

0.010

0.005

—

! 0.000

500 600 700 800
Wavelength (nm)

FIGURE 3.11: Simulated UV-vis spectrum of H4Ni4(2e).

Probing Hypothesis 2 requires a significantly more complex computational setup.

To investigate the ligand-exchange process within a more realistic and dynamic en-

vironment, we carried out DFT-based MD simulations on the system represented in

Figure 3.12a. With the currently available computational power, DFT-MD simula-

tions can be only performed in the picoseconds time scale. Hence, the Hamiltonian

was augmented with a bias potential using the path-metadynamics technique, [222,

223] which allows the simulation of so-called rare events, occurring through barriers

that are higher than those associated to thermal fluctuations, often of the order of

K, T. These simulations do not only allow obtaining mechanistic insights but also to

reconstruct the free-energy profile along the reaction coordinate to retrieve kinetic

and thermodynamic data.

(a]’A_ Y

, Two path-metadynamics
simulations:

1) Water decoordination. CVs:

- distance: Ni--OHz
- CN: Ni"'o'walgr,lll

2) CO; binding. CVs:

- distance: Ni--C
- angle: 0—C—-0

FIGURE 3.12: (a) Simulation cell used in DFT-MD simulations, con-
taining a H4Ni4(2e) catalyst and a CO; molecule embedded in explicit
water solvent, accounting for a number of atoms equal to 615. (b)
Definition of collective variables (CV) combined in the path collective
variable (¢) for each of the path-metadynamics simulations.
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FIGURE 3.13: Reconstructed free-energy profile along the ligand ex-
change process of H,O by CO; in by H4Niys(2e). Representative snap-
shots of the most relevant species are illustrated as balls-and sticks.
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Specifically, as illustrated in Figure 3.12b, two independent path-metadynamics
simulations were conducted, aimed at investigating each of the elementary steps
involved in the ligand-exchange process (see section 3.2.3 for details). The combina-
tion of the reconstructed free-energy landscapes leads to the profile shown in Figure
3.13, where o represents the reaction coordinate, being 0 at the Ni-OH state and
1 at the Ni-COO®™ intermediate. Interestingly, these simulations indicate that go-
ing from state A to B (aqua ligand release) entails a free-energy cost of only 10 kcal
mol~!, in sharp contrast with that of 26.5 kcal mol~! determined via static calcula-
tions. Then, the approach of CO; leads to a transient 5> physiosorbed intermediate
C, which further evolves toward D, in which an electron from the POM framework
has been effectively transferred to the CO, moiety. Importantly, the overall free-
energy cost for the ligand-exchange process of +20.3 kcal mol ! obtained from DFT-
MD simulations support that the activation of CO; by H4Niy4(2e) is indeed feasible at
the experimental conditions, despite proceeding uphill. However, if no constraints
in the shape of repulsive potential walls are included to prevent the protonation of
the oxygen atoms of CO,, we observe a rapid proton transfer from a neighboring
Ni-O(H)-W site to the as formed Ni-COO*™ intermediate involving a solvent wa-
ter molecule as a proton shuttle. Such a protonation is thus expected to stabilize
the CO;-bound intermediate, preventing reversibility in the CO, binding to some
extent.

Of note, the cost of the individual CO, insertion step as obtained from DFT-
MD simulations (ca. 10.3 kcal mol~!) is much closer to that obtained from static
calculations (7.6 kcal mol™1), indicating that the overestimation of the free-energy
cost of this process observed in static calculations with implicit solvent arises from
the poor description or oversimplification of the variation of the water molecule
environment in going from the coordination sphere of Ni to the solvent bulk.

Once shown that CO, can be activated on HyNiy(2e), we studied the follow-
ing steps in the reaction mechanism to form the CO product relying on static DFT
calculations. The calculated free-energy profile is represented in Figure 3.15. As
anticipated by DFT-MD simulations, upon losing an electron from the W centres,
the Ni'-O-WV! groups become less basic, making the protonation of the carboxy-
late radical anion (-<COO*™) by a Ni-O(H)-W site spontaneous. This proton-transfer
event was calculated to be exergonic by 11.2 kcal mol~! and leads to the formation of
2’ (Figure 3.15 and Figure B.4). Besides stabilizing the CO,-bound intermediate, such
a proton transfer triggers a second SET from the reduced POM to the CO, moiety,
forming a Ni-COOH intermediate in which both extra electrons have been already
transferred to COs.

Again, as the charge density on the POM framework decreases in going from 2
to 2’, its structural oxygen atoms become less basic. As such, the abstraction of a
second proton by TEOA becomes favourable, being slightly exergonic, by 0.7 kcal
mol~!. Thus, the deprotonation of 2 generates species 3 (Figure 3.15 and Figure
B.4), from which the protonation of the OH group in the Ni-COOH intermediate by
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HTEOA™ induces the cleavage of the C-OH bond. This process leads to interme-
diate 4 (Figure 3.15 and Figure B.4), in which the CO product remains coordinated
to the Ni centre, releasing a water molecule, and takes place through the TS, over-
coming a low barrier of only 4.3 kcal mol~!. The structure of the TS is represented
in Figure 3.14. The formation of 4 from 3 was predicted to be endergonic by 1.5
kcal mol~!. However, with the knowledge gained from path-metadynamics simu-
lations, it is reasonable to think that this process would be exergonic if the release
of the water molecule byproduct could be described within a more realistic explicit
and dynamic environment. In fact, applying a free-energy correction equal to the
difference in the cost of releasing a water molecule, as predicted by static DFT and
DFT-MD (vide supra) renders this step exergonic by 15.0 kcal mol ! (see Figure 3.15).
Finally, the release of the CO product and regeneration of the active form of the cat-
alyst driven by reduction and protonation events proceeds downhill and provides
the thermodynamic driving force for the whole reaction (Figure 3.15).

FIGURE 3.14: Transition state for the concerted OH protonation by
HTEOA™ and C-OH bond cleavage. Octahedral W is shown in gray,
Ni in blue, C in black, O in red, N in cyan, and H in white.
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FIGURE 3.15: Calculated free energy profile for the formation of CO from the Ni-COO®~ intermediate (2) resulting from the activation
of CO; on the HyNiy(2e) catalyst. The value in parenthesis corresponds to the relative energy of species 4 upon applying a DFT-MD
derived correction to the free-energy of a water molecule in solution.
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3.2.5 Conclusion

With the gained knowledge about the Nis/Ru*"/TEOA photocatalytic system and
on the basis of previously reported reaction mechanisms for CO, reduction by transi-
tion-metal-based compounds bearing redox-active ligands, we propose the reaction
mechanism illustrated in Figure 3.16. Under photocatalytic conditions, the catalyst
was found to accept 2 electrons and 4 protons, from the Ru*" /TEOA photocatalytic
system via reductive quenching pathways, generating its active form. From this
species, CO, coordinates through its carbon atom to a Nil! ion, replacing an aqua
ligand and generating a Ni'-COO®~ intermediate. Two sequential proton shifts
allows the migration of the second electron from the POM framework to the CO,
moiety and the cleavage of the C-O bond, leading to the CO product in addition to
a water molecule. Finally, the active form of the catalyst is regenerated by Ru™ and
HTEOA™, acting as electron and proton donor species, respectively, both formed via
light-induced reductive quenching of the photosensitizer by TEOA, thereby closing
the catalytic cycle. Our computational results suggest that while the redox activity
of the POM ligand is key to enable efficient charge photoaccumulation, the ligand-
exchange process whereby CO» binds to the catalytically active Ni centre may limit
the efficiency of thermally activated chemical steps. Hence, there are strong indica-
tions that future efforts should focus on developing catalytic platforms that preserve
(or outperform) the redox activity of Nis, while reducing the cost of aqua-by-CO; re-
placement in the coordination environment of the active metal, perhaps through the
creation of more hydrophobic reaction cavities or secondary coordination spheres
that further stabilize bound CO; species.

In a more specific sense, this first part of the chapter supported existing knowl-
edge regarding the roles of all chemical components involved in the catalytic cycle
while establishing new structure—function relationships under the specific experi-
mental conditions and for the specific catalyst employed. The redox and acid-base
properties of POMs previously reported in the literature were corroborated and con-
textualized, strengthening their connection to the experimental setup. The Niy sys-
tem demonstrated the ability to store electrons in both trilacunary Keggin ligands,
making it reactive enough to efficiently reduce CO,, and interacting productively
with the photocatalytic system via its reductive quenching pathway, in line with
experimental findings. The role of TEOA as a dual electron and proton source by
substituent of the amine group was confirmed. The combined electron relay func-
tion of the POMs and the intrinsic catalytic capability of Ni to activate CO, support
the potential of Ni-substituted POMs as promising catalysts for CO, conversion. In
particular, the ability of both Keggin ligands to accumulate electrons may account
for the improved activity observed experimentally (Figure 3.3). In contrast, other
Ni-containig systems studied in this work either possess only one Keggin ligand
or have POM fragments that are spatially isolated, limiting the extent of electron
storage per active Ni centre. This reduced capacity correlates with diminished reac-
tivity. Overall, this subchapter presented a methodological framework to evaluate
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FIGURE 3.16: General scheme of the proposed mechanism, n =2 and
m = 4 for HyNiy(2e) and n = 3 and m = 5 for H5Ni4(3e).

the reactivity of POM for CO; reduction into CO. The insights gained provide a ba-
sis for future catalyst design, with the potential to enhance the predictive power of
computational modeling and guide the rational development of new photocatalytic
systems for sustainable CO; conversion.

From a computational perspective, it is noteworthy that the ability of the active
form of the catalyst to activate CO, could not be confirmed via static DFT calcula-
tions using implicit solvent models, due to a systematic overestimation of the free-
energy cost associated to releasing an aqua ligand to the water solvent bulk. Instead,
supporting the experimentally observed activity of this catalyst required the appli-
cation of more sophisticated and far from routine work DFT-MD simulations on ex-
plicitly solvated systems and that of state-of-the-art enhanced-sampling techniques.
We acknowledge that these simulations are way too expensive to be performed on a
systematic fashion. However, one should be aware of the limitations and potential
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misinterpretations of computational results derived from conventional static DFT
calculations and implicit solvent models when dealing with complex systems where
the explicit role of the environment is poised to play such a determining role.

3.3 Porphyrin-POM photocatalytic dyads for CO; reduction

3.3.1 Introduction

Porphyrins are a fascinating class of heterocyclic macrocyclic compounds composed
of four pyrrole subunits interconnected via methine bridges, forming a planar and
extensively conjugated 7r-system. This structural arrangement underlies their in-
tense coloration and strong absorption in the visible spectrum, typically with a pro-
nounced Soret band around 400 nm and multiple Q-bands between 500 and 700 nm.
These optical features are central to their biological roles in heme (oxygen trans-
port in blood), chlorophyll (photosynthesis), and cytochromes (electron transport).
Chemically, the porphyrin ring can coordinate metal ions in its central cavity to form
metalloporphyrins (MPs), enabling functions like redox catalysis, light harvesting,
and signal transduction. This metal coordination can significantly modulate their
redox potentials, magnetic behaviour, and spectral properties, making them highly
tunable for both biological and synthetic applications.[235]

From a synthetic standpoint, porphyrins can be produced via methods such
as the Adler-Longo or Lindsey synthesis, which involve the condensation of pyr-
role with aldehydes under acidic conditions. Transition metal-catalyzed approaches
have also been explored to introduce novel functionalities and expand the porphyrin
family.[236] Their chemical robustness and resistance to oxidation and degradation
make them well-suited for use in harsh environments, and this same stability also
explains their preservation in ancient fossils. Additionally, porphyrins can serve as
building blocks for advanced materials like MOFs, where their regular arrangement
and electronic properties enable applications in gas separation, electrocatalysis, pho-
tocatalysis and photonics.[237]

Structurally, porphyrins are mostly planar, but peripheral substitutions or macro-
cyclic distortions can affect their symmetry and reactivity. Substituted porphyrins,
such as tetrakis(p-sulfonatophenyl)porphyrin (TPPS4), have been employed to in-
vestigate metal-binding properties using UV-visible and NMR spectroscopy. These
studies reveal that transition metals bind more strongly than alkali or alkaline earth
metals due to better coordination geometry and ligand field stabilization.[238] Self-
assembly of porphyrins into nanostructures via 71— stacking and hydrophobic in-
teractions enables the construction of functional nanomaterials with enhanced light
absorption and charge separation, attributes valuable in solar energy and photody-
namic therapy.[239]

The versatility of porphyrins arises from their dual chemical reactivity, both as
ligands and as photoactive units, making them indispensable in fields ranging from



102 Chapter 3. Catalytic CO, reduction assisted by polyoxometalates

biochemistry and medicine to materials science and green catalysis. Advances in
synthesis now allow for precise control over porphyrin core and peripheral modifi-
cations, enabling the tailored design of porphyrins for specific roles such as photo-
sensitizers, enzyme mimics, molecular wires, or imaging agents. Their multifunc-
tional nature, arising from a balance of rigid planarity, extended conjugation, and
modifiable sites, underscores their centrality in both natural and engineered molec-

ular systems.[240]

Metalloporphyrins as catalysts for CO; photo/electro-reduction

Metalloporphyrins (MPs) are synthetic analogs of naturally occurring porphyrin
complexes, such as heme, and serve as promising catalysts for carbon dioxide re-
duction reactions (CO,RR). Porphyrin-based molecular catalysts incorporating tran-
sition metals, typically Fe and Co, have proved effective in reducing CO,. They have
a high affinity for carbon dioxide thanks to the formation of a CO,-metal bond, while
in the excited state they can accept the electrons needed to reduce the substrate.[9,
10] The metal centre profoundly influences the CO, activation and reduction steps
by modulating electron density and adsorption energies of key intermediates like
—COOH and —CO.

For instance, first-principles studies and experimental work demonstrate that
cobalt and iron porphyrins (CoTPP and FeTPP) exhibit superior CO;RR electrocatal-
ityc performance, as their d-band centres provide optimal binding strengths to in-
termediates, balancing activation and desorption processes.[11] This enables higher
Faradaic efficiencies and lower overpotentials for CO generation. For example, Mn-
TPP modified with sulfonate groups (Mn-TPPS), immobilized on glassy carbon elec-
trode (GCE), shifts the C—C coupling pathway, facilitating formation of acetate, a
two-carbon product rarely achieved with molecular catalysts.[241] The choice of
metal centre not only governs product selectivity (e.g., CO vs HCOOH vs hydro-
carbons) but also affects reaction energetics, with metals like Zn and Ni forming
weaker interactions with intermediates, thereby displaying lower activity.[11] More-
over, structural modifications such as N-confusion, which is the substitution of one
or more N of the porphyrin ligand by carbon, can raise the d-band centre, increasing
electron donation to the CO, molecule and stabilizing the transition states, which
further lowers the reduction potential.[242] Additionally, MPs can be functionalized
or embedded within hybrid materials, such as covalent organic frameworks (COF)
or MOFs, to enhance charge transfer and CO; adsorption capabilities.[12] These ad-
vances in MPs chemistry not only deepen the understanding of molecular electro-
catalysis but also pave the way for designing efficient and selective systems for CO,
valorization under ambient conditions.

Turning to photocatalysis a seminal example was reported in 2014 by Bonin et
al. whereby an iron porphyrinic compound was able to perform CO,RR in homoge-
neous conditions under visible-light irradiation in presence of an organic PS and a
SED, with 100% selectivity for CO production, no deactivation of the catalyst after
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FIGURE 3.17: Representative examples of Fe-based porphyrin deriva-
tives used for electrocatalytic reduction of CO; into CO. (d) CV of 1
mM CAT (green) (a), FCAT (blue) (b) and WSCAT (red) (c) in DMF
+ 0.1 M n-BuyNPFg at 0.1 V s~ ! in the presence of 0.23 M CO; and
of 1 M PhOH; ig, the peak current of the reversible Fell /Fe! wave at
the same scan rate represents a one-electron stoichiometry. Reprinted
from reference 246.

50 h and a turn-over number (TON) of 60.[4] But one of the fundamental advantages
MPs is that they can be custom functionalised. For example, Sakai’s group studied
the effect of peripheral groups on the properties of such systems. By introducing
sulfonatophenyl groups onto meso-positions of a cobalt porphyrin, a visible-light
water-soluble catalyst has been obtained which exhibits a turn-over frequency (TOF)
for CO production of 456 h~! in presence of Ru?" as PS.[243] Furthermore, replac-
ing the sulphonatophenyl substituents with N-methylpyridinium groups and using
a Cu! complex as PS led to a TOF as high as 2680 h~! (CO selectivity 77%).[244]
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The photocatalytic enhancement observed was attributed to the 6-electron charge-
able nature of the pyridinium derivative, enabling the rapid release of CO via the
reduction of Co!! to Co! by intramolecular transfer of electrons from the reducing
equivalent stored to one of the N-methylpyridinium acceptors. Recently, Halime,
Aukauloo and coll. reported that a urea-functionalized iron porphyrin produced
CO with a TOF of 3720 h~! (selectivity = 99%) with Ru*" as PS, the urea functions
acting as multipoint hydrogen bonding scaffold toward the CO, substrate. While
previous reports proposed Fe® porphyrin species as the key intermediate, activation
of CO, directly via the Fe! state was suggested.[245]

Stabilising iron at low oxidation states should enhance the CO, reduction pro-
cess. In this way, Costentin, Robert and Savéant evidenced via studies on the CO;-
to-CO electrochemical conversion that the presence of fluorine or quaternary amine
substituents on the porphyrin ring has a favourable effect on the electrocatalytic
performances, pushing the catalyst standard potential to positive values (see Figure
3.17).[246]

Two key Density Functional Theory (DFT) studies offer deep mechanistic in-
sights into how transition metal porphyrins, specifically iron and cobalt, catalyze
the electrochemical reduction of CO,. Davethu and de Visser (2019)[13] focused
on iron-porphyrin complexes, particularly TPP and a meso-substituted derivative.
Their work revealed that the catalytic mechanism involves an initial reduction of the
iron centre, enabling CO, binding and forming a reactive [Fe'!(CO,2~)(TPP*~)]*>~
intermediate. This species undergoes successive proton-coupled electron transfers
(PCETs) to yield CO as the final product. Interestingly, the study showed that the
redox activity of the ligand itself is essential in stabilizing the reactive intermediates,
a feature that differentiates iron-porphyrin catalysis from simpler metal-ligand sys-
tems. Modifications to the second coordination sphere were found to alter CO, po-
sitioning slightly but did not significantly impact the electronic structure or thermo-
dynamic profile of the reaction.[245, 246] In contrast, Shen ef al. (2016) investigated
the behaviour of cobalt-porphyrin catalysts.[14] Their DFT analysis detailed a mech-
anism where CO, binds to the Co' centre, forming a CO,~ adduct that can follow
multiple reaction pathways. The dominant route leads to CO formation through a
decoupled proton and electron transfer, while minor pathways produce formic acid,
through the key [Co(P)-(OCHO)] intermediate, and methane from subsequent CO
reduction via further PCET steps. The results correlated well with experimental se-
lectivity trends, where CO was the major product. The study emphasized the role
of the cobalt centre in dictating both the binding strength of CO, and the energy
barriers of subsequent reduction steps.

Together, these two studies illuminate how the nature of the central metal atom
and the electronic properties of the porphyrin ligand influence the reactivity, selec-
tivity, and efficiency of CO; electroreduction. Iron complexes tend to rely heavily on

ligand-centred redox activity, whereas cobalt complexes utilize a more metal-centred
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approach with broader product distributions. Modifying either the metal or the sur-
rounding ligand environment, including the second coordination sphere, can shift
reaction energetics and intermediates, offering strategic levers for catalyst optimiza-
tion. These findings provide a theoretical foundation for designing next-generation

molecular catalysts tailored for sustainable carbon dioxide conversion.

3.3.2 Experimental background

As already stated above, POMs, which are composed of early-transition metals in
high oxidation state such as WYL MoVt or VV, are polynuclear molecular metal ox-
ides recognized for their fast, reversible, multi-electron redox characteristics and
their acido-basic properties.[33, 148, 149] Interestingly, it has been shown that the
combination of MPs with e-ZngsPMo1; reduced Keggin POMs in a 3D material lead
to high CO,RR electrocatalytic performances, with the exertion of an electric field
resulting in an oriented electron transport channel through the solid.[176] Two years
later, Wang et al. studied by means of DFT a hypothetical 2D material associating
via Mo=N imido bonds MPs and [MoéOlg]z_ (Mog) Lindqvist type-POMs, indi-

M = Fe, Co, Zn

FIGURE 3.18: Representation of the compounds Mog-porph(M) (M
= Fe, Co, Zn), blue sphere : N, orange sphere: O, orange octahedra:
MOOé.

cating that in this framework the in situ generated 2e~ /2H" reduced Mo, POMs
act as multi-electron regulators for the CO, reduction reaction performed by the
MPs, the cobalt derivative representing a peculiarly promising electrocatalyst for
CO2RR.[247] On the basis of all these results, the group of P. Mialane and A. Dol-
becq investigated the covalent association of POMs and MPs at the molecular level
with three new Mog/MP dyads and their CO,RR electro/photocatalytic activity.
These three dyads, Mog-porph(Zn), Mog-porph(Co) and Mog-porph(Fe), consist
of MPs covalently bonded to a Lindqvist-type polymolybdate containing Zn, Co and
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Fe and were synthesized by reacting the POM, [MogO19]*~ (Mog), with metalated-
TPP in presence of dicyclohexylcarbodiimide (DCC) in anhydrous dimethyl sulfox-
ide (DMSO) at 70°C.[138, 248, 249] The expected individual vibrations of Mos and
MP have been confirmed recording the IR spectrum of the isolated product indi-
cating the preservation of the nature of both species in the dyad. Still, a new and
sharp vibration corresponding to Mo=N stretching, confirmed the formation of the
organoimido POM as represented in Figure 3.18. Additional characterizations were
carried out, including ESI/MS, TGA, EDX, elemental analysis, and UV-Vis spec-
troscopy. No shift in the Soret band was observed compared to the MP alone; how-
ever, a notable increase in intensity was detected. Furthermore, 'H NMR showed
that the covalent grafting of the MP onto the POM platform induces a significant
downfield shift of the MP protons, underlining an electron withdrawing effect of
the POM but also the absence of free MP.
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FIGURE 3.19: CO and H; TONs for Mog-porph(Fe) (4 uM) and FeTPP
(4 uM) in the presence of [Ru(dmbpy)s](PFs), (500 #M) and BIH (48
mM) in DME:TEOA (5:1) solutions obtained under irradiation with
a blue LED (10 mW cm?). Red circles, CO production by Mog-
porph(Fe); red squares, production of Hy by Mog-porph(Fe); blue
circles, CO production by FeTPP; blue squares, production of Hy by
FeTPP.

The photocatalytic performances of these dyads were explored in CO, saturated
DMF:TEOA (5:1) solutions, with TEOA and dimethylphenylbenzimidazoline (BIH)
as SEDs, and [Ru(dmbpy);]*" (dmbpy = 4,4’-dimethyl-2,2’-bipyridine) as PS. The
solutions were irradiated with a blue LED and both gas and liquid phases were
analyzed. Remarkably, as shown in Figure 3.19, the photocatalytic activity of the
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Mos-porph(Fe) dyad was found to be significantly higher than that of the POM-free
porph(Fe), indicating that the presence of the POM has indeed a positive impact
on the catalysis. Among the series of dyads, the Fe-containing one was found to
outperform its Zn- and Co-based analogs, and hence, subsequent studies focused
on Mog-porph(Fe).
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FIGURE 3.20: Cyclovoltammogram (CV) of FePOM in comparison
with reference complexes FeTPP and POM [condition: 0.5 mM cat-
alyst, 0.1 M (TBA)PF¢ in Ar-saturated DMF, scan rate 100 mV s71.
CVs of Mog-porph(Fe) (red line), Fe(TPP) (black line) and Mog (blue
line).

Electrochemical studies were subsequently conducted to gain deeper insight into
the catalytic properties of the dyads and the origin of their enhanced activity, with a
focus on the Mog-porph(Fe) derivative. The cyclovoltammogram (CV) of the Mog-
porph(Fe) dyad, represented in Figure 3.20, presents what it seems the combined
reduction processes of both MP and Mo moieties. As previously reported,[250]
the wave associated with the first reversible SET process of the Mo centre of Mog-
porph(Fe) is cathodically shifted compared to the same process for Mo for the elec-
tron donation effect of the N-MP ligand compared to the oxo-ligand. The waves
associated to the porphyrinic moiety of the dyad also appear to be shifted to nega-
tives potentials when compared to Fe(TPP), ascribed to the fact that the presence of
the POM ligand brings a doubly negative charge to the dyad. It is worth mentioning
that no wave corresponding to the Mog and Fe(TPP) precursors were not observed,
confirming the purity of the covalently linked product.

Despite extensive research on POMs and MPs as individual redox-active sys-
tems, the electronic behaviour of their hybrid assemblies upon reduction remains
elusive and scarcely studied. This is particularly evident in their cyclic voltammetry
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profiles, where the overlapping redox events do not allow unambiguous interpre-
tation. The underlying challenge lies in the limited understanding of how the elec-
tronic properties of one moiety may modulate or perturb those of the other. Specifi-
cally, the influence of the POM unit on the redox and catalytic behaviour of the MP
core, especially in the context of CO, reduction, has not been fully elucidated.

To address this gap, this subchapter explores the electronic structure of the re-
duced intermediates in the POM-MP conjugate using DFT. By characterizing the
spatial distribution of spin density, frontier molecular orbitals, and charge localiza-
tion in each redox state, we aim to decode the mutual electronic effects exerted be-
tween the two components. This theoretical insight is essential to clearly identify the
nature of the experimentally observed redox waves, as well as to understand how
the POM moiety alters the catalytic landscape of the MP, potentially modifying its
activity, selectivity, or stability toward CO; reduction. These findings may guide fu-
ture design principles for modular hybrid catalysts with tunable redox and catalytic

properties.

3.3.3 Computational methods

Density Functional Theory (DFT) calculations were performed using the B3LYP ex-
change correlation functional[81] on the Gaussian 16 (rev. C.02) quantum chemistry
code.[119] The LANL2TZ basis[206] set and associated pseudopotentials [207] were
used for Fe and Mo centres, supplementing them with a shell of f-type polariza-
tion functions.[208] The remaining atoms were described by the 6-311++G(d,p) basis
set.[86, 209, 210] Solvent effects of DMF were included in the calculations through
the IEF-PCM solvent model[120] as implemented in Gaussian 16. The nature of all
minima on the potential energy surface was confirmed by frequency calculations. A
free-energy variation of +1.9 kcal mol~! was applied to all species to account for the
change from the reference state at 1 atm in the gas phase used in Gaussian’s thermo-
chemistry equations to the standard state of 1 M at 25°C in solution. For DMF, this
correction increases to +3.4 kcal mol~! because, as the solvent, its standard state cor-
responds to 12.91 M rather than 1 M. The orbital occupancy was studied using the
Natural Bond Orbital (NBO) analysis version 3.1 already implemented in Gaussian.
Microkinetic model simulations were performed using the Achem 2.0 program.[251]

3.3.4 Results and discussion

The consecutive redox events of porph(Fe)-Mos were investigated by sequentially
adding electrons to the system. For each redox state, the relative stabilities of differ-
ent spin states were compared to ensure that the assignment and characterization of

each redox wave was based on ground-state structures.



3.3. Porphyrin-POM photocatalytic dyads for CO, reduction 109

Characterization of the Fully Oxidized Mogs-porph(Fe)

We first examined the electronic structure of the fully oxidized Mog-porph(Fe) com-
plex using density functional theory (DFT). This system is derived from [Fe!'TPP]CI,
where the Fe!l! centre is initially coordinated by a chloride ligand in addition to the
porphyrin ring. This gives a five-coordinate iron centre with a square pyramidal
geometry. Geometry optimization across different spin states shows that the square
pyramidal structure is consistently maintained. In all cases, the Fel' ion is slightly
displaced out of the porphyrin plane. This distortion hints at a tendency towards off-
plane-metal square based pyramid coordination, but the overall structure remains
square pyramidal. Crystal field theory explains how the local geometry affects the
energy levels of the Fe d-orbitals.[252] Figure 3.21 illustrates the typical d-orbital
splitting for off-plane-metal square pyramid, in-plane-metal square based pyramid,
and square planar ligand arrangements.

FIGURE 3.21: From left to right, Fe centre d-type orbital diagrams
corresponding to the off-plane-metal square pyramid, in-plane-metal
square based pyramid and square planar distribution of ligands ac-
cording crystal field theory.

We carried out DFT calculations for the doublet, quartet, and sextet spin states.
The quartet was found to be the most stable, followed closely by the sextet, which
lies 1.5 kcal mol~! higher in energy. In contrast, the doublet state was significantly
less stable, with a relative energy increase of 14.6 kcal mol~!. To understand the
origin of this instability, we performed a Natural Bond Orbital (NBO) analysis to ex-
amine the electronic configuration of the Fe centre in the doublet state. The analysis
revealed a distorted d-orbital arrangement, in which the unoccupied, higher energy-
lying d,y, and d.» are more poised to accept electron density from the ligands than
in intermediate or high-spin configurations, thus shifting up the energy levels of the
Fe'!l centre.

The NBO analysis for the quartet state (Entry 2 of Table 3.2) shows that the d,,
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TABLE 3.2: Comparison of relative Gibbs free energies (kcal mol 1)
and electronic structures of the calculated spin states for the fully-
oxidized Mog-porph(Fe) system.

Schematic molecular . e e e e
Entry 25+1 AG orbitals diagram? Spin density distribution
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3 6 +1.5 + 4_

4_

d(Fe)

and d,; orbitals are nearly degenerate. This is consistent with both off and in-plane-
metal square pyramid geometries. As in the doublet, the d,>_» orbital is involved
in back-donation from the porphyrin ring, albeit to a lesser extent. Compared to
the doublet state, a weaker polarization of the electron density from the chloride to
the Fe centre is observed in the quartet and sextet states. This is supported by the
NBO results that show single occupancy of d,, and by the spin density plot, which
shows spin density on Cl~ ligand. The Fe-Cl bond length increases to 2.402 A in
the quartet state (compared to 2.274 A in the doublet), indicating a weaker, more
ionic interaction between Fe and Cl. In the sextet state, all five d-orbitals are nearly
degenerate. Each orbital is singly occupied, matching the expected d° configuration
of Felll. There is no significant charge transfer between Fe and the ligands. Accord-
ingly, a greater amount of spin density is observed on the N atoms of the porphyrin
ligand, leading to slightly longer Fe-N bond lengths in the sextet (2.080 A vs. 2.010
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A in the quartet), consistent with increased electron repulsion and weaker bonding.
Even if NBO analysis seems to support the electronic interpretation of the stud-
ied spin configurations, it is worth bearing in mind its limitations when dealing
with metal-based systems with complex electron configurations, or even with highly
conjugated systems such as porphyrins, where 7-electron are delocalized across the
macrocyclic ring. However, NBO analysis is built around the idea of localized bond-
ing, assigning electrons to well-defined ¢- and 7r-bonds, lone pairs, and hybrid or-
bitals, which poorly reflects the delocalized reality of porphyrins. This can result in
artificial fragmentation of the conjugated system and a misleading representation of
resonance structures, especially when dealing with aromaticity or electron delocal-
ization across the entire ring. Hence, although these analyses can provide a sound
picture that allows for qualitative comparison between spin states, quantitative re-
sults such as orbital occupations and energies are to be interpreted with caution.

Moreover, many porphyrins, particularly metalloporphyrins, exhibit multirefer-
ence character, meaning their electronic ground state cannot be represented by a sin-
gle electronic configuration. Our DFT analyses relies on single-reference wavefunc-
tions, which limits its ability to capture the electron correlation and configuration
mixing necessary for accurately describing such systems.

In summary, the three spin states, explored for the non-reduced Mog-porph(Fe)
system, can be classified as low-, intermediate-, and high-spin states, correspond-
ing to the doublet, quartet and sextet, respectively. The quartet state is predicted to
be most stable, followed closely by the sextet. The doublet is much less favourable.
These results align with previous B3LYP-based studies. For example, Taylor et al.[15]
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also found nearly degenerate quartet and sextet states in similar Fe™ porphyrins.

Experimental findings likewise support high-spin ground states under certain con-

ditions.[253] It is important to note that Fe!!!

porphyrin spin states are sensitive to en-
vironmental factors such as axial ligands, solvent, and substituents.[254, 255] Thus,

while the quartet state is favoured here, this may not hold for all systems.

Replacement in the dyad of the C1™ ligand by DMF

As the as-synthesized product is chlorinated, a possible preliminary substitution of
Cl~ by a DMF solvent molecule was explored computationally by means of DFT.
This process is evaluated to be endergonic by a standard free-energy cost of 3.9
kcal mol~1. As a solvent molecule, DMF is found in a much higher concentration
(12.91M) than the Mog-porph(Fe) dyad (0.5 mM), it is expected to favour such lig-
and replacement process. In order to evaluate the mentioned concentration effect,
a simple microkinetic model simulation was carried out starting from initial con-
centrations of the Cl coordinated system and DMF and establishing the direct and
reverse rate constants of the process, to 5.44 107 and 3.93 101° M~! 571, respectively,
as shown at the top of Figure 3.22. The total free energy barrier of the direct process,
arise from assuming free-energy diffusion energy barriers of 3.0 kcal mol~! and from
the standard-state reaction free energy of 3.9 kcal mol~!. The reverse process only
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FIGURE 3.22: At the top the process evaluated by the microkinetic
model. At the bottom, the evolution of the concentrations of the Mog-
porph(Fe) species coordinated by Cl (red) or DMF (blue) ligands of
the kinetic model build for the ligand replacement. The direct and
reverse rate constants were set to 5.44 107 and 3.93 101 M1 s~ re-
spectively. These arise from assuming diffusion free-energy barriers
of 3.0 kcal mol~! and from the standard-state reaction free energy
(+3.9 kcal mol~! for the direct process). Initial concentrations: [C1~]
= [Fe(II)-DMF] = 0 M; [Fe(IlT)-CI] = 0.5 mM; [DMF] = 12.91 M. Final
concentrations (after reaching an equilibrium): [C1™] = [Fe(IlI)-DMF]
= 0.49 mM; [Fe(IIT)-Cl] = 0.01 mM; [DMF] = 12.91 M.

contemplates the diffusion free-energy assumed of 3.0 kcal mol~!. Both free-energy
barriers were transformed into rate constants using the Arrhenius equation (Eq. 3.6).
Overall, the simulation reveals that once the equilibrium is achieved after ca. 8 ns,
95% of the Mog-porph(Fe) dyad is coordinated to DMF, while only 5% remains co-
ordinated with CI™.

p exXp —r (3.6)

Analyzing the electronic nature of the Fe centre in the quartet state (Figure B.5), a
similar pattern to that observed in the Cl™-coordinated system emerges. The coor-
dination of DMF leads to notable electronic effects, as reflected in the spin density
localized on the O atom analogously with the Cl™-coordinated system, shown in
Entry 2 of Table 3.2.

First reduction of Mog-porph(Fe)

The system under study presents two main regions that are susceptible to reduction:
the d-type orbitals of the Fe centre and the d-type orbitals of the Mo atoms in the
Lindqvist-type POM cluster (Mog). The LUMO of the DMF-Mog-porph(Fe) species,
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depicted in Figure 3.23, is predominantly localized on the Fe'" ion. This electronic

distribution indicates that the first reduction event primarily involves population of

II' jon is converted into

a d-type orbital on the iron centre. Upon reduction, the Fe
an Fe!l species, which results in an increase in the electron density at the metal cen-
tre. This increased charge density weakens the coordination between the Fe centre
and its axial ligand, thereby facilitating the release of the ligand into the bulk sol-
vent. Overall, these observations suggest that the Fe site acts as the initial electron-
accepting centre in the reduction process, with important consequences for the struc-

tural and electronic properties of the complex. The decoordination of the DMF lig-

FIGURE 3.23: Representation of the LUMO of the quartet spin state
of the DMF coordinated Mog-porph(Fe) species, coloring the positive
phase in blue cyan and the negative in green, over the translucent
structure of the same system coloring C in black, H in white, N in
blue, Mo in gray and O in red.

and from the reduced Fe' ion (top of Figure 3.24) has been evaluated to be exergonic
by 5.2 kcal mol~!. However, the high concentration of DMF in the solvent medium
exerts an antagonistic effect, opposing the release of the coordinated molecule into
the bulk. To assess whether the intrinsic exergonicity of the decoordination process
is sufficient to overcome this thermodynamic penalty, a microkinetic model was con-
structed. In this model, the forward and reverse rate constants were set to 3.93 x 1010
s tand 6.06x 10° M~! s71, respectively. The forward rate constant corresponds to a
diffusion-controlled process with an assumed free-energy barrier of 3.0 kcal mol .
In contrast, the reverse rate constant incorporates both the diffusion barrier and the
standard-state reaction free energy of —5.2 kcal mol~!. The respective free-energy
barriers were converted into rate constants using the Arrhenius equation (Eq.3.6).
These results suggest that, despite the high solvent concentration, the decoordina-
tion process remains favourable under the studied conditions. A simulation was
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FIGURE 3.24: At the top the process evaluated by the microkinetic
model. At the bottom, the evolution of the concentrations of the
porph(Fe)-Mog species coordinated by DMF (blue) and decoordi-
nated (green) of the kinetic model build for the ligand decoordination
process. The direct and reverse rate constants were set to 3.93 1010 s~
and 6.06 10° M~! s~1, respectively. These arise from assuming diffu-
sion free-energy barriers of 3.0 kcal mol~! and from the standard-
state reaction free energy (-5.2 kcal mol~! for the direct process). Ini-
tial concentrations: [Fe(Il)] = 0 M; [Fe(I)-DMF] = 0.5 mM; [DMF] =
12.91 M. Final concentrations (after reaching an equilibrium): [Fe(II)]
= 0.5 mM; [Fe(II)-DMF] = 0 M; [DMF] = 12.91 M.

performed using the constructed microkinetic model, with initial concentrations set
to 0.5 mM for the DMF-coordinated system and 12.91 M for the free DMF solvent
molecules. The evolution of the concentrations of the coordinated and decoordi-
nated species is shown in Figure 3.24. The simulation confirms that the exergonicity
of the process is sufficient to overcome the energetic penalty associated with the
high concentration of the solvent, reaching equilibrium within 150 ps, which is sig-
nificantly faster than observed in the ligand-substitution simulation. These results
demonstrate that the reduced Fe! system facilitates the ligand decoordination pro-
cess, which is a key step for enabling the second SET.

We next investigated in detail the electronic structure of the one electron-reduced
Mog-porph(Fe) system, where the Fe centre is formally in the +2 oxidation state.
Calculations across possible spin states reveal that the intermediate-spin triplet is
the ground state, in line with previous studies on Fe!! porphyrins.[256] The high-
spin quintet lies only 2.2 kcal mol~! above the triplet, while the low-spin singlet
is considerably destabilized, with a relative free energy of +29.2 kcal mol~!. The
low-spin state becomes a singlet which do not present spin density. In contrast, the
triplet exhibit spin configuration exclusively on the Fe centre (Entry 1 in Table 3.3).
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The high-spin quintet (Entry 2 in Table 3.3) presents a bulkier spin delocalization on
the Fe centre as a result of presenting more singly occupied d-type orbitals.
TABLE 3.3: Comparison of relative Gibbs free energies (kcal mol 1)

and electronic structures of the calculated spin states for the one
electron-reduced Mog-porph(Fe) system.

Schematic molecular . cp dsger
Entry 2S+1 AG orbitals diagram Spin density distribution

_ y

4_
1 3 +0.0 +
+ ¥

d(Fe)

2 5 +2.2 +
+ +

d(Fe)

In summary, the one electron-reduced state of the Mog-porph(Fe) system lo-

II' centre, forming a Fell species stabilized in a triplet

calizes the electron on the Fe
ground state. The increased electron density at the metal weakens the axial Fe-DMF
interaction, promoting ligand dissociation. Despite the competitive effect of high
DMF concentration in solution, kinetic modeling shows that this decoordination is
both thermodynamically favourable and occurs on sub-nanosecond timescales. The
observed spin-state preferences and electronic reorganization around Fe underscore
its pivotal role in redox responsiveness and structural dynamics, establishing the

basis for subsequent electron transfer processes.

Second reduction of Mog-porph(Fe)

To explore the electronic structure of the two-electron reduced Mog-porph(Fe) com-
plex, we investigated the nature and stability of its possible spin states, with par-
ticular focus on the location of the second added electron and the role of the POM
fragment.

Starting from the one electron-reduced species, which exhibits a triplet ground
state, analysis of the LUMO (Figure B.6, left) indicates that the second electron is
likely accepted by the POM. The orbital is composed mainly of Mo-centred d-type
orbitals, especially on the Mo bound to the imido ligand bridging the porphyrin and



116 Chapter 3. Catalytic CO, reduction assisted by polyoxometalates

POM. This prediction is confirmed by the highest beta SOMO of the two electron-

reduced system (Figure B.6, right), which shows clear localization on the imido-

coordinated Mo centre. Among the three calculated spin states, the doublet is the
TABLE 3.4: Comparison of relative Gibbs free energies (kcal mol 1)

and electronic structures of the calculated spin states for the two
electron-reduced Mog-porph(Fe) system.

Schematic molecular . . . L. .
Entry 2S+1 AG orbitals diagram Spin density distribution
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most stable (Entry 1 in Table 3.4). Its Fe-centred d-orbital configuration resembles
that of the one electron-reduced triplet (Entry 1 in Table 3.3). The high-spin sex-
tet (Entry 3 in Table 3.4) lies only 1.6 kcal mol~! above the doublet. It retains the
Fe local quintet configuration observed in the one electron-reduced high-spin state
(Entry 2 in Table 3.3), with the additional unpaired electron on the POM leading to a
sextet, overall. This modest energy difference reflects stabilization from the Fe high-
spin configuration. The quartet (Entry 2 in Table 3.4) is significantly less favourable,
lying 10.9 kcal mol~! higher in energy. In this state, although the local spin configu-
ration at the Fe centre resembles a triplet, the overall spin density adopts a different

arrangement, which may be the primary cause of the state’s destabilization. The
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presence of an additional unpaired electron on the POM accounts for the quartet
spin multiplicity of the system.

In summary, the two-electron reduced state of the Mog-porph(Fe) complex in-
troduces an additional electron primarily localized on the imido-bound Mo site of
the POM. The most stable configuration is a doublet, formed by coupling this added
electron with a Fe-based triplet configuration. The close energy of the sextet reflects
the stabilizing influence of the Fe high-spin state, while the quartet is destabilized by
a higher Fe centre d-orbital rearrangement. These findings reinforce the importance
of metal-ligand orbital interactions in dictating the redox and spin-state landscape
of this hybrid system.

Third reduction of Mog-porph(Fe)

To investigate the three electron-reduced form of the Mog-porph(Fe) complex, we
examined possible spin states and the preferred site for electron localization. The
frontier unoccupied molecular orbitals of the two electron-reduced system show
nearly degenerate energies between porphyrin- and POM-centred orbitals, suggest-
ing multiple possible electron destinations.

Three spin states, singlet, triplet, and quintet, were optimized and analyzed (Ta-
ble 3.5). The triplet was found to correspond to the ground state. The Fe centre
adopts an intermediate-spin configuration as the spin density maps confirms a spin
alpha unpaired electron on the POM (at the imido-bound Mo centre) and another
spin-beta in a porphyrin-centred 7v* orbital, so the Fe centre have to present a local
triplet spin in order to achieve a global triplet spin configuration. The quintet, 2.9
kcal mol~! above the triplet, retains the same porphyrin and POM electron distri-
bution but involves a high-spin Fe'! centre. This spin configuration is energetically
less favourable keeping parallel trends observed in less-reduced species. Of note,
forcing a singlet spin state leads to a closed-shell solution with two electrons on the
POM, although this lies 38.1 kcal mol~! higher in energy than the triplet state.

Overall, the third reduction adds an electron to a porphyrin-based 7t orbital,
forming a delocalized triplet state involving the porphyrin. This result reinforces
the cooperative redox behaviour of the hybrid system, where the electronic structure
flexibly adapts to added electrons by redistributing spin and charge across the Fe,
porphyrin, and POM components.
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TABLE 3.5: Comparison of relative Gibbs free energies (kcal mol 1)
and electronic structures of the calculated spin states for the three
electron-reduced Mog-porph(Fe) system.

Schematic molecular . e e a1
Entry 25+1 AG orbitals diagram Spin density distribution
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Fourth reduction of Mog-porph(Fe)

The fourth reduction of the Mog-porph(Fe) system primarily involves the POM unit,
as suggested by the LUMO, which features significant contributions from Mo d-type
orbitals (Figure 3.25).

To understand the resulting electronic structure, we examined the doublet, quar-
tet, and sextet spin states. Among these, the doublet is the most stable. The sextet lies
3.8 kcal mol~! higher, while the quartet is the least favourable at +9.5 kcal mol ! (Ta-
ble 3.6). These results indicate that the added electron is best accommodated within
the POM, favouring the doublet spin configuration. Considering that both electrons
on the POM moiety couples without contributing to the overall spin configuration
of the system, and one beta-spin electron is delocalyzed on the porphyrinin a 7t* or-
bital, confirmed by the spin density distribution. The local spin configuration of the

Fe centre have to retain a triplet, similar to the three electron-reduced triplet state.
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FIGURE 3.25: Representation of the LUMO of the doublet spin state of
the three electron-reduced Mog-porph(Fe) species, the positive phase
is colored in blue cyan and the negative in green, over the translucent
structure of the system coloring C in black, H in white, N in blue, Mo
in gray, Fe in ochre and O in red.

In the quartet configuration, the Fe—porphyrin unit adopts a local doublet state, ex-
hibiting a distorted spin density for both the Fe centre and the porphyrin ligand
(Entry 2 in Table 3.6). An additional two unpaired electron on the POM generates
an overall quartet state. In the sextet state, the Fe—-porphyrin unit remains a triplet,
but the porphyrin-localized electron is uncoupled. Two additional unpaired elec-
trons on the POM lead to an overall sextet spin configuration (Entry 3 in Table 3.6).
Attempts to converge higher spin states, such as an overall octet or an Fe-centred
quartet with a coupled two electrons on the POM moiety, were unsuccessful due to
wave-function convergence issues.

Importantly, the HOMO in the most stable doublet state is porphyrin-centred,
implying a potential role in electron transfer processes underlying the catalysis. This
localized electron may participate in substrate activation, particularly relevant for
applications like CO, reduction.

Overall, the fourth reduction of Mog-porph(Fe) clearly localizes the added elec-
tron on the POM, with spin density spread across the Mo centres, the Fe centre,
and the porphyrin. The doublet state, combining a local Fe triplet coupled with
a porphyrin 7t* electron and a local open-shell singlet of the POM, is the ground
state. Higher spin configurations reflect alternative coupling schemes but are less
favourable.
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TABLE 3.6: Comparison of relative Gibbs free energies (kcal mol 1)
and electronic structures of the calculated spin states for the fourth-
reduced Mog-porph(Fe) system.
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Fifth reduction of Mog-porph(Fe)

In the final fifth reduction step, the added electron is primarily localized on the por-
phyrin ligand, complementing the previous two porphyrin-centred and two POM-
centred reductions.

Spin-state analysis identifies the quintet as the most stable configuration, fol-
lowed closely by the triplet and an open-shell singlet, which lie only +1.3 and +2.1
kcal mol~! higher in energy, respectively (Table 3.7). This narrow energy window
indicates a delicate balance in spin coupling across the system. However, the septet
state, in which one of the poprhyrin-centred electrons is decoupled from Fe elec-
trons, is strongly disfavoured (+18.6 kcal mol~1).

In the singlet state (Entry 1 in Table 3.7), the Fe centre maintains a local triplet
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TABLE 3.7: Comparison of relative Gibbs free energies (kcal mol 1)
and electronic structures of the calculated spin states for the five
electron-reduced Mog-porph(Fe) system.
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configuration, coupled with two unpaired electrons on the porphyrin. The two elec-
trons on the POM are spin-paired, contributing no net spin. The triplet configura-
tion (Entry 2 in Table 3.7) features a similar Fe-porphyrin arrangement, but with
the two unpaired electrons on the POM now contributing to the total spin. This
yields an overall triplet with delocalized spin density across all three components
of the system. This configuration resembles those reported for formal Fe’TPP com-
plexes, where excess electrons are accommodated on the ligand.[256] In the quintet
state (Entry 3 in Table 3.7), the porphyrin electrons adopt opposite spins, weak-
ening their coupling with the Fe centre but yielding the lowest free energy overall.
This subtle reorganization suggests that Fe’s d-electron configuration is the domi-
nant factor in stabilizing the system, while porphyrin and POM couplings serve a
secondary role. Attempts to converge higher spin states, including a septet or nonet,
were unsuccessful or led to significant destabilization. The septet, when achievable,
disrupts the d-type orbital distribution of the Fe centre and leads to an energetically
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unfavourable arrangement (Table B.1).

For fifth reduction of Mog-porph(Fe), the quintet state emerges as the ground
state, but the small energy gaps to the singlet and triplet suggest accessible thermal
population of multiple spin states. The Fe centre plays the primary role in dictating
spin stability, while the porphyrin and POM flexibly accommodate electron and spin

rearrangements.

Prediction of reduction potentials

Using the computed free energies of the most stable spin configurations for each
reduced state of Mog-porph(Fe), the corresponding reduction potentials for the as-
sociated redox processes were calculated. These values are reported in the second
column of Table 3.8, and compared to the experimental ones, determined from the
recorded CV traces shown in Figure 3.20. The reduction potentials were calculated
using Eq. 3.7, where n represents the number of electrons transferred in the reduction
process, equal to 1 for all cases considered in this study, and F denotes the Faraday

constant.
AG

—nF
To allow direct comparison with the experimental data, the calculated absolute re-

E= (3.7)

duction potentials were referenced to the ferrocene (Fc) electrode, which has an abso-

lute potential of 4.98 V. This referencing enables a meaningful comparison between

computed and experimentally measured redox potentials. The calculated potential
TABLE 3.8: Experimental vs. calculated reduction potentials for the

five consecutive reduction processes of porph(Fe)-POM, referenced
to Fc.

Entry Eexp (V) Eca]c (V)

1 -0.67 -0.56
2 -1.21 -0.95
3 -1.54 -1.83
4 -1.98 -1.55
5 -2.18 -2.59

for the first reduction process shows good agreement with the experimental value
(Entry 1 of Table 3.8). The second reduction, which corresponds to the first reduction
of the POM moiety (Entry 2 of Table 3.8), is predicted to occur at a more favourable
potential than observed experimentally, at -0.95 V compared to the experimental
value of —1.21 V. The potential of the third reduction, corresponding to the first re-
duction of the porphyrin moiety (Entry 3 of Table 3.8), is calculated at -1.83 V, being
slightly more negative than the experimental value of —1.54 V, indicating an overes-
timation of reduction energy with respect to experiment. Beyond this point, mak-

ing accurate quantitative predictions of redox potentials becomes significantly more
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challenging, as the complexity of the electronic structure increases. As shown in Ta-
ble 3.8 (Entries 4 and 5 ), the calculated reduction potentials exhibit non-negligible
discrepancies compared to experimental values, likely due to the increased mul-
ticonfigurational character of the electronic structures of four and five-electron re-
duced species, which cannot be accurately reproduced using mono-determinant
methods such as DFT. Thus, while DFT can provide a reasonable qualitative pic-
ture of the redox sites involved in each reduction event, aiming to quantitatively re-
produce experimental redox potentials for such complex electronic structures might
require the application of more sophisticated multireference methods like complete
active space self-consistent field (CASSCEF).[16, 17] Nevertheless, these are highly
computationally demanding and most likely unaffordable at this point in time for
systems of the dimensions and nuances of Mog-porph(Fe).

Moreover, the solubility and macroscopic behaviour of POMs in organic solvents
might be affected by the presence of large conutercations like TBA.[202] Ion-pairing
effects can significantly influence the redox behaviour of POMs upon reduction. Pre-
liminary attempts to explicitly include ion-pairing effects by placing the counterca-
tion within the geometry, guided by Monte Carlo simulations, failed to reproduce
the experimental reduction potentials. This suggests that accurately capturing the
influence of TBA countercations requires more advanced computational approaches,
likely involving explicit treatment of dynamic interactions through molecular dy-
namics or hybrid quantum/classical (QM/MM) methods.

Experimental validation and mechanistic proposal

In parallel to the development of this theoretical work, our experimental colleagues
at University of Paris-Saclay (Prof. Leibl and Dr. Gotico), carried out an in-depth
experimental study of the redox properties of Mog-porph(Fe) combining electrocat-
alytic approaches and spectroelectrochemical techniques. Importantly, these results
fully supported our theoretical results regarding the identification of the redox sites
involved in the sequence of redox events. Furthermore, they identified catalytic
waves appearing at the third and fourth redox waves. This allowed proposing the
complex reaction mechanism displayed in Figure 3.27, whereby CO, can be acti-
vated and reduced on the three-electron reduced species, but also and much faster
on the four- and five-electron reduced ones (I3, Iy and I5 in Figure 3.27).

To better understand these results and the origin of the enhanced catalytic ac-
tivity, we investigated CO, activation on these species, processes I3 and 14 in Figure
3.27, and compared it with the corresponding process in the parent POM-free Fe-TPP
system.

First of all a spin-configuration exploration was done for the products of I3 and
I4 processes, as previously done. For the product of I3, the most stable spin-confi-
guration is the quintet (Entry 1 in Table 3.9). Compared with the non-coordinated
system (Entry 2 of Table 3.5), the SET process from the porphyrin ligand to the CO,
ligand was confirmed with the delocalization of the electron of the CO,*~ radical
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TABLE 3.9: Comparison of electronic structures of the calculated spin
states of the CO, insertion products for the three and four electron-
reduced Mog-porph(Fe) dyad.

Processes in Schematic molecular . . e et ee
Entry Figure 3.27 orbitals diagram Spin density distribution

+
4_
Lo 44 T

4‘} T°  d(Mo)

d(Fe) CO, POM

L

d(Fe) CO,

anion and its coupling with the unpaired electron of the Fe centre. Furthermore, the
extra coordination of the CO, ligand changes the Fe coordination sphere from the
square planar distribution to the off-plane-metal square pyramid (see Figure 3.21).
For the product of 14, the most stable spin-configuration is the quartet (Entry 2 of
Table 3.9). The porphyrin—CO, SET is further confirmed by comparison with the
non-coordinated system (Entry 1 in Table 3.6), showing that the electrons remain
localized on the POM moiety and that the presence of the additional CO; ligand
induces an orbital rearrangement at the Fe centre.

The evaluated AG for both processes is 19.6 kcal mol~!, very similar to the com-
pared Fe-TPP reference systems (18.6 kcal mol ') free energy. According to our cal-
culations the CO; insertion process does not seem to be responsible for the experi-
mentally observed differences in the CO generation rate for both systems. According
to the reported mechanism by Visser et. al., [13] the explored first SET is followed
by a proton transfer process (P3, P4 and Ps of Figure 3.27), which triggers a second
SET, as observed in the first part of this chapter (intermediate 2" in Figure 3.15). This
second SET may determine the experimentally observed CO production rate, and is

currently under investigation.
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3.3.5 Conclusion

This subsection provides an in-depth analysis of the electronic structure and redox
properties of the hybrid catalytic dyad Mog-porph(Fe), consisting of a porphyrin-
functionalized Lindqvist-type polyoxometalate (Mog). Through a combination of
DFT calculations, NBO analyses, spin-density surface mapping, and microkinetic
modelling, we reveal the interplay between the porphyrin and POM moieties across
successive reduction events. Our results demonstrate that the system exhibits a se-
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FIGURE 3.26: Schematic representation of the reducing steps of Mog-
porph(Fe).

quence of redox processes localized initially on the Fe centre of the porphyrin, fol-
lowed by electron uptake by the POM unit and the porphyrin ligand itself. The
initial reduction converts Fe!l to Fell, facilitating ligand decoordination, while sub-
sequent reductions localize electron density on the Mo centres and porphyrin 7*
orbitals. Importantly, we show that the spin-state energetics are finely balanced,
with intermediate-spin states consistently favoured. While we acknowledge the lim-
itations of the employed DFT method in accurately describing complex electronic
structures with multiple unpaired electrons, the region of the molecule that hosts
the extra electron during each reduction event remains unchanged across all calcu-
lated spin states. This consistency supports the reliability of the qualitative charac-
terization of the redox processes observed experimentally, which was further sup-
ported by spectroelectrochemical studies. Microkinetic simulations further confirm
the thermodynamic and kinetic feasibility of key steps such as Cl-to-DMF ligand
substitution and DMF decoordination, events that are essential for enabling subse-
quent electron transfer. The nature of the spin states and electron distribution de-
pends strongly on the ligand environment and the order of reduction, highlighting
the complex coupling between the porphyrin, POM, and axial ligands. Notably, the
imido bridge links both moieties, making them more difficult to reduce and thereby

increasing the overall reducing power compared to the free moieties.



3.4. Conclusion 127

The observed sequence of Fe-, Mo-, and ligand-centred reductions, along with
spin-coupling trends, offer mechanistic insight relevant to designing porphyrin-POM
hybrids for redox catalysis, including CO, reduction. Overall, this work elucidates
the rich redox landscape of these molecular assemblies and offers a theoretical foun-

dation for the rational design of modular catalysts with tunable electronic properties.

3.4 Conclusion

The exploration of POMs as electron mediators in catalytic CO; reduction unveils
a compelling framework for addressing the energetic and mechanistic challenges
associated with transforming this chemically inert molecule. This work supports
the idea that POMs are not mere redox-active agents; they also participate on co-
operative interactions related to efficient electron management, charge stabilization,
and molecular activation. These capabilities are indispensable for reactions involv-
ing stable molecules like CO,, where overcoming kinetic barriers necessitates pre-
cise control over multi-electron and proton-coupled events. Unlike systems that
rely solely on active metal centres for catalytic turnover, the studied Ni-substituted
POM-based architecture exhibit catalytic properties, diversifying the conditions re-
quired to reduce CO,. The Ni'! centres are preserved in fixed oxidation states, acting
predominantly as anchoring sites for CO, coordination. The actual redox transfor-
mations occur within the POM structure itself, which temporarily accumulates the
electrons necessary for subsequent reduction steps. This configuration underscores
anovel strategy in catalyst design, leveraging redox-inert coordination motifs along-
side highly delocalized electron storage domains. A key insight from the chapter is
the ability of POMs to facilitate stepwise electron delivery. This property becomes
particularly valuable in driving endergonic transformations, such as CO, reduction,
where large energy inputs are required. POMs, due to their capacity for reversible
redox cycling, can mitigate such demands by modulating the rate and energetics of
individual electron transfers. This behaviour is not only a function of their composi-
tion but also influenced by the surrounding solvent, counterions, and potential ion-
pairing interactions. Although not directly modeled in this study, such electrostatic
effects are likely to enhance SET processes, particularly under conditions where
proton-coupled electron transfer pathways are operative. Furthermore, the redox
behaviour of POMs is intrinsically linked to their structural parameters, size, geom-
etry, charge, and substituents, which influence their electronic landscapes. Structural
variations such as lacunary formation or heteroatom substitution introduce new di-
mensions for tuning reactivity. This modularity allows the same POM framework to
be optimized for different catalytic roles, from hydrogen evolution and nitrogen fix-
ation to selective CO, conversion into fuels and chemicals. Importantly, this adapt-
ability enables the reconfiguration of POMs into hybrid materials, photochemical as-
semblies, or surface-immobilized devices, bridging the gap between homogeneous
and heterogeneous catalysis. This chapter also prompts a broader shift in how we
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conceptualize chemical processes involving CO,. Rather than treating it as a termi-
nal oxidation product, it is increasingly being incorporated into closed-loop systems
where its reduction forms part of a synthetic cycle. In such contexts, POMs emerge
not just as tools for overcoming reaction barriers but as enablers of circular carbon
utilization. Their integration into electrocatalytic or light-driven platforms can thus
serve as a blueprint for future energy storage and conversion technologies, where
sustainability and reversibility are paramount.

In conclusion, the insights gained from this study position polyoxometalates as
integral components in next-generation catalytic systems. Their multifunctionality,
tunability, and redox flexibility provide a versatile platform for mediating complex
transformations under mild conditions. More than just passive scaffolds or redox
relays, POMs are shown to coordinate electron flow, stabilize intermediates, and
interface with substrates in ways that expand the boundaries of molecular catalysis.
This work not only advances the understanding of the field of CO, reduction but
also contributes to a larger vision of harnessing molecular systems for sustainable
chemical innovation.
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Chapter 4

Conclusions and Perspectives

This PhD thesis has presented a computational investigation of molecular catalysts
for the activation of chemically inert small molecules, such as H, and CO,, with a
particular emphasis on H; splitting and CO, reduction reactions. The catalytic sys-
tems considered in this thesis span molecular architectures ranging from discrete
boron-nitride molecular Frustrated Lewis Pairs (FLPs) (Chapter 2) to more complex
polyoxometalates (POMs) hybrid systems (Chapter 3). Our computational investi-
gation used Density Functional Theory (DFT) calculations, data driven approaches,
and advanced molecular dynamics simulations in order to i) establish structure-
activity relationships in B/N molecular FLPs for H, splitting and further CO, hy-
drogenation, and ii) provide mechanistic insights of POM-based catalytic systems.
Our primary objectives were both to advance our theoretical understanding of such
systems and to possibly identify designing rules for efficient catalysts. We highlight
below the key findings related to these two distinct families of catalysts and then
propose possible perspectives for future work in these areas.

4.1 Frustrated Lewis Pairs for H; splitting

In chapter 2, we successfully developed multivariate models capable of predicting
both the thermodynamics (AG) and kinetics (AG¥) of H; splitting by intramolecular
B/N-based Frustrated Lewis Pairs (FLPs) by combining DFT calculations and data-
driven approaches.

A comprehensive automated data extraction pipeline was developed using in-
house developed Python scripts to systematically process Gaussian output files and
compute 38 molecular descriptors encompassing geometric, electronic, and electro-
static properties. The geometric descriptors include the LA- - - LB distance (d), the
orbital directionality parameter (1), a novel term we propose, and the dihedral an-
gle between p-type orbital directions (7). Electronic descriptors incorporate orbital
energies of LA and LB centres, atomic charges from both Natural Population Analy-
sis (NPA) and CHelpG methods, and the thermodynamically-derived free energies
of hydride and proton attachment (FEHA and FEPA, respectively).
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The statistical modelling framework employs both multivariate linear regression
(MLR) and Partial Least Squares (PLS) regression with rigorous validation proto-
cols. K-fold cross-validation was implemented to balance computational efficiency
with statistical reliability, yielding predictive quality metrics (q%) alongside fitting
parameters (r?) and root mean squared error (RMSE). A sophisticated data-driven
variable selection protocol, inspired by Andries et al., [7] was implemented to dis-
criminate truly informative descriptors from noise by augmenting the descriptor set
with intentionally non-informative random variables and iteratively filtering based
on coefficient magnitudes across 10 independent PLS models.

We constructed and exploited a dataset of 112 intramolecular B/N FLPs, cho-
sen to cover varied electronic and structural features through various skeletons and
chemical substituents of both the Lewis acid and Lewis base centres. DFT calcula-
tions were carried out to obtain a set of chemically meaningful molecular descrip-
tors, as well as associated Gibbs free energies (AG) and free-energy barriers (AG¥) for
Hy splitting. By correlating these descriptors with reactivity metrics, we identified
key features governing both thermodynamics and kinetics.

We first show that H; splitting reaction free energy is mainly governed by 3 de-
scriptors, constituted of two electronic descriptors and one structural descriptor: the
LA’s hydride affinity (FEHA), followed by the LB’s proton affinity (FEPA) and the
LA. - - LB separation distance. Overall, for thermodynamic predictions (AG), our op-
timized three-descriptor MLR model achieved excellent performance (2 = 0.87, ¢>
= 0.85, RMSE = 5.52 kcal mol™!). The respective weights of FEHA and FEPA in the
model are consistent with the idea that weaker hydride and proton affinities make
the Hj splitting less favourable, due to lower acidity and basicity of the FLP sites.
More specifically, the dominant role of FEHA also confirms that the nature of the LA
substituents, directly affecting its acidity, plays the dominant role in stabilizing the
Hy splitting product; that is, higher acidity correlates with more exergonic reactions.
Shorter LA- - - LB distances and stronger LB basicity also favour H; splitting from a
thermodynamic perspective, but to a lesser extent. The influence of d on AG may
reflect the contribution of attractive electrostatic interactions between LA-H™ and
*TH-LB groups in the zwitterionic product.

Importantly, our model provides to our knowledge the first quantitative model
that explicitly assesses the individual contribution of key descriptors to the reaction
free energy for Hj splitting. Also, the MLR model we presented not only highlights
the relative contributions of key FLP parameters, such as acidity, basicity, and the
LA. - - LB distance, to their H, activation ability, but also functions as a straightfor-
ward and practical quantitative structure-activity relationship (QSAR) model, with
a reasonable predictive capability with a RMSE below 5 kcal mol .

We then developed models capable of reflecting and predicting the H; splitting
reaction barrier (AG?). This required the incorporation of quadratic terms to capture
optimal geometric configurations, resulting in a nine-descriptor model (r> = 0.85,
q* = 0.81, RMSE = 5.13 kcal mol!). Interestingly, the model reveals that activation
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barriers are controlled primarily by geometric factors, such the LA- - - LB distance (d
and d? terms) and the angle that aligns the LB’s lone pair with the LA’s empty p
orbital (A and A? terms), both displaying quadratic effects and optimal values near
3.0 A and 70°, respectively. Notably, the electronic descriptors of the acid /base are
found to play secondary roles on the Hj activation barrier height, in sharp contrast
with the reaction energy, which is mainly governed by electronic parameters.

External validation confirmed that the AG model generalizes well across diverse
FLPs, including B/P and Al/N systems, ie not seen by our trained model, while the
AG* model remains reliable mainly for intramolecular B/N systems. Using the same
descriptors than for Hj splitting, we built a preliminary model for CO, hydrogena-
tion towards formate production. Our preliminary model achieved good predictive
quality, highlighting FEHA as the primary descriptor.

Overall, our work not only revealed the main parameters governing each of the
reactivity metrics, but also give clear guidelines on how to tune FLP structures to
target tailored reactivity toward Hy. Moreover, this study provides “ready-to-use”
quantitative structure-reactivity guidelines and predictive tools to design optimal
FLPs for H splitting, which are expected to serve as efficient pre-screening tools
to accelerate the rational discovery of new structures. Finally, preliminary results
suggest that multivariate models built from the pool of descriptors considered in
Chapter 2 hold the potential for capturing the intricacies of subsequent CO, hydro-
genation promoted by the zwitterionic intermediate resulting from FLP-assisted H»
splitting. However, current efforts are under way to expand the FLP dataset and
broaden the pool of potential descriptors, hopefully allowing the development of
more accurate and transferable models.

4.2 POM-based catalysts

Chapter 3 examines polyoxometalate (POM)-based catalysts for CO, reduction. We
first present a mechanistic and computational investigation of a tetra-nickel contain-
ing sandwich Keggin-type POM, named [Ni4(HZO)2(PW9034)2]10_ (Niy), tested for
CO; reduction into CO in photocatalytic conditions using a Ru-based PS and TEOA
as proton and electron donor and under visible light illumination. It revealed the
intricate interplay between electron storage, proton management, and substrate ac-
tivation that underlies efficient CO, conversion. Our computational results highlight
the pivotal role of POMs as redox-active components. The proposed catalytic cycle
begins with photoinduced electron and proton transfer from the Ru?* /TEOA sys-
tem, activating the Niy4 catalyst by enabling two-electron, four-proton accumulation.
CO; then coordinates to a Ni'! centre via ligand exchange, followed by electron and
proton transfer steps that facilitate C-O bond cleavage and CO formation. The cycle
concludes with catalyst regeneration by Ru®™ and HTEOA™, completing a photo-
driven, redox mediated process. Our computational findings indicate that the redox
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activity of the POM ligand plays a crucial role in enabling efficient charge photoaccu-
mulation. However, the ligand exchange step, where CO; binds to the catalytically
active Ni centre, may hinder the efficiency of the subsequent thermally activated
chemical processes. These results strongly suggest that future research should aim
to design catalytic systems that retain (or enhance) the redox performance of Niy4
while minimizing the energetic cost of replacing coordinated water with CO,. This
could potentially be achieved by introducing more hydrophobic reaction cavities or
engineering secondary coordination spheres that better stabilize CO, once bound.
Notably, a methodological breakthrough in this section lies in the recognition and
resolution of limitations inherent in conventional static DFT approaches through
advanced path-metadynamics simulations using CP2K with BLYP-D3 level theory.
The systematic overestimation of solvation free energies for ligand dissociation pro-
cesses (26.5 kcal mol~! from static DFT vs. 10.0 kcal mol~! from DFT-MD) was
revealed and corrected through enhanced sampling techniques employing collec-
tive variables combining Ni- - - O distances and coordination numbers. This finding
has broader implications for computational catalysis, suggesting that many previ-
ous theoretical studies may have underestimated the feasibility of ligand exchange
processes in aqueous environments.

In parallel, a detailed electronic structure analysis of a hybrid porphyrin-POM
covalent system (Mog-porph(Fe)) elucidates the sequence and localization of reduc-
tion events through DFT calculations, NBO analysis, and microkinetic modelling to
evaluate CI~ /DMF ligand substitution dynamics. After the preliminary reduction
of the Fe centre, electrons are initially stored at the Mo centres of the POM moiety
before populating the porphyrin ligand. These findings reveal balanced spin-state
energetics and underscore the importance of ligand environment and inter-fragment
coupling in dictating redox behaviour. Key mechanistic steps, such as ligand substi-
tution and decoordination, are shown to be both thermodynamically and kinetically
teasible, providing a mechanistic rationale for the observed electrochemical proper-
ties and catalytic activity.

Overall, this chapter highlights the role of POMs in CO, reduction catalysis, po-
sitioning them as multifunctional components capable of mediating electron flow,
stabilizing intermediates, and facilitating substrate activation. Both studies high-
light the pivotal role of POMs as redox-active components, acting as electron reser-
voirs during the catalysis. Their ability to reversibly store electrons, coupled with
structural tunability, allows them to overcome kinetic and thermodynamic barriers
associated with CO; activation, either enabling or promoting this class of challeng-
ing reactivity. Hence, this work provides both a methodological and conceptual
framework for the rational design of next-generation redox-active catalysts in pho-
tochemical and electrochemical platforms for CO, conversion.

Altogether, the findings encompassed in this thesis emphasize the value of com-
bining data-driven models, electronic structure theory, and mechanistic analysis
alongside experimental data to unravel complex catalytic processes. Whether through
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statistical modelling of FLPs or quantum chemical characterization of POM-based
systems, this work provides generalizable strategies to rationally design and tune
catalytic structures for small-molecule activation. Nevertheless, the inherent com-
plexity of these systems demands further investigation to fully master the associ-
ated technologies. Computational tools are essential in this endeavour, as address-
ing such complexity requires the combined power of computational performance
and human expertise.

4.3 Perspectives

4.3.1 Dealing with complex pathways and electronic structures

Across all the projects studied in this PhD thesis, mainly in the first part of chapter 3,
several possible pathways have been considered and computationally evaluated in
order to characterize the less energetic pathway. Such explorative study is computa-
tionally expensive, especially in large systems like POMs. Ideally, additional efforts
should be devoted to explore all possible reaction pathways and side processes (also
explaining H, formation) which would require a massive amount of computational
resources. Moreover, POM-based systems involved in photo- and electrocatalytic
reactions can adopt extremely intricate electronic structures with many unpaired
electrons that can exhibit antiferromagnetic coupling. An accurate description of
these systems most likely require sophisticated computational methodologies be-
yond DFT, such post-hartree fock methods, like CASSCF or its CASPT2 or NEVPT2
adaptations.[16] However, these are more computationally demanding than DFT,
which makes their application to the large systems studied in Chapter 3 unafford-
able. More efforts need to be done to enhance system description while balancing
computational cost.

Regarding FLP chemistry, competitive pathways, like the poisoning pathways
mentioned in section 2.1.1 or the formation of other products different than the tar-
geted HCOOH may also exist and come into play depending on the FLP structure.
The preliminary TS’s H- - - H distance classification by families (section 2.3) suggest
different TS-types named "early" and "late", presenting closest H- - - H distance to
the Hy molecule, the substrate, or to the products, respectively. A deeper study
is required to further understand the features governing the exhibited TS, possi-
bly predict the ocurrence of early or late TSs and their impact on the H splitting
process and subsequent CO, hydrogenation. Accounting for this complexity might
require not only additional computations to characterize these pathways, but also
more flexible models taking into account squared correlations, included in section
2.3.3, or even more sophisticated mathematical relationships. Adding complexity
will be challenging in terms of methodology. This can be addressed using methods
like random forest modelling, an ensemble learning technique that builds multiple
decision trees during training and outputs the average prediction. By aggregating



134 Chapter 4. Conclusions and Perspectives

the results of many diverse trees, random forest increases model flexibility and can
capture more complex, non-linear correlations in the data, beyond simple squared

or linear relationships.

4.3.2 Encoding systems type and size variability

An extra factor which is key to ensure models’ quality and reliability is the database
size used for training the models. The chapter 2 data-driven study was based on 112
B/N FLP-containing molecules, a chemically restricted set of intramolecular FLPs.
The generation of the data was time consuming, not by the computational cost of the
DFT calculations required to compute each system (free energy profile, electronic de-
scriptors, etc.), but the number of calculations submitted under human supervision,
to ensure proper convergence of the desired geometries of FLP-systems and the cor-
responding intermediates. More variability requires expanding the chemical space
under study providing more perspective in order to better understand the relevance
of the discovered features and identifying new that emerge from the fact to include
more FLP-types. The existing chemical range of the experimentally reported FLP-
systems active for Hj splitting and CO, activation (i.e. B/N, B/P, Al/N, AL/P, inter-
molecular, intramolecular, etc.) demands larger libraries of FLP molecules to include
the mentioned variability in the data in order to generate more robust and reliable
data-driven models. Still, the generation of this large human-supervised libraries
becomes unaffordable upon their size. New active-learning techniques gained pop-
ularity to address this issue, making the human-supervision less required.[257] In
combination with more compatible databases, the generation of larger datasets be-
comes accessible and will be addressed in the near future as continuation of the this
PhD project.

4.3.3 Supramolecular effects

One of the main limitations in the computational study of complex systems like
POMs is their relevant interactions with solvent molecules and counterions. For
the Nis system, we observed that explicit description of the environment is key to
model the step of CO, binding to catalytically active centres to form a TM-COO*~
intermediate, as static calculations tend to overestimate the cost of this process. For
the Mog-porph(Fe) system, the CO, coordination to the Fe centre is evaluated to
be endergonic for ~20 kcal mol~!, a similar situation than for the Nig system. Fu-
ture efforts should be those devoted to revisit the activation of CO, on the Fe-based
system. However, due to their large size of this systems, the explicit inclusion of
solvent molecules at traditional DFT level of theory, becomes computationally ex-
pensive. For this reason, in terms of methodology, extra efforts need to be done to
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model these kinds of systems more accurately while keeping the calculations afford-
able to the actual available computational resources. Recently, the application of ma-
chine learning techniques has gained popularity and some machine learned poten-
tials have been developed an included to new functionals, resulting in a promising
strategy to overcome the issues mentioned above. Furthermore, machine-learned
methodologies may be able to capture the complexity of CO, activation and ligand-
exchange processes, bypassing the need of very expensive DFT-based potentials for
enhanced-sampling simulations. Supramolecular effects are also observed in the
FLP chemical behaviour, the chemically active dimerisation processes (Figure 2.8)
are always competing with the single molecule reactivity, being an extra competi-
tive pathway, mentioned in section 4.3.1. Hence, as part of future work involves the
performance of classical Molecular Dynamics simulations in a systematic fashion, to
evaluate the impact of the chemical environment of our systems on their electronic
structure and properties. Recently, L6pez and coworkers have published a python-
based code called DESC, [18] to facilitate this procedure. Its application will thus be
strongly considered.
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FIGURE A.1: Mean values of the absolute value of each coefficient of
the generated random variables across the 10 repetitions models pre-

dicting AG? at the first iteration of the data-driven method. Threshold
established at the maximum weight among all random variables as a

horizontal red line.
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FIGURE A.2: Mean values of the absolute value of each coefficient
of the original descriptors across the 10 repetitions models predicting
AGH at the first iteration of the data-driven method. The maximum
weight of the generated random variables is represented in gray and
establish the threshold represented as a horizontal red line. The high-
lighted descriptors over the established threshold are classified as in-
formative.
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FIGURE B.1: Left: the polyhedral representation of Niy colouring the
octahedric W in gray, the tetrahedral P in yellow, Ni atoms in blue,
oxygen atoms in red and H atoms in white. Right: the MOs diagram
showing the lowest-energy unoccupied spin-orbitals of the same sys-
tem, coloured in blue the alpha spin-orbitals and red the beta ones.
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FIGURE B.2: Left: the MOs diagram of the unoccupied spin-orbitals
of Niy(1le) system, coloured in blue the alpha spin-orbitals and red the
beta ones. Right: the same for Niy(2e).

FIGURE B.3: Spin densities of Nis(1le) being at the left the electron in
spin up configuration and at the right in spin down, projected on its
optimized structure.
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FIGURE B.4: Hybrid Ball-and-Sticks-polyhedral representation of the
intermediates of the calculated free-energy profile. Octahedral W in
grey, the tetrahedral P in yellow, O atoms in red, Ni atoms in blue and
H atoms in white. Hydrogen bonds are represented as dashed lines.
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FIGURE B.5: At the left, the d-type orbital distribution of the Fe cen-
tre of the quartet spin state of the fully oxidized DMF coordinated
Mog-porph(Fe) according to crystal field theory. At the right the cor-
respondent spin density surface surface colouring the spin up density
in blue and the spin down in red, over the translucent structure of the
same system colouring C in black, H in white, N in blue, Mo in gray
and O in red.

FIGURE B.6: Left: Representation of the LUMO of the triplet spin
state of the one electron-reduced Mog-porph(Fe) species. Right: Rep-
resentation of the highest energy beta SOMO of the doublet spin state
for the two electron-reduced system. For both orbitals the positive
phase is coloured in blue cyan and the negative in green, over the
translucent structure of the system colouring C in black, H in white,
N in blue, Mo in gray, Fe in ochre and O in red.
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TABLE B.1: Comparison of relative Gibbs free energies (kcal mol~1)
and electronic structures of the calculated spin states for the five
electron-reduced Mog-porph(Fe) system.

Fe center d-type orbitals

Entry 25+1 AG diagrams

Spin density distribution
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