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Abstract

Carbon dioxide capture and valorisation have become major challenges for the future
decades. Capture technologies are already mature enough to start being implemented at industrial
scale but valorisation technologies are still lacking. This thesis work focuses on the development
of new catalysts for CO, chemical valorisation. The bibliographic introduction emphasizes the
potential alkaline earth oxides for CO; capture and valorisation due to their ability to easily form
carbonates, as well as the recent development of Frustrated Lewis Pair (FLP) chemistry for the
activation of small molecules like CO,. We propose a strategy to synthesize magnesium oxide
nanoparticles functionalised with borane ligands to create FLP-like interaction at the surface and
increase the catalytic activity of the nanoparticles in the cycloaddition of CO, on epoxides.

In the first part of this work, the synthesis of magnesium oxide nanoparticles by
precipitation-calcination is studied. Reaction parameters like calcination temperature and
post-synthesis washings are shown to impact the nanoparticles morphology and surface state.
The second part of this work focuses on borane adsorption on MgO nanoparticles with and
without presence of CO,. Proof of a Mg0-CO;-BPh; interaction is found using infrared
spectroscopy analyses. A unique interaction between MgO and the chloroborane BCl;Ph is
evidenced by a visual colour change of the nanoparticles and by infrared spectroscopy. The last
part of this work focuses on the catalytic study of the cycloaddition reaction. Comparison between
the different MgO catalysts confirmes the importance of the nanoparticles synthesis parameters
on their activity. Adsorption of borane modifies the MgO activity and/or selectivity depending on
the reaction solvent. The addition of BCI,Ph increases the activity of the MgO catalyst by a factor
10 but also reduces the selectivity toward cyclic carbonate. Impact of temperature, concentration
and reaction duration on the catalytic performances of this nanoparticle-ligand pair is studied to
unveil the origin of this unreported synergy between MgO and BCl;Ph.



Abstract

La capture et la valorisation du dioxyde de carbone sont devenus des défis majeurs pour les
décennies a venir. Les technologies de capture sont déja suffisamment matures pour étre mises
en ceuvre a I'échelle industrielle, mais les technologies de valorisation font encore défaut. Ce
travail de thése se concentre sur le développement de nouveaux catalyseurs pour la valorisation
chimique du CO.. L'introduction bibliographique souligne le potentiel des oxydes alcalino-terreux
pour la capture et la valorisation du CO; en raison de leur capacité a former facilement des
carbonates, ainsi que le développement récent de la chimie des Paires de Lewis Frustrées (FLP)
pour l'activation de petites molécules comme le CO». Nous y proposons une stratégie de synthese
de nanoparticules d'oxyde de magnésium fonctionnalisées avec des ligands boranes pour créer
une interaction de type FLP a la surface et augmenter 1'activité catalytique des nanoparticules
dans la cycloaddition du CO; sur des époxydes.

Dans la premiére partie de ce travail, la synthese de nanoparticules d'oxyde de magnésium
par précipitation-calcination est étudiée. Les parameétres de réaction tels que la température de
calcination et les lavages post-synthese ont un impact sur la morphologie et I'état de surface des
nanoparticules. La deuxiéme partie de ce travail se concentre sur I'adsorption de boranes sur les
nanoparticules de MgO avec et sans présence de CO,. La preuve d'une interaction MgO-CO2-BPh3
est apportée par des analyses de spectroscopie infrarouge. Une interaction unique entre MgO et
le chloroborane BCI,Ph est mise en évidence par un changement de couleur visuel des
nanoparticules ainsi que par spectroscopie infrarouge. La derniere partie de ce travail se
concentre sur l'étude catalytique de la réaction de cycloaddition. La comparaison entre les
différents catalyseurs MgO confirme I'importance des paramétres de synthese des nanoparticules
sur leur activité. L'adsorption de boranes modifie I'activité et/ou la sélectivité de MgO en fonction
du solvant de réaction. L'ajout de BCl,Ph augmente l'activité du catalyseur MgO d'un facteur 10
mais réduit également sa sélectivité vers la formation du carbonate cyclique. L'impact de la
température, de la concentration et de la durée de la réaction sur les performances catalytiques
de ce couple nanoparticule-ligand est étudié afin de dévoiler I'origine de cette synergie inédite
entre MgO et BCI,Ph.
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Global warming calling for CO2 mitigation

In the past decades, environmental preoccupations became a major driver of human
activity: innovation now aims to reduce the impact of mankind on the earth system. There are
many environmental issues at stakes, ranging from biodiversity extinction to ocean acidification
through atmospheric pollution, many interconnected complex problems. Among them, global
warming is probably the most emblematic one due to its mediatisation.

This PhD project started few months after the publishing of the special IPCC
(Intergovernmental Panel for Climate Change) report concerning the 1.5 °C global temperature
increasel. In our opinion, this period marked a turning point in the way climate change and
ecology were perceived by the general public. We wanted to participate to the collective effort and
decided to orientate our project toward environmental considerations, more specifically toward
CO; mitigation.

Even if the core of the PhD project will not directly focus on earth atmosphere and
greenhouse effect, we wanted to remind the scientific basics in this first chapter. Most of the data
came from Cyril Crevoisier course entitled “Greenhouse gases - Challenges and observations” at
Ecole Polytechnique.
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Chapter I

I. Variability of CO; atmospheric concentration

1. Pre-industrial CO; atmospheric concentration

CO2 has been a molecule naturally present in the atmosphere as being part of the global
carbon cycle. Measurements made by measuring the CO; content in bubbles trapped inside ice
cores in Vostock (Antartica) allowed to retrieve the CO; atmospheric concentration of past
hundreds of years up to 800,000 years ago (Figure 1:).
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Figure 1:  CO:z concentration for the last 800,000 years, from Nasa>.

This time series showed the presence of a natural variability in the carbon dioxide
atmospheric concentration. This variability was linked to what is called the Milankovitch cycles:
variation of the earth rotation around the sun that modifies the received solar radiation by the
earth. The three main variables are eccentricity, precession and tilt (Figure 2:). The Milankovitch
cycles periodicity is roughly 150,000 years and it is what explained the presence of different
glacial era in the last thousands of years. Due to these cycles, the CO; atmospheric concentration
naturally oscillates between 180 and 300 ppm in glacial and interglacial era respectively. We are
currently in a natural peak of the cycle, an interglacial era with a high concentration of
atmospheric carbon dioxide. Pre industrial CO, atmospheric concentration was estimated to be
280 ppm.
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Global warming calling for CO2 mitigation

Precession
26,000 years

Eccentricity
100,000 - 413,000 years

Tilt
41,000 years

—

&

21.5° - 24.5°
Currently 23.5°

Figure 2:  Milankovitch cycles, from University Corporation for Atmospheric Research?3.

2. Impact of the industrial revolution

XIXth century was a prolific period for humanity with development of science and
technology. One of the major turning point was the invention of steam engine that started the
industrial revolution. The principle was the following: heating water by burning coal to create
movement. This might seem trivial, but it has been what provided mankind energy for the past
200 years. However, the chemical reaction involved in the process, coal combustion, does not only
produce energy, but also emits a product: carbon dioxide (Scheme 1:). Energy production and
energy consumption have been closely linked to CO; emissions in the atmosphere.

C(S) + Oz(g) — COZ(Q) AH = '200 kJ/kg

Scheme 1:  Coal combustion equation.

The increase of fossil fuel usage as a source of energy after the industrial revolution lead to
a rise of CO; emissions in the atmosphere. This caused the CO, atmospheric concentration to
significantly increase starting from the 1850s, going from 250 ppm (pre-industrial level) to
415 ppm (current level). Direct CO; atmospheric measurements were made at the Mauna Loa
observatory starting from 1950. This time series clearly showed the constant increase of CO;
atmospheric concentration in the recent years (Figure 3:).
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Atmospheric CO; at Mauna Loa Observatory
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Figure 3:  Recent evolution of the COz: atmospheric concentration. Red curve represents the direct
measurement with seasonal variation, and black curve represents the data smothed over 12 months.
From Mauna Loa Observatory*.
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Global warming calling for CO2 mitigation

II. Earth surface temperature

1. Earth radiative budget without greenhouse effect

The simplest model to approximate the earth temperature is called a radiative budget. The
idea is to consider the earth as a perfect black body which temperature would be determined by
the energy it received (Figure 4:). The sun light radiation is partially directed toward the earth
(342 W/m?2). A part of the incoming radiation is reflected (107 W/m2) and the rest is absorbed
(235 W/m?). This absorbed radiation heats the earth, leading to the reemission of the same
amount of energy (235 W/m?2).

Incomming solar radiation Emitted earth radiation
342 Wim? 235 W/m?

Reflected solar radiation
107 W/m?

Earth

Absorbed solar radiation
235 W/m?

Figure 4:  Simplified earth radiative budget without greenhouse effect.

The amount of energy emitted by a black body and its temperature are related by the
Stefan-Boltzmann equation (Scheme 2:). Using this formula with the radiation emitted by the
earth (235 W/m?), we find a temperature equal to 254 K, or -19 °C. This result is lower than
expected since the observed earth surface temperature is 288 K, or 15 °C. This difference is due
to the greenhouse effect.

M =0T <= T=(M/c)0%

M = Energetic flux per surface unit
T = Surface temperature

o = Stefan-Boltzmann constant = 5.670374 * 108 W/m?2/K*

Scheme 2:  Stefan-Boltzmann law.
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2. Greenhouse effect and radiative forcing

Greenhouse gases are gases present in the atmosphere that absorb IR radiations in the
domain where earth emits. The main greenhouse gases are H,0, CO2, CH4 and N;O. Their presence
modifies the earth radiative budget by creating a radiative forcing (Figure 5:). Part of the energy
emitted by the earth will be absorbed by the atmosphere (around 33 %, depending on the
greenhouse gases concentration) and reemitted toward the earth. The effective energy the earth
receives will be higher than what it receives only coming from the sun. It means that the
temperature of the surface will be higher too. When using the Stefan-Boltzmann law, we obtained
a surface temperature of 280 K, or 7 °C. This is still not exact but already closer to reality.

Incomming solar radiation Transmitted earthzradiation
342 W/m? 235 Wim

e e e e e e ™™
: 1
I Greenhouse gases :
1 1
e ————— _l

Reflected solar radiation
107 W/m?

Earth

Emitted earth radiation  Reabsorbed earth radiation
350 W/m?2 115 W/m?2

Absorbed solar radiation
235 W/m?

Figure 5:  Simplified earth radiative budget taking into account greenhouse effect.

III. Strategies to reduce CO; atmospheric concentrations by
the end of the century

1. History of the comprehension of the earth climate system

The realisation that fossil fuel usage could cause a modification of the climate came earlier
than many would think. Svante Arrhenius, the famous Swedish chemist, already realised the
impact that an increase of CO; concentration in the atmosphere would have on the climate5. Many
scientists in the XXth century made similar observations, like Ernest Fisher postulating that
mankind should be considered as a geological forces, or Roger Revelle and Hans Suess realising
the dynamic equilibrium between the atmosphere and the oceans for CO; exchanges would be
impacted by anthropogenic emissions?.
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Global warming calling for CO2 mitigation

More and more credit was given to the warnings of the scientists in the second half of the
XXth century. In 1988, the Intergovernmental Panel on Climate Change (IPCC) was created. It was
an organism charged to collect data from research groups working on the climate subject all
around the world. Until now, the IPCC published six assessment reports; with the latest recently
published in 2022. Recent reports not only focused on observing the evolution of the climate, but
also in proposing solutions to mitigate global warming.

2. Current strategies for CO; mitigations

Even if it was not the only issue, CO, management seemed to have become the main focus
of the general policies concerning global warming mitigations. The annual Conference of the
Parties (CoP) has been gathering representatives of each country every year to evaluate the
current climate trajectory and fix objectives aiming climate change mitigation. The CoP 21 of 2015
was famous for setting the following objective: “limit global warming to well below 2, preferably
1.5, degrees Celsius above pre-industrial levels”. It was then the duty of each country to set
concrete measures to attain the objectives set by the CoP.

Several leverages could be used to limit CO, atmospheric concentrations. Reduction of the
energy consumption (energy efficiency, sobriety), reduction of the carbon footprint of the energy
(decreasing the part of fossil fuel in the energetic mix for the benefit of less carbonated energy
sources like renewables or nuclear) and direct reduction of the CO, atmospheric concentrations
(Carbon Capture Usage and Storage, CCUS)(Figure 6:).

co. | * Carbon capture, usage
2 and valorization

Energy source = Energy production == Energy consomption

= Decarbonation of the « Better efficiency of « Better efficiency of
energy source energy production energy consumption
* Sobriety

Figure 6:  Summary of CO: mitigation strategies.
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IV. Necessity for CO: capture and valorisation

To give an order of magnitude, the IEA published in 2021 a report on pathway to respect
the CoP 21 objectives8. This means reaching a net zero CO; emissions by the end of 2050. To do
so, they proposed solutions in the energetic mix evolution, the development of less carbonated
mobility, etc. They also estimated the necessity for CO, capture and valorisation evolution (Table
1:). The current level of CO, emission is 50 Gt/year, and the current level of captured CO; is
40 Mt/year. The IEA estimates an evolution from 40 to 7600 Mt/year of captured CO a
multiplication by a factor of 200.

2020 2030 2050

Total CO:z captured (Mt CO2) 40 1670 7 600
CO; captured from fossil fuels and processes 39 1:325 5 245
Power 3 340 860
Industry 3 360 2620
Merchant hydrogen production 3 455 1355
Non-biofuels production 30 170 410
CO; captured from bioenergy 1 255 1380
Power 0 90 570
Industry 0 15 180
Biofuels production 1 150 625
Direct air capture 0 90 985
Removal 0 70 630

Table 1: Estimation for CCUS evolution in the future years, from IEA Net Zero report8.

The current level of captured carbon is very low compared to the emission level. This is
mostly due to the current economic non viability of the CO; capture process. Several options exist
to incite carbon capture: taxing CO, emissions, reducing the cost of CO; capture, and finding value
in CO; through valorisation. Progress still has to be made in these last fields to reach the objectives
set by the IEA.
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V. Conclusion

This chapter gave the basic understanding of climate change and the solutions being put in
place to mitigate the elevation of the global temperature. Progresses and efforts have to be made
in every part of the chain, from development of less carbonated energy sources to reduction of the
energy consumption whether by optimisation or sobriety. CO, capture and valorisation on its own
will never be able to tackle the CO; issue, but it is still a valuable tool that might be necessary to
compensate some CO; emissions that will not be avoidable.

However, for CO; capture and valorisation to be widely used, economic viability has to be
reached. In our opinion, the most promising way to reach economic viability is to develop CO;
valorisation. If carbon dioxide can be used for example in the pharmaceutical industry as a carbon
source, it would incite its capture.

What is the current state of CO; valorisation? What are the technological locks? How could
we develop new way to valorise CO2?

This work will focus on CO; valorisation through catalysis, but Chapter 2 will present a state
of the art on CO; valorisation and propose an approach for the design of new catalytic systems.
Chapter 3 will focus on the synthesis of heterogeneous catalysts, Chapter 4 will focus on the
functionalisation of these catalysts by adsorption of ligands, and Chapter 5 will focus on the
catalytic studies for CO; valorisation. Chapter 6 will be the general conclusion of our work.
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Chapter II

I. CO:valorisation in industrial processes

1. Reactivity of COz molecules

a. Thermodynamic considerations

The climate crisis raised interest in CO; valorisation in the last decades!. The main problem
encountered when trying to transform CO; came from the stability of the molecule. Transforming
CO; into another carbon containing molecule such as alcohols or hydrocarbons often cost energy.
This is intrinsic to the reaction and no technological progress can change that. The main notable
exception is mineral carbonates that are more stable than CO; molecules and tend to form without
energy input. Figure 1: compares the Gibbs free energy of different carbon containing molecules.
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=200
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-800

-1000
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Figure 1:

We could see that CO; in its gaseous form had a Gibbs free energy of -394 k] /mol, compared
to -137 kJ/mol for CO(), -51 kJ/mol for CHa(g), 0 kJ/mol for graphite(), or +68 kJ/mol for C;Hag).
The stability of carbon dioxide makes reactions involving its transformation energy demanding.
For example, the reforming of methane using H,0 (steam reforming) has a lower AH® than the
reforming of methane using CO; (dry reforming) with a 41 k]J/mol of CO difference (Figure 2:).
Replacing water by CO- in such a large scale industrial process would correspond to an increase

CgHg (2) (+130)

C2H4 (g) (+68)
H2 (2) (0)
NH 3 (g) (-16)

CH 4 (g) (-51)
CH 30CH 3 (g) (-113)

CO (g) (-137)

H20 (g) (-237)

CO 2 () (-394)

Gibbs Free Energy

CeHg (1) (+124)
H3 (1) (+18)
CeH14 () (-4)
HCHO (1) (-102)
CH 30H (1) (-166)
H20 (1) (-228)
HCOOH (1) (-361)
CO 2 (1) (-386)
(CH3)2CO 3 (1) (-492)
CO3= (1) (-528)
HCO3- (1) (-586)

C204= (1) (-671)

Carbon-graphite (s) (0)
Ni (s) (0)

NH 2CONH 2 (s) (-197)
NiO (s) (-212)
CgH5COOH (s) (-245)

Ni(OH) 3 (s) (-447)

MgO (s) (-569)
CaO (s) (-603)
NiCO 3 (s) (-613)

KHCO 3 (s) (-864)

MgCO 3 (s)(-1012)
K2CO 3 (s) (-1063)
CaCoO 3 (s) (-1130)

AGO¢ (kJ/mole) (State, G: gas; L: liquid; S: solid)

Gibbs free energy considerations for COz valorisation, from Song’s review?.

in the cost of synthetic gas (CO and H;) production that companies cannot afford.
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CHy) + HO() = CO,, + 3Hy AH° = +206.3 kJ/mol CO

CHyg) + COy) = 2C0O ) + 2Hy(, AH® = +247.3 kJ/mol CO

Figure 2:  Standard enthalpy of reaction associated to steam reforming and dry reforming of methane.

Strategies for CO; valorisation can be divided in four categories (Figure 3:):

e direct use of CO, without transformation,
e energy input (heating, photo-activation, microwave, etc...),
e use of high energy starting molecules (like NaH),

e targeting synthesis of high stability carbon containing molecules/materials (like
mineral carbonates).
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Figure 3:  CO: valorisation strategies. a) direct utilisation, b) use of an energy input, c) use of high
energy starting molecules, d) targeting the synthesis of high stability carbon containing
molecules/materials.
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b. Orbital considerations

The orbital diagram of CO; molecule has been studied extensively in the past? (Figure 4:).
The highest occupied molecular orbital (HOMO) is only located on the oxygen atoms. This
translates in a nucleophilic character of these atoms. The lowest unoccupied molecular orbital
(LUMO) is mainly located on the carbon atom. This translates in an electrophilic character of this
atom.

When the CO; molecule is bent, the energy level of the 2m, orbitals (former LUMO) decreases
with a split up of the energy level due to the symmetry loss. The energy of out of plane orbital
decreases less than the one of the in plane orbital. This means that the electrophilic behaviour of
the carbon atom is enhanced and that the molecule will react preferentially through in plane
interaction. On the other hand, energy level of the 11, orbital (former HOMO) is less affected by
this change. We can also observe a split up of the energy level, but it is accompanied by an increase
of the energies of both the out of plane and the in plane orbitals. The fact that the energy level
almost does not change means that the nucleophilic behaviour of the CO; molecule is not strongly
impacted by its bending.

co CO, formate anion formate radical
2 radical anion i I
180° 135.1° 130.8° 112.5°
4 Bleo=116A .—1505:. e Bleo=124A Bleo=1.25A Blco=1.25A
05 + 116 A 150° .A. 5% ﬁ
117A 135¢ ﬁ) — & =
04 4+ 1.18A . ‘ﬁ
03 4 % ‘,Q) <
: g

@ out-of-plane ' ‘

02 4 217“ — — — |

\ )
in-plane — e

e T g 8.8

E 0+ ey . -
s )
01 4+ ? 2
\ 4 ?. </
02 + 4.:F ‘ .
03 + ) ’ ¥ ‘
—_ "\_/‘
04 + \ Y -
\ ) X e \
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L S WS © 4 D + ~
-06 + ’ <! A i 4O

Figure4:  Orbital energy diagrams with characteristic OCO angle and CO bond length of CO: in the
linear and bent forms, radical COz-, formate ion, and formate radical, from Alvarez et al..
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2. Direct CO: usage

The easiest way to valorise CO; is its direct usage without further transformations. It was
found to be useful in chemistry as a solvent (supercritical CO;z) or cooling agent (dry ice), in
pharmaceutical as an inert gas, in the beverage industry for carbonation, in the electronic industry
to increase water conductivity, etc. The most common CO; usage are listed by Song et al. in their
review! (Table 1:).

Sectors Industrial applications

* CO, is used in chemical synthesis and for controlling reactor temperatures.
* CO, is employed to neutralize alkaline effluents.
Chemicals = (O, is used as a blowing agent for polyurethane and polystyrene foam production and for blow molding
manufacturing of plastic bottles, and containers.
* (O, is used under supercritical conditions for purifying or dying polymer, animal or vegetable fibers

* CO, is used for making chemicals such as salicylic acid and Aspirin; for use as an inert gas, and for
supercritical fluid extraction.

* CO, is used for product transportation at low temperature (-78 °C) and also acidification (pH) of
wastewater.

Pharmaceuticals

* Liguid CO, can be used as cryogenic fluid in chilling or freezing operations or as dry ice for temperature
control during the storage and distribution of foodstuffs.
Foodstuffs * Packaging of foodstuffs to increase the shelf life of many food products due to its inerting properties
and its growth inhibiting effect of CO, on micro-organisms.
* Stunning of pigs and poultry in slaughterhouses instead of using electrical stunning.

« Carbonation of beverages such as soft drinks, mineral water or beer.

* Supercritical CO, is used to remove caffeine from coffee beans by extraction.

* (O, is used as shielding gas for preserving drink quality, and propellant gas for emptying tanks of drinks.
* (O, is also used in drinking water treatment in modern water works together with lime or chalk.

Beverage

* CO, produces close-to-physiologic atmospheres for the operation of artificial organs.
Healthcare * CO, is used as a component in a mixture of oxygen or air as respiratory stimulant to promote deep
breathing. It is also used for the surgical dilation by intra-abdominal insufflation

* Small amount of liquid CO, can be used in recycling of waters from Acid Mine Drainage.
Environment * Waste water treatment and waste liquid treatment by injection of CO, for the pH of liquid effluents.
CO, is an excellent alternative to sulfuric acid for pH balance control.

* CO, enables sharp tuning of the pH of recycled mechanical or chemical pulps after an alkaline
bleaching.

* (O, can be used in the Tall Oil neutralization and for increasing the performance of paper machines.

* Precipitated calcium carbonate obtained from CO, and Ca0O is used as a whitener for the paper industry.

Pulp and paper

* CO, is usually used as a cooling medium in environmental testing of electronic devices.

* CO, can be used to add conductivity to ultrapure water.

* CO, can also be used as an environmentally friendly supercritical fluid for removing photoresist from
wafers.

Electronics

* (O, is typically used as an inert gas or for environment protection.

* CO, is used for red fume suppression during scrap and carbon charging, for nitrogen pick-up reduction
during tapping and for bottom stirring.

* (O, is used for fume suppression during ladle transfer of matte (Cu/Ni production) or bullion (Zn/Pb
production) in the non ferrous metallurgy.

= Special grades of CO, are used in CO, lasers.

Metals industry

Laboratories & * Supercritical CO, is the mobile phase in both supercritical chromatography and supercritical fluid
analysis extraction applications.

CO, is used as carbon dioxide snow for fire extinguishers;

Bafety ant pthiers pH control and regulation of waste waters, swimming pools, etc.

Table 1: Direct CO: utilisations, adapted from Song et al..
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3. Industrial processes using CO:

Despite its inert character, CO; have been used in industrial processes. The energy cost was
often high, so large scale installations were necessary to limit the energy consumption. We listed
the most prominent large scale reactions involving CO, as well as some reactions showing
potential for the future of carbon dioxide valorisation.

a. Urea synthesis

Urea synthesis has been a breakthrough in the 19t century It was first discovered by
Friedrich Wohler in 18283. The urea molecule is a highly efficient nitrogen vector: light and easily
transportable with a high nitrogen content/mass ratio. 90 % of the world production of urea has
been used for the agriculture as fertilizer.

The first synthesis discovered in 1828 involved silver cyanate and aluminium chloride. The
reaction later evolved to the Bosch-Meiser urea process in 1922, involving liquid ammonia and
gaseous COz under high pressure (140-175 bar) and high temperature of 190 °C (Figure 5:).

0]
a) AgNCO + NH,Cl — ).L +AgCl
H,N NH,

150 atm
b) CO, + 2NH; ——» + H,0O
190 °C HoN NH,

Figure 5:  Urea synthesis as discovered by Wéhler in 1828, and in the Bosch-Meiser process.

b. Salicylic acid synthesis

Salicylic acid has been used for medical purposes long before it was synthesized in
laboratory*. Reports mentioned the extraction of salicylic acid from white willow (Salix Alba) in
Greek antiquity. The synthesis of the molecule was developed in 1860 with the Kolbe-Schmit
synthesis. Salicylic acid has been used as the precursor for the synthesis of aspirin, one of the most
widely used medication nowadays, since the end of the 19th century.

The Kolbe-Schmit synthesis involved the treatment of sodium phenolate with carbon
dioxide at high temperature and pressure (100 atm, 125 °C), and the treatment of the product
with a strong acid acid like sulphuric acid (Figure 6:).
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OH

= % OH
O Na
100 atm i H*
125°C ﬁ g c
| u

Figure 6:  Kolbe-Schmitt reaction for salicylic acid synthesis.

c. Dry reforming of methane

We mentioned earlier the reforming of methane as a potential CO; consuming reaction.
Steam reforming has been a method for the production of syngas (dihydrogen and carbon
monoxide) from methane and water (Figure 7:). The reaction requires the use of a catalyst such
as nickel-alumina, that have been extensively studied in the 1950s. On top of the reaction between
methane and water, the produced CO molecules also react with water to form CO; and H; via the
water-gas shift reaction. These reactions are endothermic and requires high temperatures around
800-900 °C at 30 bar pressure.

Since the increase of interest around CO; valorisation, the dry reforming reaction, involving
the use of CO; and methane to produce H; and CO, has been considered. The industrial
development of this reaction has been challenging: as mentioned earlier, this reaction is more
endothermic and requires more energy, the produced H; can react with CO; via the water-gas shift
reaction to produce CO and water, and the formation of coke on the catalyst can quickly lead to its
deactivation. Presence of O, has shown to prevent coke formation and increase the overall
performance of the reaction. This lead to the development of tri reforming where CHy4, H20, CO;
and O are mixed together to combine steam reforming, dry reforming and methane oxidation at

the same time5.

Steam reforming: Coke formation (methane decomposition):

CH, + H,0 CO+3H, AH°=206kJmol CH, C +2H, AH® = 75 kJ/mol

Water-gas shift reaction: Coke formation (Boudouard reaction):

CO + H,0 CO,+H, AH°=-41klmol 2CO C +CO, AH° = -172 kJ/mol
Dry reforming: Coke destruction (oxidation):

CH, + CO, 2CO+2H, AH° =247 kJ/mol C+0, Cco, AH® = -394 kd/mol
Methane oxidation: Coke formation (reaction with water):

CH, + 1/20, CO+2H, AH°=-36kJmol  C+HO CO+H, AH® = -172 kJ/mol

Figure 7:  Reactions of steam reforming, water-gas shift, dry reforming and coke formation.

34



Chapter II

d. CO: electro-reduction

Progress in electro-catalysis in the recent years also proved to be of interest when
considering CO valorisation at low temperature® (i.e. lower than 100°C). The most
technologically ready reaction would be the electrochemical conversion of CO; into CO (Figure 8:)
where pilot units are already being tested. Direct conversion of CO; into formic acid is the second
most promising reaction. Conversion of CO; into C; products using electrochemistry is still in its
early stages.

Formation of CO:

CO, + H,0 + 26¢ —— CO + 20H-

) co. —— co: o,
20H ——— H,0 + 1/20, + 2&"

Formation of formic acid:

CO, + H,0 + 26« —— HCOO + OH-

H,O —— 1/20, + 2H" + 2e"
FEOG+H —— HoooH ) o o —— HCoOH + 120,

OH +H* —— H,0

Figure 8:  CO:z conversion using electrochemistry to form CO or formic acid.
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II. The recent development of Frustrated Lewis Pair
catalysis for the conversion of CO:

1. The concept of Frustrated Lewis Pair catalysis

Reactions achieving CO; transformations are often expensive due to the stability of the
molecule. Adding to that, most of the time a catalyst has to be present for the reaction to take place.
Due to their high performances, most of the catalytic studies (for CO; conversion but also for all
reactions in general) are interested in metal-containing catalysts, especially noble metals like
platinum, ruthenium and rhodium. Reduction of the cost of the catalyst often leads to potential
replacements for these expensive metals with cheaper ones (such as nickel, copper and cobalt),
with enzymes, or with carbon-based materials such as graphite or carbon nanotubes.

[t was in this trend that emerged in the 2006 the concept of Frustrated Lewis Pair catalysis.
It was a concept first formulated by Stephan et al.”? where a Lewis acid and a Lewis base, both
sterically hindered, could form a catalyst for reversible H; cleavage (Figure 9:). In another study,
they used the bulky borane B(C¢F5)3 (usually called BCF) with PtBuz and showed that even if the
formation of the Lewis acid-base adduct should stabilize the two molecules, the bulky groups
surrounding the active centers would prevent it. However, this frustrated interaction created a
reactive center that could reversibly cleave an H, molecule.

F F
a) F F
H\ -H,, 150 °C
PMes, B(CoFsh —— PMes, B(CgFs)2
H,, 25 °C
H
b) F F F F
tBu

~

tBu ’ C.F
. i« s +H, By o CeFs
1 _.--B——C4F5 + =
e Al —_— __H—H _ = . =S
Bu—pP = B—Cefs ——=  _ \s- —— tBu—P—H + H—B—CgF;
/ ¥ 1 -H CeF's A
tBu J ‘. CeFs 2 Bu tBu CeFs

Figure 9:  a) First evidenced FLP reaction as discribed by Stephan et al. in 20067, b) riversible cleavage
of Hz by a FLP composed of P‘Bus and BCF.

2. FLPs for CO; activation

The development of FLP chemistry has continued in the last decades, showing new Lewis
acids, new Lewis bases that could act as FLP catalysts, and new reactions that could be catalysed
by such FLPs8. Several small molecules showed to be activated by FLPs such as Hz, NO3, SO, and
CO2°. In our case, it was the activity toward carbon dioxide that retained our attention, a subject
that F.-G. Fontaine reviewed in 201610,

Among the main CO; activation pathways involving FLP, the first one is the simple capture
where the Lewis acid bonds to an oxygen atom of the CO, molecule, and the Lewis base bonds to
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the carbon atom, forming zwitterionic products. For example, Erker et al.11 showed that the use of
PtBuz and BCF would lead to such product (Figure 10:a). Other pathways revolve around the
reduction of the CO, molecule, using reductive agents such as silanes (hydrosylilation), boranes
(hydroboration), or hydrogen (hydrogenation). For example, Anker et al.12 showed that it was
possible to catalyse the hydroboration of CO; to a methanol equivalent using a magnesium
hydride/borane FLP (Figure 10:b). Berkefeld and coworkers!3 showed that it was possible to
transform CO; into methane using a silane/borane adduct (the silane playing both the role of
hydride donor and Lewis base in the acidobasic pair)(Figure 10:c). Other studies mentioned the
hydrogenation of CO into methanol415 using FLP catalysts.

a) s CgF
tBu .~ 0] 6Fs5
Voo S sco,250c Bu N\ -
] | C_O__-—B_C5F5
1Bu—P\|——>[|.B—C6F5 Bu—
1 | 80 °C, vacuum / CeFs
tBu K . CsFs -Co, By
H
0 0. 0.
b) i me” g Y NG N N
co, + 3 o o ;b + &'3 cL
. il THF i
o " s0°C : E
F
Fag™F
Ar
/ F F
N . F
1: C mgz--HT ;ﬂF
/ i F F
N
\
AT ENE
F
C) /S\Els H
I | |
2 2 Her 2 H—__ ) .
' c SIE C SiEt; + (Et;3Si),0
co, —» /C\ /S|E13 —_— / \0/ Ety — ——p / \O/ s+ (EtSi);
B(CeFsls M °© B(CoFs)s H - B(CoFs)s H

2
A/B(CﬁFs)a

CH, + 2(Et;8i),0
Et;SiH + B(CgFs)3

[Et;Si**HB*(CgFs)s]

Figure 10: a) Formation of a Lewis base-COz-Lewis acid adduct as described by Erker'l, b)
hydroboration of COz as decribed by Ancker'?, c) COz hydrosylilation as described by Berkefeld'3.
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3. Non-molecular FLPs

Even if the concept of FLP appeared with observations concerning molecular Lewis acids
and bases, recent development showed that the concept could also be found in heterogeneous
catalysis. Ma and coworkers published a review on the subject in 20181¢ and classified four types
of non-molecular FLPs: semi solid FLP with a solid playing the role of the acid or the base and a
molecular specie playing the other role, all solid FLP with a solid Lewis acidic and a solid Lewis
base, and all solid FLP within one solid (Figure 11:). The rigidity of solid lattice alongside the
surface cluttering was the equivalent of steric hindrance in the case of homogeneous FLP. The
main systems that were worth mentioning were:

e Au nanoparticles catalysing the hydrogenation of small imines, nitriles, alkynes and
aldehydes7-19. The nanoparticles played the role of Lewis acid while the imines, nitriles,
phosphines, or amines played the role of molecular Lewis bases.

e Porous polymers with encumbered triphenylphosphine motifs used alongside molecular
BCF activating hydrogen and capturing CO20.

e Molecular sieves combined with BCF catalysing the hydrogenation of ketones and
aldehydes?.

e (CeO; with high surface defect density, where oxygen atoms played the role of Lewis bases
and cerium atoms played the role of Lewis acids, catalysing the hydrogenation of
styrene?2,

Frustrated Lewis Pair Chemistry

Figure11: Schematic chemistry of semi-solid and solid FLPs: (a) semi-solid FLP catalyst with the
combination of a molecular Lewis acid and a solid Lewis base; (b) semi-solid FLP catalyst with the
combination of a molecular Lewis base and a solid Lewis acid; (c) all solid FLP catalyst based on a
solid Lewis acid and a solid Lewis base; and (d) all solid FLP catalyst within one solid. From Ma et al.?3.
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III. Forming a FLP interaction between a nanoparticle
surface and its ligands to activate COz: the NanoFLP
project

This thesis was funded by the ERC NanoFLP. The goal of this project is the development and
the rationalisation of semi-solid FLP catalysts. On the one hand, we will synthesize nanoparticles
with either Lewis acid or Lewis base properties, and on the other hand we will chose molecular
ligands as counterpart. By finely controlling the synthesis, it should be possible to fine tune the
surface properties (acidity, basicity, steric hindrance) of the nanoparticles. Ligands will be chosen
adequately among the vast catalogue commercially available. The idea is to create a FLP at the
surface of the nanoparticles: a NanoFLP.

In this thesis we were more specifically interested in the activation/valorisation of CO2. We
saw in the literature that no semi-solid FLP system was reported yet for the activation of CO,. We
wanted to find a Lewis acido-basic pair capable to catalyse a CO; valorisation reaction. Of course
trying all the possible nanoparticle-ligand pairs would be impossible, so we decided to
strategically focus on certain materials depending on its affinity with CO2. We used the following
methodology:

e choosing a material known for its interaction with CO,, either adsorption or catalysis,
preferably both

e choosing a family of molecular counterparts adapted to the chosen material and known to
be used in molecular FLP chemistry

e choosing a catalytic reaction for CO; valorisation that could be compatible with the chosen
material and ligands
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IV. Materials known for CO; adsorption and/or activation in
catalysis

1. Materials with Lewis base properties: alkaline-earth oxides
a. Generalities on heterogeneous solid bases

As we saw previously, the carbon atom of the CO; molecule presents an electrophilic
behaviour. This carbon atom can be considered as a Lewis acid and will react with Lewis bases
(Scheme 1:). Bases in chemistry have been a subject of interest in catalysis for several decades due
to their ability to either deprotonate2+ -in this case we talk about Brgntsed basicity - or give an
electron pair?s - in this case we talk about Lewis basicity. Until the 1970s most of the used solid
bases like NaOH or KOH led to the formation of secondary products in stoichiometric quantities,
often inorganic salts. For example, the methylation of phenylacetonitrile with methyl iodide:

PhCH:CN + CHsl + NaOH - PhCH(CH3)CN + Nal + H;0

The development of heterogeneous solid base catalysts came later with the works of
Tanabe?¢, discovering the activity of calcium oxide and magnesium oxide in the isomerisation of
1-butene. He realised that the activity of the material was strongly dependent of how it was
pretreated: in this case the oxides he tested were catalytically active only when they were
thermally pretreated under vacuum. Since then, many other solid bases have been discovered,
especially among oxide materials, and their use in catalysis exploded?7.

o
B: + C mmmmp|B C/< » B C/
I \ \ |
0, O: . O_
Scheme 1: Typical reaction between CO: and a Lewis base.

Determining the basicity of solid bases is more complex than with their homogeneous
counterparts. Three factors come into play: the number of basic sites at the surface of the catalyst,
the nature of the basic sites and the strength of the basic sites. If we consider the case of basic
oxides, in most cases the oxygen atoms at the surface are the basic sites. The coordination number
of surface oxygen atoms will be different depending on the crystallographic facet exposed and on
the nature of the site (plane, corner, edge, etc.), thus their basicity will not be the same. For
example, in Figure 12: the oxygen atoms in a plane surface 0%-s. will have a lower basic strength
than the oxygen atoms in a corner O23. This is due to the fact that the seconds have three
neighbouring Mg?+ while the firsts have five, making them more nucleophilic. The basicity of a site
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will be the outcome of the crystallographic facet, the number of neighbours, and the environment
of the neighbours.

3 03 3&%

Figure 12:  lons in low coordination at the surface of MgO, reproduced from Ono et al.?’.

b. Basicity scale for heterogeneous solid bases

In order to quantify the basic strength of different materials, Tanabe proposed a
methodology?8 based on the use of different colour indicator sensitive to pH. He managed to
classify different material with a basicity index H_ that corresponded to the basic strength of the
material (Table 1:). It was somehow an equivalent of the pKa of organic bases but for inorganic
bases: the higher the value, the stronger is the base. It was interesting to notice that depending on
the way the samples were prepared (especially for MgO and Ca0) the H_value could vary. We also
had to keep in mind that this indicator was not perfect for our purpose: it presented three main
drawbacks. First, it did not dissociate the two components that were the number of basic sites and
the basic strength of the sites. Second, the indicators were Brgnsted-types acid indicators that may
not inform correctly on the Lewis base properties of the material. Third, the determination of the
colour-change brought some uncertainties to the method. Nevertheless, it seemed that this scale
was a good first order indication of the basicity of different materials.
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Solid H_value Remarks
Na/NaOH/AL O, H_ >+37
+37>H -2 +35
KNOJ/ALLO; +184>H >+15.0 35 wt% loading, calcined at 773 K
H =2+27 14 wt% loading
KI/AL:Os 184> H>+15.0 35 wt% loading, calcined at 773 K
Na/MgO H_2+35
K/MgO H_2+35 K 10%, 15%
+35.0>H 2+27 KI10% on MgO, prepared by acrogel
method
MgO +35 >H 2427  Mg(OH): prepared by acrogel procedure,
heated under vacuum at 773 K
+27>H 2+17.2 Mg(OH); heated under vacuum at 773 K
+26.5>H >2+22.3 Mg(OH); calcined at 773 K
+26.5>H >+184 Mg(OH); sol-gel, calcined at 1023 K
+184>H=>+17.2 Mg(OH); calcined at 673 K
+26.5>H > +18.4 basic magnesium carbonate heated at
723 K under vacuum
+17.2>H>+15.0 basic magnesium carbonate calcined at
723K
CaO +33.0>H >2+26.5 Ca(OH): calcined at 773 K

MgO-TiO; (9: 1,1: 1)

BaO-ZnO
MgO-AlL:0;
Hydroxyapatite
K;PO4
Ca(OH),
Mg(OH),

NaX
CsO,/NaX

Cs0O,/CsX
CS:O/A1203

Lizo, Nago. Kzoe

Cs,0/MgO
KF/ALO:

Table 1:

H>+26.35
+17.2>H >2+15.0
+184>H >2+17.2
+184>H >+15.0
+180>H2= +17.2
+184>H 2+15.0
+184>H 2+150
+18.4>H>+15.0

+93>H 2+7.2

+93>H>4+72

+184>H>2+17.2
+26.5>H >+184
+184>H >2+17.2

H >+37
+26.5>H >+184

+184>H >+15.0
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CaCO: heated at 723 K under vacuum
CaCO:s calcined at 723 K

calcined at 673 K, 773 K

BaO 2.5 mmol/g, calcined at 873 K
hydrotalcite calcined at 723 K
calcined at 673 K

calcined at 453 K

Cs (0.36-1.80 mmol g ')-loaded NaX
Cs (2.60 mmol g ')-loaded NaX

calcined at 1023 K

calcined at 773 K

H_values of different basic materials, from Ono et al.?’.
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¢. Intrinsic bifunctionality of heterogeneous basic oxides

In the case of oxides, other surface atoms can play the role of weak acidic site due their
ability to accept an electron doublet. This leads to potential interesting types of activity where
both the acid and the basic site play a role in the catalytic reaction. Okamoto and coworkers2®
proposed that the hydrogen transfer reaction between ketones and alcohol over MgO catalyst was
actually due to a cooperative action of both the strong basic sites and the weak acid side at the
surface. In Scheme 2:, the cleavage of the -OH bond is possible thanks to the stabilisation of the
alcoolate anion by the acidic site.

. 6F ¢ SF § el ¢ G
H-C-H H-C---H o+ H-C H‘ﬁ‘c H-C H-C-C
o o6 —*> 0o+ fi- —> |C’) 5+ 0%" > 0 0
H P H' . H” H
—A-B-A— —A-B-A— —A-B-A— —A-B-A—

A: Weak acid site
B: Strong basic site

Scheme 2: Hydrogen transfer reaction mechanism over a basic oxide, reproduced from Okamoto et al.?°.

We can distinguish three types of cooperative effect between acid and basic sites: the
simultaneous activation of the same substrate on the two sites, the simultaneous activation of two
different substrates (one on each site) that will react together, or the sequential activation of the
substrate on one site after the other. In all the cases the proximity of the different active sites is a
real asset for the catalytic activity.

d. Alkaline-earth oxides and their affinity toward CO:

The reactivity of the basic sites toward the acidic carbon of carbon dioxide have raised an
interest since CO, capture and valorisation has become a main challenge of the 21st century?.
Among the different types of solid bases, alkaline-earth oxides have shown to be promising due to
their affinity with CO.. They are known to easily form surface carbonates or even bulk carbonates
atroom temperature in presence of CO230. These materials, especially Ca0, are considered as good
candidates for CO; capture technologies. Industrial processes using CaO called “Calcium looping”
have been developed in the last decades3! (Figure 13:). Several catalytic reactions involving
alkaline-earth oxides (either as a catalyst or as a catalyst support) and CO; are reported, such as
the cycloaddition of CO2 on epoxides3Z or the CO; reforming of methane33. The basicity of the oxide
increases the heavier the alkaline-earth atom is, meaning that they form a natural basicity scale
starting from the less basic MgO to the most basic Ba034.
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CO,-depleted Air separation unit Air
flue gas
Pure O, Fuel
CaCO3; Spent CaCO;,
Carbonation reactor "1 Calcination reactor <
600-700°C 900-950°C !
CaO Fresh CaCO;
Flue gas Concentrated CO,

Figure 13:  Calcium looping functionning, from Chen et al.3!.

In our idea to develop a NanoFLP, alkaline-earth oxides seem to be good candidates. The
combination of basic surface properties and affinity with the molecule that we want to activate
will provide a good starting point. The control we can have over the nanoparticles size, shapes
and exposed crystallographic facets will allow us to see if the NanoFLP is feasible. Since
beryllium-based compounds are toxic, we decided to study alkaline-earth oxides starting from
MgO.
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2. MgO: synthesis and applications
a. Generalities on magnesium-based materials

Magnesium is an abundant element on earth: it is the second most abundant cation in the
hydrosphere and the sixth most abundant element in the lithosphere. It also plays an important
role in the regulation of living organism, especially in the regulation of ATP. It is the second most
present cation in most living organisms35. Magnesium is used in material science, mostly in
construction materials3é but also in microelectronic3’ and in batteries38. Magnesium oxide is a
specific type of magnesium material. It is the main component of the mineral periclase, however,
this mineral is quite rare in the nature due to its tendency to form brucite, which main component
is magnesium hydroxide Mg(OH),, or magnesite, which main component is magnesium carbonate
MgCOs3, upon exposition to respectively water or carbon dioxide3°.

Figure 14: Natural crystals of a) brucite, b) periclase, c) calcite, and their corresponding
crystallographic structure d), e) and f) (atom color: Mg=orange, O=red, H=white, C=black).

The easiest way to obtain MgO is the calcination of magnesium precursor like Mg(OH); or
MgCOs3 at high temperature. Amongst the multiple synthetic pathways, almost all of them end with
the calcination of one of these two precursors. When a certain type of MgO synthesis is mentioned
in the literature, it most often refers to the pathway leading to either Mg(OH), or MgCOs3, which is
followed by a calcination. The properties of the final MgO particles strongly depend of the
properties of the precursor.
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b. Synthesis of MgO precursor

One of the easiest pathways is precipitation-calcination in aqueous media: a magnesium salt
is precipitated in basic aqueous solution to form Mg(OH), and then calcined to form
MgO4041424344, Henrist and co-workers? showed that the use of MgCl; and Mg(NOs). as
magnesium precursors lead to the formation of platelet like magnesium hydroxide nanoparticles
whereas the use of MgSO04 leads to fused primary particles. They showed that the nature of the
base and the temperature both have an impact on the aggregation of the particles. It is also
possible to attain more complex structures with the use of templating agents, like Bain et al.#> who
obtained “flower like” structures by adding both poly(vinylpyrrolidone) and ethylene glycol in the
synthesis.

Synthesis of Mg(OH). is also possible through a hydrothermal pathway#647, the main
difference being that the reaction happens at temperatures higher than 100 °C in a pressurized
vessel. Hydrothermal pathway tends to lead to better crystallinity of the particles40.

Sol-gel syntheses are also viable pathways to obtain Mg(OH); 48, that can lead in the end to
polymer-like MgO gel as shown by Matsuli et al.#°.

More exotic pathways also exist, such as microwave assisted synthesis30, combustion
reaction®?, ultrasound assisted synthesis>2, direct use of brucite53 (natural mineral composed of
Mg(OH)>), or hydration of magnesium oxide followed by a calcination>* (the idea being to increase
the crystallinity by a dissolution-recrystallization process). Pilarska and co-workersss gave a more
extensive review of the variety of pathways leading to the formation of MgO and Mg(OH): (Figure
15:).

HODS BASED ON MICROEMULS

- T LVOTHERMAL AND HYDROTHER
1 i §GAS PHAS J—
SOL-GEL.
4
Mg(OH), AND MgO
PREPARATION
METHODS
METHODS
FROM MINERAL
. RESOURCES
DOLOMITE [}
SERPENTINITE
POLYHALITE MAGNESITE |
CARNALLITE MINERAL SALT
SEA WATER

Figure 15:  Methods for MgO and Mg(OH): preparation, from Pilarska et al.>>.
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¢. Calcination of the precursor to form MgO

The other key part in the synthesis of MgO particles is the calcination. During this step
several phenomena occur at the same time: at the atomic level there is a rearrangement of the
crystalline lattice of Mg(OH); to form MgO with H,O leaving the crystal, at the nanoscopic level
diffusion at the boundaries of the particles will fuse the objects together causing sintering.

Decomposition of Mg(OH): has been studied since the 1960s. Gordon and coworkerss6 used
electron microscopy and electron diffraction to study the in-situ decomposition of mineral brucite
into MgO. They showed that formation of magnesium oxide could be assimilated to a nucleation
and growth mechanism where the MgO nuclei form coherently with the brucite Mg(OH), matrix
causing large strains and fissuring of the original crystal (Figure 16:).
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Figure 16: Relation between Mg(OH)2 and MgO in terms of crystal structure (left) and nanoparticle
morphology (right), from Green>’.

In another study, the group of Itatina® showed that, depending on the calcination
temperature, the different crystallite inside the particles would arrange differently. At 600 °C the
crystallites can agglomerate and coalesce while retaining the morphological characteristic of the
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initial Mg(OH). particles. At 800 °C the nucleation and growth of MgO is similar but the
morphology of the particles is not retained anymore, breaks and cracks start to appear. At 900 °C
the growth of the crystallites leads to pore coalescence, but most of the pores are still in the
particles. At 1200 °C the crystallites grow rapidly and the energy allows the pore to migrate and
to be ejected out of the nanoparticles (Figure 17:).

1200°C

900°C

800°C

600°C

Figure 17:  Evolution of the MgO cristallites during the calcination depending on the temperature, from
Itatina et al.58,

Kotera and coworkerss3 quantified the increase of the average MgO crystallite size
depending on the calcination temperature and duration. They showed that overall the crystallite
size increases with time and temperature, and at fixed temperature the rate of growth follows a
logarithmic law. However, at fixed calcination duration the growth rate increases exponentially
with temperature.

Green57 showed that the presence of impurities and surface species can also impact the
nucleation. Presence of water tends to enhance nucleation of Mg0O, meaning that calcinations
happening under vacuum will give crystallites of higher sizes at a same temperature. The presence
of ionic species can either favour the grain growth, such as Fez+, Fe3+, Si#+, Cl,, Li*, Mn3+, Mn#*, and
Na*, whereas others tend to prevent grain growth and lead to smaller crystallites, such as K+, SOz,
NO3- and possibly NO2-.

Modifications of MgO particles are very common. For example surface functionalisation is
possible after the calcination, as shown by Park and co-workers*2 who used capping agents like
oleic acid after the synthesis in order to improve the dispersibility of the nanoparticles in organic
solvents.

48



Chapter II

d. Applications of MgO

MgO is used for a lot of applications. It can be used in the electronic industry thanks to its
dielectric properties>®, making it a good insulating material. The mechanical strength of the
material can be of interest in construction materials?. Its thermal stability is a great advantage
for the conception of refractory materials¢!. MgO also have antibacterial propertiess?, and its non-
toxicity for human make it useable as acid neutraliser for gastric treatment or as source of Mg2+
ions in food supplements®2.

The surface properties of magnesium oxide are what is the most interesting for us in the
idea to develop a NanoFLP. MgO is used as an active adsorbent for both pollutants in effluents#é.
5163 and gaseous species like CO2, SOz and NO,6465.66,

[tis also used either as a catalyst or a catalyst support in organic reactions. For example, Xu
et al.33 synthesized a Ni catalyst supported on MgO for the CO; reforming of methane, where the
support increases the durability of the catalyst toward coking. Zhang et alé” showed that cobalt
oxide supported on MgO is a highly efficient catalyst for the degradation of organic pollutants, the
support allowing the good dispersion of the cobalt oxide nanoparticles, reducing the leaching of
the cobalt in solution and facilitating the formation of reactive surface species on the cobalt atoms.

e. MgO in catalysis

There are plenty examples of MgO as catalyst support very well compiled by Julkapli et al.
in their review®s, the most notable reactions where it is used are dry reforming,
dehydrohalogenation, dehydrogenation and hydrodesulfurisation. Magnesium oxide on its own
can also be a catalyst due to its basic properties.

As mentioned above, basic oxide like MgO are active in condensation reactions like aldol
condensation® and Claisen-Schmidt condensation*s7071, Several groups showed the activity of
MgO in the cycloaddition of CO2 on epoxides”%73, which could be interesting for us since it involves
the molecule we would like to activate. Hattori’4 and co-workers mentioned the activity of MgO in
hydrogenation reactions when the catalyst was pretreated at high temperatures above 1000 °C.
Choudary and co-workers showed that it was active in benzylation reactions?> and supposed that
the formation of Mg—Cl surface groups increased the acidity of the corresponding Mg atoms and
drove the reaction. MgO also showed an activity in the asymmetric reactions of Henry and
Michael7s.

Overall, it is important to understand that the activity of MgO in a certain catalytic reaction
depends both on the synthetic pathway leading to the catalyst and the pretreatment. Figure 18:
illustrates the fact that certain reactions such as hydrogenation (squares) will require high
temperature treatment in order to generate strong basic sites, whereas other reactions such as
isomerization (circles) will require much lower temperatures. This effect of the temperature
treatment brings into play the generation of strong basic sites and reduction of the surface area
of the material via sintering.
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Figure 18:  Variation of MgO catalytic activity for different reactions as a function of the pretreatment
temperature. Reactions : circles=1-butene isomerization at 303 K, full triangles=CH4-D: exchange at
673 K, hollow triangles=amination of 1,3-butadiene with dimethylamine at 273K, full
square=ethylene hydrogenation at 523 K, hollow square=1,3-butene hydrogenation at 273 K. From

Ono et al.?’,

Overall, MgO is a well-rounded material, with different synthesis pathways each providing
advantages and inconvenient. Depending on how the material was prepared, the reactivity of the
material will not be the same. Small particles with high surface area will be used for applications
such as adsorption or catalysis, while bigger crystalline objects will we used for construction or
electronic materials. Following the route of alkaline-earth oxide synthesis, let’s get interested in

the next element in the second column: calcium.
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3. CaO0: synthesis and applications
a. Calcium oxide synthesis

A lot of what we previously discussed for magnesium oxide is actually also relevant for
calcium oxide. The synthesis of CaO almost always ends with the calcination of a calcium precursor
(often Ca(OH), or CaCOs) that was obtained by methods such as precipitation?? or sol-gel7s.
However, since calcium is an element that is more bio-abundant than magnesium, a lot of research
developed syntheses using natural sources. We can think about the use of mineral sources: CaCO3
is the main component of limestone, one of the most abundant sedimentary rocks79. We can also
think about bio-based sources like egg-shells80 or animal bones8!. Figure 19: gives an overview of
the natural waste resources that could be used for the synthesis of CaO particles with a 3-step
process: washing, grinding and calcination. These types of syntheses often lead to less well defined
materials, with more defects and more chemical impurities than those using purified products.
This can actually be an asset for the catalytic activity of the material.

Bovine bone
waste/fish
bone/cuttle
bone

' Hydrated lime

Figure 19:  Natural waste sources for CaO synthesis, from Zul et al.82,

b. Application of CaO for CO: capture

The interaction between CO; and calcium oxide is much stronger than the one with
magnesium oxide, as shown by the enthalpy of carbonation reaction in Scheme 3:. This means that
the formation of bulk carbonate is much faster and more exothermic. However, the calcination
reaction (going from the carbonate to the oxide) costs more energy. Overall this stronger affinity
with CO; and the natural availability of calcium pushed the development of CO, capture

51



Toward the design of a new active catalytic systems for the CO2 valorisation

technologies based on the formation of CaCO3 from CaO called calcium looping3!. This process
starts to see some industrial implementations in the recent years. However, one of the
disadvantages with the affinity of CaO toward CO; compared to MgO is that the calcination
temperature needed to regenerate CaO from CaCOs3 is higher, meaning that the sintering of the
nanoparticles at this temperature will also be more pronounced. This results in a progressive loss
of the high surface area of the CaO sorbent and a reduction of its efficiency over time8384,

Ca(OH);) + COyg) — CaCOs) + HyOqy, AH =—-113 kJ/mol CO;
Mg(OH)y) + COxq) — MgCOs(, + HyO(), AH = -81 kJ/mol CO,

CaO;) + COy — CaCOs), AH =178 kJ/mol CO,

MgOys) + COse) — MgCOss), AH =118 kJ/mol CO,

Scheme 3: Carbonation reactions and associated enthalpy, from Pan et al.8.

c. Ca0 in catalysis

Ca0 is used also in catalysis, mostly in the same reactions as Mg0. However, depending on
the reaction its activity can be either higher or lower than MgO. CaO is especially used in
transesterification reactions for the production of bio-diesel28798182 The strong basicity of CaO
allows the formation of a methoxide anion (CH30-) which is the first step in the reaction
mechanism. Due to its natural availability and its applications in carbon capture and bio-diesel
production, it seems that calcium oxide is a promising material for the development of future
green technologies.
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V. C(Classical molecular acids used in FLP: boranes

1. Boranes in catalysis

Boranes have been widely used in FLP chemistry since its beginning. Most of the FLPs
mentioned previously uses boranes as molecular Lewis acid. Tris(pentafluorophenyl)borane
(B(CeFs)3 or BCF) has raised interest for its catalytic properties even before the discovering of FLP
chemistry®8¢, it includes hydrometallation reactions, alkylations and tautomerizations.

Sivaev et al.8” made an extensive review on the Lewis acidity of a large variety of borane and
showed that BCF was among the strongest acids. Only halogenoboranes such as Bls showed a
higher Lewis acidity. The main parameters influencing the borane acidity included the
electronegativity of the substituents at the boron atom, the presence of electron-withdrawing or
electron-donating substituents, inclusion of the boron atom in a flat ring, etc. Figure 20: gives an
acidity scale among the different types of boron compounds.
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Figure 20:  Trends in Lewis acidity of boron containing compounds.
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2. Boranes for CO; activation

In addition of being a classic Lewis acid for FLP systems, boranes and boron-based materials
in general have shown an activity for CO; activation®8. The main reaction was the CO; reduction
by hydroboranes, diboranes and sylilboranes. Most of the time the reaction needed a catalyst to
happen. In the example detailed in Figure 21:, a copper catalyst was used to activate the CO-
molecule via a coordination of the oxygen atom on the Cu center and the formation of a C—B bond
with the Bpin ligand. This lead to the formation of CO molecule and OBpin coordinated to the Cu
center. The diborane B(pin). allows the regeneration of the IPrCu—Bpin catalyst via the
formation of pinBOBpin.

a)
Cata
CO, + co +
pinBOBpin
b) i-Pr i-Pr )y BOBpi IPrCu—Bpin
i pin pin p %‘)2
NN :
\r Bg(pm)g/ —
O=—¢C-
da IPrCu—OBpin |
; Cu
i-Pr ‘ o :
Cata: B Bpin

i-Pr NHC
CO /

|PFCU—OW
—Bpin IPrCu—O\‘ ;
IprCu—Bpin O ~ (pin)B/

Figure 21:  a )Reduction of COz into CO by diborane Bz(pin)z, b) copper-based catalyst for the reaction,
c) reaction mechanism. From Bontemps et al.®8.
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VI. Approach for the design of a NanoFLP for CO: activation

To our knowledge, there was no mention in the literature of semi-solid FLP catalyst able to
convert CO,. There was no mention either of the study on the interaction between alkaline earth
oxide nanoparticles and borane ligands. This nanoparticle-ligand pair could be promising for the
activation of CO2. We decided to decompose the project in three parts:

e The study of the synthesis of alkaline earth oxide nanoparticles, starting with Mg0. We
will study the different pathways and try to control the surface properties of the
nanoparticles.

e The study of the adsorption of CO, and borane ligands at the surface of the synthesized
nanoparticles. In a first time only CO; and borane on their own, then together. We will
choose a different panel of borane ligands to have some flexibility in the third part of the
project.

e The study of the behaviour of the nanoparticles-ligand catalytic performances in the
cycloaddition of CO2 on epoxides, a reaction catalysed by alkaline earth oxides. We will
first study the performances of the synthesized nanoparticles and then add boranes in the
reaction. We hope to detect a variation of either the activity or the selectivity of the
catalyst. We will study the impact of different parameters such as temperature, reaction
duration, ligand concentration, stoichiometry, etc. If we detect a significant impact of the
addition of a borane, we will try to understand the interaction between the nanoparticle
and the ligand in the catalytic reaction to find if it could be attributed to NanoFLP.
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In this chapter we summarized the work we did on the synthesis of alkaline-earth oxide
nanoparticles. We focused on a NanoFLP with nanoparticles playing the role of the Lewis base and
ligands playing the role of the Lewis acid. We made it clear in Chapter 2 that alkaline-earth oxides
were good candidates due to their Lewis base and good CO adsorption properties. We decided to
start with MgO synthesis. Among the variety of synthetic paths available to obtain alkaline-earth
oxide nanoparticles we chose the precipitation-calcination. It was easy to implement in our lab,
scalable to obtain grams of material in one synthesis and it was possible to modify the synthesis
to obtain mixed oxides by co-precipitation of inorganic salts. This last point was relevant
especially when we considered that the presence of different reactive sites at the surface of our
nanoparticles could allow new reaction pathways in catalysis. The nanoparticles were mainly
characterized by XRD, TEM and IR spectroscopy, with N, adsorption measurements on some
samples.

The last part of this chapter concerned the first activity test of the synthesized nanoparticles
in catalysis. We wanted to be sure that they have a comparable activity with these in the literature.
For sake of simplicity we decided to focus here on the activity of pure MgO nanoparticles, and in
general it will be the case in the rest of the project. Among the different reactions reported to be
catalysed by alkaline-earth oxide nanoparticles we chose the Claisen-Schmidt condensation,
mainly because it involved the activation of C=0 double bonds. At last we tried our first acid-base
pair in the same reaction using triphenylborane alongside the MgO nanoparticles.
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I. Experimental section

Note: all the details concerning the suppliers and the purity of chemical products were given in the
Appendix section.

Synthesis of MgO nanoparticles

Magnesium oxide nanoparticles were obtained by a three step process inspired from the
work of Park and coworkers?. First Mg(NO3),:6H20 (10 mmol, 2.56 g) was dissolved in 100 mL of
deionized water in a 250 mL borosilicate bottle. NaOH (20 mmol, 1.6 g) was also dissolved in
100mL of deionized water in another 250 mL borosilicate bottle. The solution of NaOH was then
slowly added to the solution of Mg(NO3),, while stirring at 600 rpm, in approximately 1 minute.
After 2 hours of stirring, the solution was a white suspension. It was centrifuged at 9000 rpm for
10 minutes. The supernatant was eliminated and the solid was redispersed in four centrifugation
tubes for a total volume of 80 mL of ethanol and the solution was centrifuged again at 9000 rpm
for 10 minutes. The supernatant was eliminated, the white solid was put on an alumina crucible
and dried at 110 °C for 12 hours in a muffle furnace. The dry solid was then finely grinded with a
mortar and pestle before the final calcination in a muffle furnace under ambient air. We used the
following heating program: heating from 20 °C to 500 °C in one hour, plateau at 500 °C for 3 hours
and cooling at room temperature in 2 hours. The powder was stored in an inert glove box.

Synthesis of Ca0 nanoparticles

Calcium oxide nanoparticles were obtained following the same three step process used to
synthesize MgO nanoparticles. First Ca(NO3)2-4H20 (10 mmol, 2.56 g) was dissolved in 100 mL of
deionized water in a 250 mL borosilicate bottle. NaOH (20 mmol, 1.6 g) was also dissolved in
100mL of deionized water in another 250 mL borosilicate bottle. The solution of NaOH was then
slowly added to the solution of Ca(NO3)2, while stirring at 600 rpm, in approximately 1 minute.
After 2 hours of stirring, the solution was a white suspension. It was centrifuged at 9000 rpm for
10 minutes. The supernatant was eliminated and the solid was redispersed in four centrifugation
tubes for a total volume of 80 mL of ethanol and the solution was centrifuged again at 9000 rpm
for 10 minutes. The supernatant was eliminated, the white solid was put on an alumina crucible
and dried at 110 °C for 12 hours in a muffle furnace. The dry solid was then finely grinded with a
mortar and pestle before the final calcination in a muffle furnace under ambient air. We used the
following heat program: heating from 20 °C to 500 °C in one hour, plateau at 650 °C for 3 hours
and cooling at room temperature in 2 hours. The powder was stored in an inert glove box. We
chose different calcination temperature in certain syntheses.

Synthesis of Mgos5Xo50 (X = Ca, Co, Ni, Cu) mixed oxide nanoparticles

MgO-based mixed oxide nanoparticles were obtained by the same three step process. First
Mg(NO3)26H20 (9.5 mmol, 2.43 g) and X(NO3)2-nH,0 (X was another element amongst: Ca (n=4),
Co (n=6), Ni (n=6), Cu (n=3)) (0.5 mmol, mass depending on the salt) were dissolved in 100 mL of
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deionized water in a 250 mL borosilicate bottle. NaOH (20 mmol, 1.6 g) was also dissolved in
100mL of deionized water in another 250 mL borosilicate bottle. The solution of NaOH was then
slowly added to the solution of Mg(NO3),, while stirring at 600 rpm, in approximately 1 minute.
After 2 hours of stirring, the solution was a colored suspension: white for X=Ca, blue for X=Cu and
green for X=Ni and Co. It was centrifuged at 9000 rpm for 10 minutes. The supernatant was
eliminated and the solid was redispersed in four centrifugation tubes for a total volume of 80 mL
of ethanol and the solution was centrifuged again at 9000 rpm for 10 minutes. The supernatant
was eliminated, the solid was put on an alumina crucible and dried at 110 °C for 12 hours in a
muffle furnace. The dry solid was then finely grinded with a mortar and pestle before the final
calcination in a muffle furnace under ambient air. We used the following heat program: heating
from 20 °C to 500 °C in one hour, plateau at 500 °C for 3 hours and cooling at room temperature
in 2 hours. The powder was stored in an inert glove box.

Catalysis of the Claisen-Schmidt condensation of acetophenone on
benzaldehyde with MgO

The reaction was performed under N2 atmosphere in a 25 mL three-necked round flask with
a refrigerant connected to a Schlenk ramp. All the glassware was dried for one night in a 120 °C
oven before usage. Dry toluene (10 mL) was first introduced, then acetophenone (3 mmol,
0.35 mlL, 1.2 eq.) and benzaldehyde (2.5 mmol, 0.26 mL, 1 eq.) were added, finally the MgO catalyst
(2.5mmol, 0.1g, 1eq.) and eventually triphenylborane (0.3 mmol, 38 mg, 0.12 eq.) were
introduced in the flask. The MgO catalyst corresponded to the nanoparticles obtained by
precipitation-calcination with no supplementary washing steps and calcined at 500 °C. The
solution was then heated at 110 °C with a heating mantle for 8 hours. Magnetic stirring at 500 rpm
ensured the homogeneity of the solution. At the end of the reaction the solution was centrifuged
at 7000 rpm for 15 min, the supernatant and the nanoparticles were separated for further
analyses. NMR tubes were prepared by diluting one droplet of reaction crude in 0.5 mL of CDCls.

Catalysis of the Claisen-Schmidt condensation of acetophenone on
benzaldehyde with MgO+BPhj3

The reaction was the same as the previous one with some modification of the amount of
catalyst. The MgO catalyst (1 mmol, 40 mg, 0.33 eq.) and triphenylborane (0.3 mmol, 38 mg,
0.12 eq.) were introduced in the flask after the reactants.
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II. Synthesis of simple and mixed oxide nanoparticles by
precipitation-calcination

1. Synthesis of MgO
a. Precipitation-calcination synthesis

As a starting point for the synthesis of MgO nanoparticles, we decided to reproduce the
experiments described by Park et all. The authors found that it was possible to form MgO
nanoparticles by precipitating magnesium nitrate in basic aqueous solution and calcining it at
500 °C afterward. This straight forward route led to the formation of nanoparticles identified as
pure MgO by XRD. The Scherrer formula gave an average crystallite size of 20 nm. Their SEM
images showed the formation of spherical objects with a size in the range of 30 to 500 nm
corresponding to the agglomeration of primary MgO nanoparticles. The nitrogen adsorption using
the BET method showed a specific surface of 91.4 m2/g. Their IR spectrum showed the presence
of both carbonates and hydroxides at the surface of the particles. The synthesis was summarized
in Scheme 1:.

2h,RT. 12 h, 110 °C 3 h, 500 °C
Mg(NO;),6H,0 + 2NaOH =————»  Mg(OH), ————> Y4 Mg(OH), ——=> MgO
H,0 o

Gel Powder Powder

Scheme 1:  Synthesis of MgO nanoparticles by precipitation-calcination.

When we reproduced the experiment, we observed the solution containing Mg(NO3):
turning white as soon as we added the basic solution. The Mg(OH); nanoparticles formed
immediately. After the centrifugation, a white gel sedimented at the bottom of the centrifugation
tubes while the supernatant was transparent, indicating that no particles were left in suspension
(this assertion was confirmed by TEM micrographs of the supernatant). Once the gel was dried at
110 °C, we obtained bulky white solids that were easily grinded into a fine powder. TEM
micrographs and XRD pattern of this intermediate powder indicated that it was composed of
hexagonal nano-platelets of Mg(OH), with a thickness of 5 nm and a radius between 10 and 40 nm
(Figure 1:). This anisotropy could also be retrieved in the XRD pattern thanks to the Scherrer
formula: peaks with high width to mid-height indicated smaller characteristic length in the
corresponding crystallographic direction (Table 1:).
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Figure1:  a) XRD pattern of Mg(OH): nanoparticles (reference is given by the red bars, PDF Card
n°01-071-5972), b) corresponding TEM micrograph. c) XRD pattern of MgO nanoparticles (reference
is given by the red bars, PDF Card n°00-004-0829), d) corresponding TEM micrograph.

The Mg(OH); nanoparticles were then further calcined at 500 °C. No visual modification of
the white powder was observed at a macroscopic level. However, the XRD pattern showed clearly
that Mg(OH). completely transformed into MgO. The TEM micrographs showed that the powder
was composed of aggregates of primary nanoparticles of around 15 nm radius with no well-
defined shape. The Scherrer formula gave average crystallite sizes of 11 to 13 nm for all the peaks.
The nitrogen adsorption using the BET method gave a surface area of 93 m2/g (details on the
nitrogen adsorption experiment were given in the experimental section). All these results were
coherent with what obtained Parks. The difference in aggregate sizes could be attributed to
difference in the grinding method (grinding was not mentioned in the original protocol and we
added that step).
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a) b) Mg(OH), XRD peak Scherrer crystallite size MgO XRD peak Scherrer crystallite size

001 6 nm 111 13 nm

(001) 010 27 nm 200 11 nm

011 12 nm 220 12 nm

\ i 102 8nm 311 11 nm

AT — 110 29 nm 222 12 nm
S 111 16 nm
103 7nm
201 16 nm

Table 1: a) Schematic view of a typical Mg(OH): nanoparticle with the main crystallographic
directions, b) Average crystallite sizes calculated from the width of the XRD peaks of Mg(OH): and
MgO with the Scherrer formula.

Since we had in hand a protocol that yields MgO nanoparticles, we thought it would be
interesting to see what parameters we could play with in order to have some control on their
properties like their size, the exposed crystallographic facets or the surface state. We focused on
the calcination temperature and the post-synthesis washing steps of the Mg(OH). nanoparticles.

b. Modification of the calcination temperature

Calcination temperature was a key parameter that had a strong impact on the final
properties of the nanoparticles?. It was shown that the calcination process starts at 350 °C but the
crystallization of the MgO phase starts only at 400 °C34, and the higher the temperature the more
crystalline the final particles will be. At relatively low temperature (500 °C) the MgO nanoparticles
will keep some of the morphological properties of the initial Mg(OH),, whereas at higher
temperature (1000 °C) the atom will have more energy to rearrange themselves>. It was also
important to note that at higher temperature there will be less residual hydroxides and
carbonates at the surface of the particles. This will impact the surface state of the nanoparticles.

In order to have the two extreme types of material we did the synthesis with a calcination
temperature of 1000 °C. In the following, MgO calcined at 500 °C will be referred as ‘Mg0sgo’ or
‘Mg0’ and MgO calcined at 1000 °C will be referred as ‘Mg01000’. The TEM images clearly showed
a different morphology with cubic nanoparticles with characteristic sizes between 50 and 200 nm
for MgO1000 (Figure 2:c). When we compared these to the particles calcinated at 500 °C (Figure
2:d), we could see on one hand some retention of the hexagonal pellet structure and in the other
hand the rearrangement into cubic nanoparticles. The XRD (Figure 2:a) still showed a pure MgO
phase. However, the average Scherrer crystallite size was around 40 nm, much higher than for
MgOsgo but still smaller than the size of the particles observed in TEM. All these results were
coherent the study of Itatani et al.2. Having both the more crystalline Mg0Oi000 and the low
calcination temperature MgQOsoo will be interesting for further catalytic studies.
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i b) MgO0,;000 XRD peak Scherrer crystallite size
111 37 nm
i i 4 200 39 nm
220 39 nm
311 43 nm
222 44 nm

15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°, Ka Cu)

Figure2:  a) XRD pattern of MgO calcined at 1000 °C, b) corresponding Scherrer average cristallite
sizes, ¢) TEM micrograph of MgO calcined at 1000 °C (red dashes are a guide to see the cubic
morphology), d) TEM micrograph of MgO calcined at 500 °C (red dashes are a guide to see the
retention of the hexagonal pelet morphology).

c. Modification of the washing step

Another key parameter in the synthesis was the washing step after the precipitation of
Mg(OH). before the drying at 110 °C1. Depending on the solvent, ions from the reactants like Na*,
K+, or Cl- could stay adsorbed on the surface of the Mg(OH), nanoparticles, thus influencing the
calcinationé. For example, presence of Na+ was shown to favour sintering.

Since we used NaOH as the Brgntsed base and Mg(NO3); as the magnesium precursor in the
synthesis, we could expect to have remaining Na* and NOsz- ions adsorbed on the surface of
Mg(OH): particles. Actually, it happened in certain synthesis that traces of NaNO3z were detected
by XRD (Figure 3:a). To see if removing these species would have an impact on the final MgO
nanoparticles, we decided to wash the Mg(OH); gel five times with water instead of one time with
ethanol. The calcination was still at 500 °C for 3 hours. The corresponding sample was referred as
‘MgOwashed -

We did not see in XRD nor in TEM any impact on the intermediate Mg(OH). nanoparticles
after the drying step, however we saw differences on the final MgO nanoparticles. TEM
micrographs (Figure 3:d) showed that the nanoparticles were less sintered than in the original
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synthesis (Figure 3:c), and we could see even more clearly the hexagonal pellet shape inherited
from the Mg(OH), NPs. XRD measurement (Figure 3:a), showed a pure MgO phase, but the
Scherrer crystallite sizes (Figure 3:b) were around 8 to 10 nm instead of the 11 to 13 nm, which
was a significant difference.

b) MgO,,.heq XRD peak Scherrer crystallite size
4 \ J 111 10 nm

a)

: 200 8 nm

J JL 220 9nm
AN

g 311 8 nm

' 222 9nm

15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (°, Ka Cu)

Figure 3:  a) XRD pattern of (bottom) MgO containing traces of NaNO3z and (top) MgOwashea (MgO
reference is given by the red bars and NaNOs reference is given by the blue bars, PDF Card
n°00-036-1474), b) MgOwashed Scherrer average cristallite sizes, c) TEM micrograph of Mg0, d) TEM
micrograph of MgOwashed.

The two parameters that we varied were not the only ones that would impact on the final
properties of the nanoparticles. We could also mention the chemical nature of the magnesium
source, the chemical nature of the base, the temperature during the precipitation, the
concentration of the initial solutions or the presence of a templating agent678. Our three samples
MgO, Mg01000 and MgOwashea Would help us understand the impact of the surface state on the
nanoparticle ligand interaction.

Now that we successfully managed to synthesize MgO nanoparticles using the precipitation
calcination method, we wanted to synthesize other alkaline-earth oxide nanoparticles. They were
known to have different basicity (Lewis basicity scale: MgO<CaO<SrO<Ba0?) that would be
interesting for testing the impact of the basicity in the nanoparticle-ligand interaction. We decided
to synthesize CaO nanoparticles next using the same precipitation-calcination process.
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2. Synthesis of CaO

We synthesized CaO nanoparticles with a similar protocol than Mg0O nanoparticles. We just
switched the Mg(NO03)2-6H20 reactant by Ca(NO3)2-4H,0 while keeping the stoichiometry. We
increased the calcination temperature to 650 °C since Ca(OH); require higher temperatures to
form the corresponding oxidel? (Scheme 2:).

2h,RT, 12 h, 110°C 3 h, 650 °C
Ca(NO;)y4H,0 + 2NaOH =—=—=> ' Ca(OH), ——  Ca(OH), ——
2

Gel Powder Powder

Scheme 2:  Synthesis of CaO nanoparticles by precipitation-calcination.

The experiment went almost identically as the synthesis of MgO, except for one detail: when
adding the basic solution to the alkaline-earth solution, it took approximately 10 seconds to
become white (whereas it was immediate in the case of Mg). This could indicate that either the
early stages in the formation of hydroxide particles or the kinetics of growth were not the same.

XRD analysis of the powder after the drying step (12h, 110 °C) showed the main crystallized
phase to be Ca(OH),, but traces of CaCO3; were also detected. We hoped that the carbonate phase
would disappear during the calcination, however XRD analysis of the final particles still showed
the presence of CaCOs. Interestingly, this carbonate phase was really hard to remove and required
calcination temperatures higher than 1000 °C. This was also observed by Mirghiasi and
coworkers?9, they attributed this residual carbonate phase to a rapid carbonation of the material
by atmospheric CO;.

The TEM images (Figure 4:b) of the intermediate powder showed the presence of two kinds
of objects: thin sheets of approximately 30-100 nm diameter, and rods of several hundreds of
nanometers length and roughly 50 nm diameter. We could not measure the thickness of the sheets
since all these that we managed to observe were parallel to the observation plan and so thin that
tomography did not help either. We did not perform High Resolution TEM to identify the phases
of each kind of objects, however since hydroxides were known to form lamellar structures (just
like the Mg(OH): platelets) we believed that the thin sheets were composed of Ca(OH), whereas
the rods were composed of CaCOs. Further analysis would be required to confirm this assumption.
The TEM images of the final powder (Figure 4:d) showed primary nanoparticles of approximately
10 to 30 nm fused together in aggregates. Higher temperature, required to calcine Ca(OH), also
favoured the sintering of CaO particles. The Scherrer average crystallite sizes did not show sign of
any anisotropy and gave values between 40 and 50 nm for both Ca(OH). and CaO.
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a)

15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°, Ka Cu)

c)

15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°, Ka Cu)

Figure 4:  a) XRD pattern of Ca(OH):z nanoparticles (references are given by the red bars for Ca(OH)z,
PDF Card n°00-044-1481, and blue bars for CaCO3, PDF Card n°00-005-0586), b) corresponding TEM
micrograph. c) XRD pattern of CaO nanoparticles (reference is given by the red bars for CaO, PDF Card
n°00-037-1497, and blue bars for CaC0s3), d) corresponding TEM micrograph.

We successfully managed to synthesize CaO nanoparticles, and from this point we had to
choose a plan of action. The first idea was to try to synthesize the next alkaline-earth oxides in our
list, SrO and BaO, in order to compare their activity in the formation of a NanoFLP. A problem that
we may encounter in this case would be the comparison between our different pairs since not
only the chemical nature of the particle will be different but also the morphologies, surface area
and surface state. The second idea was to take MgO as our reference material and apply small
modifications to see the impact in catalysis and in the interaction with the borane. For example, if
we wanted to see the impact of the strength of the basic sites we could compare Mg0 and Mg0-Ca0
mixed oxides instead of comparing MgO and CaO, since it was known that Mg0-CaO mixed oxides
were more basic than Mg01Ll. We hoped that small addition of Ca atoms would not impact to
greatly the morphology of the reference MgO nanoparticles so comparison would be possible. This
idea was selected.
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3. Attempts to synthesize Mg0-CaO mixed oxides

Just like for the synthesis of pure CaO nanoparticles, we decided to synthesize MgO-CaO

mixed oxides using close parameters to those of the synthesis of MgO nanoparticles. We just
switched x equivalent of Mg(NO3)26H20 by x equivalent of Ca(NO3)2-4H,0 (Scheme 3:). We
decided to keep a calcination at 500 °C since it was reported that Mg0O-CaO mixed oxides could be

formed at such temperature!l. In our analyses, we did not study the hydroxide intermediate and

only were interested in the nanoparticles after the calcination.

(1-x) Mg(NO;),"6H,0 2h,RT. (1-x)Mg(OH), 12h,110°C (1-x)Mg(OH), 3 h, 500 °C (1-x)Mgo
X Ca(NO;),4H,0 * 2NaOH H,O xCa(OH), > xCa(OH), -_— xCaO

Scheme 3:

Gel Powder Powder

Expected synthesis of MgO-CaO mixed oxide nanoparticles by precipitation-calcination.

At the end of the precipitation phase, we obtained a white gel that was dried and grinded

into a fine hydroxide powder, then further calcined into an oxide powder. We decided to vary the

amount of Ca incorporated from 0 to 50 % and see how the final diffractogram would be impacted

(Figure 5:).

We observed different regimes depending of the value of x:

at low Ca/Mg ratio (x < 0.1) we observed a main MgO phase with traces of CaCOs.
This phase was probably the same mentioned earlier, corresponding to a fast
carbonation of calcium exposed to ambient air. It was not clear at the time if all the
calcium atoms were forming this carbonate phase or if some of them were
incorporated in the MgO phase.

at intermediate Ca/Mg ratio (0.1 < x < 0.2) we still had a main phase of MgO but the
intensity of the CaCO3 peaks increased.

at high Ca/Mg ratio (x > 0.3) we saw that MgO was not the main phase anymore, a
drastic increase of the carbonate peaks was observed, along with the appearance of
a CaO phase and even a Ca(OH). phase for x> 0.4. This meant that when the
concentration was too high, pure Ca(OH), domains were able to form. Since the
calcination of Ca(OH), nanoparticles was not complete at 500 °C, it led to a mix of
Ca(OH)z, CaCOs3 and CaO.
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60 65 70 75 80

15 20 25 30 35 40 45 50 55

20 (°, Ka Cu)

XRD pattern of the final powder of (1-x)MgO-xCaO for different x values. References are the

Figure 5:

Ca(OH)..

CaCO0s, green = Ca0, magenta

MgO, blue

following: red

The TEM images of these objects showed morphology similar to pure MgO nanoparticles for

x < 0.2 (Figure 6:a to c), and the apparition of bigger objects for x > 0.2 (Figure 6:d to g), and finally

0.5 (Figure 6:h). Since TEM provided local analysis, even if we did not see any

big spheres for x

rods that could correspond to the ones seen in CaO synthesis, it did not mean that they were not

present. Overall, our samples contained several phases: it was quite difficult to identify which type

of particles corresponded to which phases with certainty without elemental analysis. We decided

0.1 sample.

to perform STEM-EDX measurements on the x
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Figure 6:  TEM images of the final nanoparticles obtained in the Mg-Ca mixed oxide synthesis for
different values of x=Ca/Mg.
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Figure 7: presented the results of the elemental analysis of the 0.9Mg0-0.1Ca0 sample. First
thing we noticed was that the atomic ratio in the analysed area was far from what we expected.
Ideally, we expected a 50 % oxygen, 45 % magnesium and 5 % calcium atomic ratio, but instead
we obtained 55.88 % oxygen, 44.01 % magnesium and 0.11 % calcium. This meant that the
amount of calcium in the sample was far lower than expected. The elemental mapping however
indicated that it was homogeneously dispersed in the scanned area, at least given the precision of
the measurement. This difference could be explained by the presence of the CaCO3 phase detected
in XRD. Maybe the majority of the calcium was contained in a CaCO3 phase and only a small fraction
was incorporated in the MgO. We did not perform the same STEM-EDX measurements on the
other Mg0-CaO samples, but we could expect a similar result. For sake of simplicity, we will keep
mentioning the Mg0-CaO samples using the introduced ratio instead of the real ratio.

b) Element Atomic percentage

o} 55.88
Mg 44.01
Ca 0.11

Figure 7:  a) HAADF of the 0.9Mg0-0.1CaO sample. b) elemental composition of the scanned zone, c)
superposition of the elemental mappings of the different elements, d) oxygen elemental mapping, e)
magnesium elemental mapping, f) calcium elemental mapping.

In the end, it appeared that synthesis of Mg0-CaO0 mixed oxide with controlled
homogeneous dispersion of the Ca atoms in the MgO lattice was not easily attainable via
precipitation-calcination synthesis. More in depth study would be needed, especially on the
precipitation part: impact of temperature, on the alkaline earth precursors, on the base and on the
order of addition (precipitation of Mg(OH). then addition of Ca precursor), etc. However, the
material we synthesized with phase segregation between MgO, Ca0 and CaCO3 might still be
interesting to study in catalysis.
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As mentioned in Chapter 2, intercalation of transition metal ions in the MgO lattice could
increase its catalytic activity by creating new acidic sites at it surface. We wondered if such metal
addition would be possible by coprecipitation. It was reported that it was possible to form mixed
oxides with MgO and transition metals such as Fe, Zn, Ni, Cu or Co!2. For example, we hoped form
MgO-NiO particles that could further transform in MgO-Ni particles with a correct reduction
treatment.

4. Attempts to synthesize MgO-M (M = Co, Nj, Cu)

To try to limit as much as possible phase segregation, we decided to work atlow M /Mg ratio
with x =M/Mg =5 %. For simplicity sake, we decided to keep the same synthesis as before, just
replacing the calcium source Ca(NO3); by either Co(NO3)2, Ni(NO3)2 or Cu(NO3).. The rest of the
reaction was the same as described in the experimental part.

When doing the experiment, we could from the beginning observe a difference in the colour
of the nanoparticles after the drying step (hydroxide powder) and after the calcination (oxide
powder) (Table 2:). The hydroxide powder containing nickel was yellow and turned light brown
after the calcination. The hydroxide powder containing cobalt was light brown and turned dark
brown after the calcination. The hydroxide powder containing copper was blue and turned dark
yellow after the calcination.

The origin of the different colours came from the presence of transition metal ions in the
material making it absorb certain length waves in the visible spectrum. The adsorption depended
on the metal and its electronic environment. Modification of the crystal lattice during the
calcination might have caused a colour change.
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Material

Ni

Co

Cu

Hydroxide powder

Oxide powder

Table 2: Magnesium based mixed oxides/hydroxides and their corresponding colors.

The XRD pattern of the different powders were displayed in Figure 8:, as well as the TEM
micrographs of the final powder after the calcination. In the case of nickel (Figure 8:a), the
hydroxide powder showed the presence of a pure Mg(OH). phase. However, we could observe a
linear background underneath it. Such backgrounds were characteristic of a fluorescent sample.
Our explanation was that the final powder contained nickel. The XRD measurement could not
allow to know what quantity of the introduced nickel was in the sample, nor if it was inserted in
the Mg(OH); lattice or if it formed an amorphous phase (not detectable in XRD). After the
calcination, the XRD pattern showed the presence of a pure MgO phase. The diffractogram also
showed fluorescence indicating that some nickel was still in the sample. The TEM micrograph of
the final powder after calcination (Figure 8:b) were not different from the MgO nanoparticles.
Same analysis, both in terms of XRD and TEM, applied for cobalt insertion (Figure 8:c and d) and

for copper insertion (Figure 8:e and f).
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Figure 8:  a) XRD patterns of Mg(OH):-Ni (orange) and MgO-Ni (blue) (reference of MgO is given by the
red bars and of Mg(OH): by the blue), b) TEM micrograph of MgO-Ni nanopatrticles, c) XRD patern of
Mg(OH)z-Co (orange) and MgO-Co (blue), d) TEM micrograph of MgO-Co nanoparticles, e) XRD
pattern of Mg(OH)z-Cu (orange) and MgO-Cu (blue), f) TEM micrograph of MgO-Cu nanoparticles.

Just like with the Mg0-CaO sample, we decided to perform STEM-EDX measurements on the
samples in order to evaluate the amount of transition metal inserted and its dispersion in the MgO
nanoparticles. Figure 9: presented the results of the STEM-EDX measurements on the MgO-Ni
sample. We could see that the atomic ratio of the scanned zone was close to the one expected. We
expected a 50 % oxygen, 47.5 % magnesium, 2.5 % nickel and obtained respectively 56.66 %,
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40.87 % and 2.47 %. It was not clear if the dispersion of the nickel on the sample was
homogeneous, we decided to select a zone with a high apparent nickel density (in the elemental
mappings Figure 9:c to f) and measured the atomic ratio in this specific zone (red squares in Figure
9:). We obtained ratio close to the previous ones: 57.46 % oxygen, 39.74 % magnesium and 2.80
% nickel. Nickel insertion in the MgO nanoparticles was successful according to these information.

Overall atomic Red box atomic

b) Element percentage percentage
(0} 56.66 57.46
Mg 40.87 39.74
Ni 2.47 2.80

Figure 9:  a) HAADF of the MgO-Ni sample. b) elemental composition of the scanned zone, c)
superposition of the elemental mappings of the different elements, d) oxygen elemental mapping, e)
magnesium elemental mapping, f) nickel elemental mapping. Red boxes show the area scanned for a
smaller scale measurement.

Figure 10: showed the STEM-EDX measurements of the Mg0O-Co sample. Just like with
nickel, we obtained atomic ratio close to the expected ones: 56.50 % oxygen, 40.34 % magnesium
and 3.17 % cobalt. However, when we did the measurement on a zone with a high apparent cobalt
density, we observed a modification of the ratio: 59.56 % oxygen, 31.63 % magnesium and 8.82 %
cobalt. The cobalt concentration was significantly higher in this area than in the entire zone. We
managed to incorporate cobalt inside the MgO nanoparticles but its repartition was not
homogeneous.
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Overall atomic Red box atomic

b) Element
percentage percentage
(0] 56.5 59.56
Mg 40.34 31.63
Co 3.17 8.82

Figure 10: a) HAADF of the MgO-Co sample. b) elemental composition of the scanned zone, c)
superposition of the elemental mappings of the different elements, d) oxygen elemental mapping, e)
magnesium elemental mapping, f) cobalt elemental mapping. Red boxes show the area scanned for a
smaller scale measurement.

Results of the STEM-EDX experiment on the MgO-Cu sample were displayed in Figure 11:.
We could observe on the HAADF micrograph the presence of small white dots. These dots
corresponded to clusters with higher contrast that we associated to copper clusters that grew on
the MgO nanoparticles. The elemental analysis gave a copper content a bit higher than expected:
55.98 % oxygen, 39.82 % magnesium and 4.21 copper. This could be due to the fact that the
samples were deposited on copper grids for the analysis, thus leading to contamination. We tried
to make an elemental analysis on a zone with a copper cluster, but we did not obtain significantly
different result: 56.86 % oxygen, 39.73 % magnesium, 3.81 % copper. We concluded that the
copper cluster were too small to be detected with this technique without having 10 hours long
measurements.

84



Chapter III

Overall atomic Red box atomic

b) Element percentage percentage
0 55.98 56.86
Mg 39.82 39.73
Cu 4.21 3.81

Figure 11: a) HAADF of the MgO-Cu sample. b) elemental composition of the scanned zone, c)
superposition of the elemental mappings of the different elements, d) oxygen elemental mapping, e)
magnesium elemental mapping, f) copper elemental mapping. Red boxes show the area scanned for a
smaller scale measurement.

We now have different type of materials that could be good candidates for our NanoFLP.
Synthesis of MgO nanoparticles by precipitation-calcination was the cornerstone of our materials
and we could see how variation of the initial synthesis led to modification of the future catalyst.
The impact of temperature on the crystallographic facets, the influence of the washing step on the
sintering during the calcination and the incorporation of other elements through coprecipitation
were the main features explored.

We talked a lot about the bulk nature of the nanoparticles, but we did not talk much about
the surface, a crucial part in the activity of particles in catalysis. Thus, we wondered: how could
we correctly describe the surface of our particles?

85



Synthesis of basic alkaline-earth oxide nanoparticles and activity in the Claisen-Schmidt condensation

III. Surface state of MgO nanoparticles

1. Ageing of MgO nanoparticles under ambient air

As mentioned in Chapter II, alkaline-earth oxides were known to react with CO, and water
to form respectively carbonates and hydroxides at their surface. A sample of MgO nanoparticles
(synthesized by precipitation-calcination with no additional washing treatments and calcined at
500 °C) and a sample of CaO nanoparticles were let at ambient air for 3 weeks, XRD was performed
again (Figure 12:). It showed the formation of both Ca(OH); and CaCOs3 and he total disappearance
of the CaO phase. However, the diffractogram of the Mg0 nanoparticles did not change. We could
see that CaO nanoparticles were more sensitive to both hydration and carbonation than MgO
nanoparticles despite their bigger size. All our samples were stored under inert atmosphere to
reduce their exposition to H,0 and CO-.

a) | b)

n o

15 20 25 30 35 40 45 50 55 60 65 70 75 80 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°, Ka Cu) 26 (°, Ka Cu)

Figure 12:  XRD pattern of alkaline earth oxides nanoparticles after the synthesis (blue) and after ageing
under ambiant air (orange). a) MgO nanoparticles (MgO reference is given by the red bars). b) CaO
nanoparticles (CaO reference: green bars, Ca(OH): reference: magenta bars, CaCOs reference: blue
bars).

Even if bulk magnesium hydroxide and carbonate did not form upon air exposition, we
expected the formation of hydroxyls and carbonates at the surface of the nanoparticles. XRD was
a characterisation technique only informing on the presence of bulk crystalline phases; we needed
a technique sensitive to surface properties. We decided to use Fourier Transform Infrared
Spectroscopy (FTIR).

2. IR spectrum of MgO nanoparticles

To better understand the surface state of the nanoparticles during precipitation-calcination
synthesis (no additional washing steps, calcination at 500 °C), we measured the IR spectrum of
the nanoparticles in ATR mode using a spectrometer inside the inert glovebox for both the
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hydroxide and the final oxide powders (Figure 13:). The hydroxide IR spectrum (in blue) featured
afine band at 3695 cm-! and a large superposition of bands between 1200 and 1400 cm-1. The first
one was characteristic of the O—H vibration of the hydroxide group, and the other was
characteristic of surface carbonates. The oxide spectrum presented a small band at 3764 cm-! and
a large superposition of bands between 1200 and 1400 cm1. The first could be attributed to
surface hydroxyls, and the second to surface carbonates. The zone around 1800 cm! due to the
spectrometer, the blank spectrum presents the same feature and we never managed to erase it.
And finally, the big band that we start to see at 600 cm-! was due the Mg—O bond.

Y

4000 38'00 36'00 34‘00 32‘00 30.00 28'00 26‘00 24‘00 22'00 20'00 18'00 16'00 14‘00 12‘00 10'00 860 600
Wavenumber (cm™1)

Figure 13: IR spectra of MgO nanoparticles (orange) and Mg(OH): nanoparticles (blue), doted lines are
a guide to see the 0—H band in each material.

We measured the IR spectrum of the nanoparticles that aged under air to see the impact on
the bands associated to 0O—H and carbonate vibrations (Figure 14:). We could see on the spectrum
of the aged particles that a large band appeared between 3000 and 3400 cm-1, and that the shape
of the superposition of bands between 1200 and 1400 cm! also changed. It indicated a
modification of the surface hydroxyls and carbonate groups. More in depth analysis of these
spectra will be given in Chapter IV.
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Figure 14: a) IR spectra of MgO nanoparticles just after the synthesis (orange) and after 3 weeks in air
(blue), b) zoom in the zone where carbonates are visible.

3. Repeatability of the MgO synthesis

MgO synthesis via precipitation-calcination was repeated several times during the project.
Surprisingly enough, even if XRD and TEM measurements gave the same results from one
synthesis to another, we observed variation in the IR spectra. This was especially true in the
carbonate signal between 1200 and 1400 cm! (Figure 10:). More in depth analysis of this
variability will be made in Chapter IV.

a) b)

4200 3800 3400 3000 2600 2200 1800 1400 1000 600 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000
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Figure 15: IR spectra of two different MgO synthesis by precipitation-calcination (no additionnal
washings, calcination at 500 °C). a) Full spectra, b) zoom on the carbonate signal.
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IV. MgO nanoparticles as catalyst in the Claisen-Schmidt
condensation
1. The Claisen-Schmidt condensation

For practical reasons, we decided to test the activity of the synthesized MgO nanoparticles
in a catalytic reaction that did not involve gaseous reactants like CO,. Among the different
reactions mentioned in chapter 2, we chose the Claisen-Schmidt condensation since it involved
the activation of a C=0 double bond (Scheme 4:).

O

110 °C
Ho o+ CH, » X + H,0
MgO, Toluene

Scheme 4:  Claisen-Schmidt condensation reaction between benzaldehyde and acetophenone leading to

the formation of chalcone and water, conditions from Bain et al®.

The Claisen-Schmidt condensation was discovered in the 1880s by R.L.Claisen and
J.G. Schmidt. It recently gained interest since it can lead to the formation of flavonoids and
chalcones used as flavours, colorants or medicines.!3 This reaction is a condensation reaction
similar to aldol condensation. The main difference is that it specifically concerns the reaction
between an aldehyde or a ketone with an a-hydrogen and an aromatic carbonyl compound lacking
an a-hydrogen.

Mechanism

The Claisen-Schmidt condensation starts with the addition of the ketone on the aldehyde
followed by the dehydration of the intermediate. This reaction can actually be catalysed either by
an acid or a base. As described in Figure 16:, the base-catalysed reaction consists of three steps:
the activation of the ketone to form an enolate, the addition of the enolate on the aldehyde, and
the dehydration of the intermediate to form chalcone and water. The acid-catalysed reaction also
follows three steps: protonation of the ketone, formation of an enol, addition on the aldehyde and
dehydration. Lots of heterogeneous catalysts were reported to be active for the Claisen-Schmidt
condensation: alkaline-doped activated carbons, zeolites, magnesium oxide, hydroxyapatite,
alumina, or natural phosphates. The list was not exhaustive, but more details were given in
Yadav’s review on the subject!3.
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Figure 16: Mechanism of the Claisen-Schmidt condensation a) catalyzed by a base, b) catalyzed by an
acid, from Yadav et al.13

2. Activity of the synthesized MgO nanoparticles

Several studies mention MgO as an active catalyst for the Claisen-Schmidt
condensation81415, In these studies, they used organic solvents such as toluene, DMSO,
nitrobenzene or benzonitrile. Drexler and co-workers!4 especially showed an interesting effect of
the addition of small quantities of DMSO in other solvents. It increased the catalytic activity of
MgO due to the formation of sulphate groups at its surface. These sulphates helped the adsorption
of benzaldehyde at the surface of the MgO catalyst. In all these studies, the temperatures ranged
between 100 °C and 160 °C. Here, we decided to use similar parameters as Bain et al. in their
studys. The detailed experimental protocol was detailed in the experimental part of the chapter.
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a. First catalytic test

After a 15h reaction, we calculated the NMR yield of the reaction (formula used for the
calculation of the peaks was given in Annexe 4.). Detailed spectra of the different reactants were
given in Annexe. Benzaldehyde was easily recognized by its aldehyde peak around 10 ppm
(Annexe 1), acetophenone was recognized by its -CHs signal at 2.6 ppm (Annexe 2), and ethylenic
protons in chalcone were visible around 7.8 and 7.6 ppm (Annexe 3). The aromatic peaks were
harder to use to calculate NMR yields due to overlapping. Since we did not isolate the product, the
most intense peaks detected were attributed to toluene (solvent of the reaction) and water
(by-product of the reaction and traces in CDCl3) (Figure 17:a). When we zoomed in we could see
the peaks corresponding to benzaldehyde, acetophenone and chalcone (Figure 17:b). We could
also detect a small peak at 4.7 ppm, but its integration was negligible compared to the one of
chalcone (Table 3:). With these data we could calculate the NMR yield of the reaction.

Since benzaldehyde was the limiting reactant (1 eq. of benzaldehyde for 1.2 eq. of
acetophenone), we followed its consumption to calculate the NMR yields and conversions (Table
3:). Interestingly, at the end of the reaction we had a 1.29 ratio between the area of acetophenone
peak at 2.6 ppm and the area of benzaldehyde peak at 10 ppm instead of the expected 1.2.
Uncertainties on the introduced quantities of reactant were estimated to 5 % and could explain
this difference. Using the water peak at 1.5 ppm, we calculated that 5.32 equivalents of water was
formed during the reaction. This was more than what could be expected (one equivalent of water
for one equivalent of chalcone). This was due to the residual water contained in CDCl; used for the
measurement. The water peak could not be used for NMR yield calculations. The peaks of chalcone
gave an NMR yield of 45 % with a selectivity of 93 %. We confirmed that the nanoparticles
synthesized by precipitation-calcination were active catalysts for the Claisen-Schmidt
condensation.
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Figure 17: NMR spectrum of the crude after the Claisen-Schmidt condensation in CDClz a) full view

where mostly toluene (black dots) and water (blue dots) are visible, b) zoom where we see

benzaldehyde (red dot), acetophenone (green dot) and chalcone (yellow dot).
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Species Integration Equivalents NMR. N_MR NM.R_
conversion yield selectivity
Benzaldehyde 1 1 52 % - -
Acetophenone 3.88 1.29 - - -
Chalcone 0.87 0.87 - 45 % 93 %
Water 10.63 5.32 - * -
By-product 4.7 0.07 0.07 - 3% 0.07 %
Table 3:  Results of the Claisen-Schmidt condensation. Integrations are calculated directly from the

proton NMR spectrum. Equivalents result from the normalisation of the integrations. NMR
conversions, yields and selectivity are calculated as desccribed in Annexe 4.

b. Comparison to Bain’s study

We compared our results to the work of Bain and co-workers. Our catalyst was not quite as
active as their “flower-like” MgO but more active than the commercial one (Table 4:). This might
be explained by the fact that they synthesized particles with a specific shape using ethylene glycol
and poly(vinylpyrrolidone). The authors stated that this morphology eased the access to catalytic
sites. This could explain why the activity of their catalyst was higher despite having a lower
surface area.

Catalyst Catalyst surface area Benzaldehyde consumption
Bain’s flower like MgQ 45 m?/g 97 %
Bain’s commercial MgO 27 m?/g 20 %
Precipitation-calcination MgO 100 m?/g 52 %
Table 4: Comparison of the benzaldehyde consumption in the Claisen-Schmidt condensation between

our work and the work of Bain et al. They calculated the yield using gas chromatography and not
NMR.

We verified that our MgO nanoparticles were active in catalysis, even if they were less active
than the one presented in Bain’s work.
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3. Activity of the pair MgO+BPh;

In this last part, we wanted to test the impact of borane addition on the catalytic activity of
MgO nanoparticles. Even before the test, we knew that the Claisen-Schmidt condensation was not
the most suited reaction to observe a MgO-borane effect for two reasons:

e The reaction produced water that could react with the borane (hydrolysis)

e Thereaction was catalysed by Lewis acids so we could expect the borane to catalyse
the reaction. We did not find reference of borane catalysed Claisen-Schmidt
condensation in the literature

Furthermore, we did not find any record of Claisen-Schmidt condensation catalysed by a
FLP in the literature.

Even if we did not have a specific FLP mechanism in mind, we could imagine that the tandem
interaction between the Lewis acid and the Lewis base could help stabilise the first anionic
intermediate forming after the C—H bond cleavage (Figure 18:). This could lead to an
enhancement of the activity of the catalyst. These were a priori ideas, proving the existence of such
intermediates could actually be complicated.

a) o _
o}
)L— + A — /K
Ph CH, H Ph CH, H
i i H -
R P
——Mg— 0—Mg— O —Mg— —— Mg— O —Mg— O —Mg—
FPhy "BPh,
[
!
e o]
)J\— + A—— /K
Ph CHz H Ph CH, H
I 1 I :
_ - L
Mg— O—Mg— O—Mg Mg—— O —Mg— O —Mg—

Figure 18:  Propositions for the stabilisation of the enolate intermediate a) by a MgO surface, b) by the
pair MgO+BPhs.

In order to reduce the probability to form strong borane-water adducts, we decided to use
a weak Lewis acid in the reaction: BPhs. We feared that the traditionally used B(C¢Fs)s (BCF)
would react too strongly with water and not be available to interact with the MgO surface. Since
acids could catalyse Claisen-Schmidt condensation, it was important to first measure the activity
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of BPh; alone as a catalyst before trying the pair MgO+BPh3. We reduced the amount of catalyst in
the solution from 2.5 mmol (1 equivalent versus benzaldehyde) to 1 mmol (0.33 equivalent
versus benzaldehyde). With these parameters we ensured to be at low consumption rates. We
wanted to see the impact of the borane on the early stages of the reaction before it could react
with the produced H;0. We used 0.12 equivalents of BPh; compared to benzaldehyde. The results
of the catalysis in these conditions with MgO, BPhs and MgO+BPhs were given in Table 5..

(eq. compareth%cl):)enzaldehyde) (eq. comparedB :)hlienzaldehyde) Benzaldehyde consumption
0.33 0 5 %
0 0.12 9 %
0.33 0.12 5%
Table 5: Comparison of the benzaldehyde consumption in the Claisen-Schmidt condensation catalysed

by MgO, BPh3 and MgO+BPhs.

In these conditions, we obtained a 5% consumption of the benzaldehyde with MgO
nanoparticles alone. BPh3 alone was a catalyst for the reaction, leading to a 9 % consumption of
benzaldehyde. This activity was not reported in the literature, but we were not surprised since
Claisen-Schmidt condensation was catalysed by Lewis acids. The most interesting part however
concerned the use of MgO+BPh3;. When using MgO+BPhs, we obtained a consumption of 5 %, the
same value as MgO alone. In these conditions the use of MgO and BPhjz actually reduced the
catalytic activity of both catalysts. Explanation could be that the interaction between Mg0O and
BPh; was too strong, thus poisoning the active sites of MgO and preventing BPh3 to act as a
catalyst. This result hinted toward the fact that MgO and BPh3 interacted even if it did not increase
the catalytic activity.

4. Conclusion
The result of these first catalytic tests were the following:

- the MgO nanoparticles we synthesized were active in catalysis but with a lower activity
than the ones presented in the reference study of Bain

- the use of BPh;3 reduced the catalytic activity of our MgO catalyst

[t appeared that the study of the interaction between the Lewis base inorganic nanoparticles
and the Lewis acid ligand was of paramount importance. We had to study this interaction first
before trying catalytic tests if we wanted to understand the catalytic activity of the MgO-borane
pair.
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V. Conclusion

We managed to synthesize different alkaline earth oxide nanoparticles for the continuation
of the project. We managed to synthesize them by precipitation-calcination of nitrate precursors
in basic aqueous conditions.

e For the MgO synthesis, we studied the impact of two main parameters that were the
calcination temperature and the washing of the hydroxide intermediate. They influenced
the shape and the size of the final nanoparticles.

e We synthesized CaO nanoparticles and showed that they were more sensitive to
carbonation and hydration than the MgO ones. A residual CaCO3 was always present in the
samples.

e We synthesized Mg0-CaO mixed oxide nanoparticles by coprecipitation and studied the
influence of Mg/Ca ratio. Calcium was hard to incorporate inside the MgO nanoparticles
and tended to nucleate on its own forming calcium containing phases such as CaCOs,
Ca(OH);2 and CaO.

e We synthesized MgO-M (M = Co, Ni and Cu) mixed oxides nanoparticles by coprecipitation
and showed different end results depending on the transition metal. Nickel was
introduced successfully and homogeneously in the MgO nanoparticles. Cobalt was
introduced successfully but we observed zones with higher cobalt concentration. Copper
formed small clusters on the MgO nanoparticles and we could not determine if all the
copper was contained in these clusters or if a part of it was incorporated in the MgO lattice.

e We tested the MgO nanoparticles in the Claisen-Schmidt condensation and showed that
they were active catalysts. Nanoparticles calcined at 1000 °C were less active than the one
calcined at 500 °C.

e We made a first attempt at MgO-borane catalytic synergy by adding triphenyl borane in
the reaction medium for the Claisen-Schmidt condensation. We showed an unreported
activity of the borane alone for the reaction and showed that the combination of MgO
nanoparticles and BPh; ligands was less active than the sum of the individual activity. We
suggested that BPh; was coordination on MgO nanoparticles surface, thus blocking both
active sites.

We decided to study MgO nanoparticles surface and its interaction with both CO, and
boranes more in detail in the next chapter.
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VI. Annexes

NMR references

@
@]
o H
® @
®
o
[ |
L . J J
T T T T T T T T T T
11 10 9 8 7 6 5 4 3 2 1

Chemical shift (ppm)

Annexe 1.  NMR reference of benzaldehyde in CDCl3
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Annexe 2.  NMR reference of acetophenone in CDCl3
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Annexe 3.  NMR reference of chalcone in toluene-d8

Calculation of NMR yields

We used NMR in order to follow the evolution of the reaction. If we consider one proton in
a reactant, we follow its evolution to see where it will be at the end of the reaction. This proton
could either: not have reacted (initial reactant still present), be in the main product, or be in a
by-product. When there are no/few by-products, NMR conversions are really easy to handle and
do not need the addition of internal standards that could bring repeatability issues. When there
was by-products we decided to always consider that the corresponding main peak accounted for
one proton. This means that we over-estimate the quantity of by-products in most cases.

area of H in the product

NMR yield =
e area of H in the reactant + area of H in the product + area of H in the byproducts

area of H in the reactant

NMR conversion =
area of H in the reactant + area of H in the product + area of H in the byproducts

area of H in the product

NMR selectivity =
setectivity area of H in the product + area of H in the byproducts

Annexe 4.  Equations used to calculate the NMR yields, conversions, and selectivities
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Adsorption of borane on MgO surfaces

In this chapter, we were interested in the study of MgO nanoparticles surface. Both
nanoparticles at the end of their synthesis and after exposition to CO, and/or molecular boranes
were studied. As we saw in Chapter III, we needed better comprehension of the surface state of
MgO nanoparticles before investigating catalytic reactions. The first part of the chapter was a
reminder of the literature on surface carbonates forming on alkaline-earth oxides. The second
part focused on the analysis of the synthesized MgO nanoparticles in terms of carbonate
formation, and the last part focused on the adsorption of boranes.

Using IR spectroscopy, we found that carbonates were naturally present after the
precipitation-calcination synthesis. Both the calcination temperature and the washing steps
impacted the number and the types of carbonates present on the surface of the nanoparticles.
Exposition of the MgO nanoparticles to CO increased the intensity of the carbonate signal but did
not modify consistently the position of the bands.

Since we studied the impact of BPh3 addition on Mg0O nanoparticles for the Claisen-Schmidt
condensation in Chapter III, we started to study the MgO-BPhj3 as the first MgO borane interaction.
We used both colloidal stability tests and IR spectroscopy to determine if the borane were
adsorbed on the surface of the nanoparticles. We also added CO; after the borane adsorption to
see ifitled to the apparition of new IR bands corresponding to potential MgO-CO,-borane adducts.
Finally, we observed surprising results when adsorbing the chloroborane BCl;Ph on MgO
nanoparticles that we interpreted as a cleavage of the B—Cl bonds to form MgO—B bonds.
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I. Carbonate formation on MgO surface

As explained in Chapter 2, basic alkaline earth oxide such as MgO formed carbonates due to
a negative enthalpy associated to the carbonatation reaction!. In this first section, we gave a brief
overview of the IR studies allowing to differentiate carbonate adsorption on MgO surfaces.

1. IR spectroscopy theory and experimental works

Different types of carbonates have different IR signature. Evans et al.2 showed that adsorbed
carbonates IR bands could be determined from the IR spectrum of the carbonate ion CO3Z.
Carbonate ion belong to the point group D3p, and the adsorption on a surface would decrease the
symmetry of the ion, thus splitting certain degenerated bands and modifying the dipolar moment
variation associated to certain vibrations. For example, a monodentate adsorption forming
the -0—CO; specie would belong to the C,y point group. The initial asymmetric stretching of the
carbonate ion would split into two components: the CO; asymmetric stretching mode, and the CO»
symmetric stretching mode (Figure 1:). Furthermore, the symmetric stretching mode did not
modify the dipolar moment of the CO32-ion, it was not detectable in IR. This was no longer the case
in monodentate adsorption, making the vibration visible in IR.

Free carbonate ion: 4 bands in IR
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Figure 1:  Vibration modes of the free carbonate ion and monodentate adsorbed carbonate. Adapted

from Solis et al.3.

105



Adsorption of borane on MgO surfaces

Wavenumber (cm1) Attribution Vibration
1420-1470 Vi +V, = o
1020-1090 ; (v, not active in IR) \C/
Carbonate ion
860-880 v, |_
680-750 Vs + Vg 0
1470-1530 v,
’ O P O
1300-1370 Vg \\C'/
1040-1080 Monodentate vy E
850-880 carbonate v, o
750-820 Ve |
670-690 Vi
1590-1630
@)
1260-1270
1020-1030 e . ﬂ
identate carbonate
830-840 N
O O
740-760 N 7
Mg
660-680
Table 1: IR wavelength of carbonate vibrations, adapted from Evans et al.2Vibrations are refering to
Figure 1..

2. Modelling the adsorption of CO: on surfaces

Progress made in the field of modelling in the 90s allowed for better accuracy concerning
the prediction of carbonate formation on surfaces. The latest were not considered like immovable
anchors anymore, and the adsorption on different sites could be analysed. Most of the time it was
still simple cases like perfect planes, perfect edges or perfect corners that were considered. But it
still gave a better understanding on the adsorption modes of CO; on oxide surfaces. For example,
Jensen et al.# showed that the monodentate adsorption on perfect MgO (100) planes was not
energetically favourable, corners and edges were necessary to have a stable adsorption. The
author acknowledged the fact that comparison between computed wavenumbers and
experimental data was often impossible due to the fact that adsorption properties revolved
around the presence of defects in the material.
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Wavenumber (cm™) Attribution
1784
1288 Monodentate
carbonate,
827 terrace
821
1703
1327 Monodentate
carbonate,
1011 edge
847
1778
1243 Bidentate
carbonate,
932 corner
847
1451
Tridentate
1084 carbonate,
corner
906
Table 2: IR wavelength of carbonate vibrations depending on the adsorption mode on a MgO surface,

adapted from Jensen et al*. Green and dark grey spheres corresponds to Mg atoms, red and light grey
spheres to O atoms and black spheres to C atoms.
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II. Experimental section

Note: all the details concerning the suppliers and the purity of chemical products are given in the
Appendix.

Adsorption of CO2 on nanoparticles

The reaction was performed in a 25 mL glass autoclave. All the glassware was dried for one
night in a 120°C oven before usage. Inside an argon glovebox, MgO (20 mg, 0.5 mmol,
1 equivalent) was introduced. We closed the autoclave and got it out of the glovebox. We
connected the autoclave to a vacuum-gas system where we made two vacuum/CO; (1 bar) cycles
before putting 7 bars of CO, (10 mmol, 20 equivalents) in the autoclave. The autoclave was then
putin an oil bath and heated at the desired temperature. We let the reaction going overnight. Once
the reaction was finished, we opened the autoclave in the glovebox and analysed the powder using
ATR. The nanoparticles were not exposed to air in the process.

Colloidal stability tests in solvents

The reaction was made in 2 mL vials. All the glassware was dried for one night in a 120 °C
oven before usage. Inside an argon glovebox, toluene (0.5 mL, 4.5 mmol, 19 equivalents), MgO
(10 mg, 0.2 mmol, 1equivalent) and BPh; (1.2 mg, 9.4E-3 mmol, 0.04 equivalents) were
introduced. The solution was heated at 80 °C under a heating plate for 10 minutes. The solution
was then sonicated for 30 seconds and let to rest. We observed regularly the dispersion of the
nanoparticles in the solution to estimate the time it took to sediment.

Adsorption of BPh3 on nanoparticles with evaporation of the solvent

The reaction was performed in a 25 mL glass autoclave. All the glassware was dried for one
night in a 120 °C oven before usage. Inside an argon glovebox, toluene (1 mL, 9 mmol,
19 equivalents), MgO (20 mg, 0.5 mmol, 1equivalent) and BPhz (2.4 mg, 1.9E-2 mmol,
0.04 equivalents) were introduced. We closed the autoclave and got it out of the glovebox. The
autoclave was then put in an oil bath and heated at 60 °C. We let the reaction going for 1 hour.
Once the reaction was finished, we evaporated the toluene by putting the autoclave under vacuum
for 1 hour. Once the toluene was evaporated, we opened the autoclave in the glove box and
analysed the powder using ATR.

Adsorption of borane on nanoparticles with centrifugation of the
nanoparticles

The reaction was performed in a 25 mL glass autoclave. All the glassware was dried for one
night in a 120°C oven before usage. Inside an argon glovebox, toluene (1 mL, 9 mmol,
19 equivalents), MgO (20 mg, 0.5 mmol, 1equivalent) and the borane (1.9E-2 mmol,
0.04 equivalents) were introduced. Borane tested were BPhs, tris(pentafluorophenyl)borane,
BEt;, BCl;Ph and B(OH),Ph. We closed the autoclave and got it out of the glovebox. We let the
reaction going for 1 hour. Once the reaction was finished, centrifuged the solution at 9000 rpm for
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10 minutes. We isolated the precipitated nanoparticles and let them to dry under inert
atmosphere overnight. Once the nanoparticles were dried, we analysed the powder using ATR.

Adsorption of CO2z on MgO+borane powders

The reaction was the same as the adsorption of CO; on Mg0 nanoparticles, but we only put

10 mg of the nanoparticles-borane powder in the autoclave.
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III. Surface carbonates on MgO nanoparticles

1. MgO nanoparticles after the synthesis and impact of air
exposition

In Chapter III, we observed the modification of the IR spectrum of MgO nanoparticles stored
under ambient air. This was mainly due to the interaction with CO, and H,0. We were interested
in understanding how our MgO nanoparticles and CO; interacted since it could be interesting for
future catalytic studies. We started by studying MgO nanoparticles synthesized by
precipitation-calcination without extra washing steps and calcined at 500 °C. We analysed more
precisely the evolution of the IR spectrum to see what was the type of surface carbonates forming
on the surface of the nanoparticles. To do so, we deconvoluted the part of the IR spectrum
associated to carbonate vibration most sensitive to the adsorption mode, i.e. the region between
1250 and 1650 cm-1. As shown above, it was in this region that the difference between different
types of carbonates was the most visible. The other zones were easier to analyse and we decided
not to spend too much time in their deconvolution. We deconvoluted the using pseudo-Voight
functions, as it was done by Reilly et al.5.

First, we analysed the two IR spectra presented in Chapter III: the one corresponding to
fresh MgO nanoparticles and the one measured after 3 weeks exposition to air (Figure 2:a). Figure
2:b and c showed the result of the deconvolution, with a table summarizing the position and the
intensity of the bands in Figure 2:d. We kept the acquisition parameter constants so that the
measurement of the intensity of the different bands could be compared from one measurement to
another. Most of the time, we only used it to determine which were the main bands in a spectrum.

We could see first that the intensity of the main bands increased after the carbonatation
under ambient air. More interestingly, we could see that the positions of the bands were not the
same. For the nanoparticles right after the synthesis, we found 3 components at 1382, 1454 and
1526 cml. From what we understood in the introduction of the chapter, a free carbonate ion
should only have one band in the domain while adsorbed carbonates would have two bands (with
the notable exception of tridentate carbonate on corner sites). The two bands at 1382 and
1526 cm! could correspond to monodentate carbonates, while the peak at 1454 cm-! could
correspond to either free carbonate ions (residual from the synthesis, basic conditions favoured
the formation of CO32 in solution) or tridentate carbonates adsorbed on corners.

After ambient air exposition, two main bands were detected at 1409 and 1493 cm'!, and a
minor band was detected at 1659 cm'l. The main bands could correspond to monodentate
carbonates, and the minor one could be attributed to bidentate carbonates. If bidentate
carbonates were present, we should have also detected a minor vibration band around 1260 cm-1.
Since the contribution would have been minor, it was possible that this band was hidden under
the main band at 1493 cm-L

110



Chapter IV
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Position Intensity N
d
) Mgo (cm) (AU.) Attriburion
c)
1382 35 Monodentate
carbonate
Tridentat
Fresh 1454 36 rigentate
carbonate
1526 30 Monodentate
carbonate
1409 147 Monodentate
carbonate
old 1493 171 Monodentate
carbonate
. - . . . . . . . . . Bidentate
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carbonate

Wavenumber (cm™!)

Figure2:  a) IR spectra of the nanoparticles freshly synthesized (blue) and after 3 weeks under air
(orange), b) deconvolution of the carbonate band (1250 cm-1700 cm™) of the fresh MgO IR spectrum,
c) deconvolution of the carbonate band (1250 cm1-1700 cm) of the aged MgO IR spectrum, d) table
with the information concerning the different bands.

Air exposition increased the amount of bidentate carbonates on MgO nanoparticles due to
the CO; present in ambient air. The band at 1454 cm-! that we associated to tridentate carbonate
disappeared or was hidden behind the monodentate carbonate signal. We could make the
following hypothesis: les sites were available for tridentate carbonate formation so the
corresponding band could not increase much and was hidden under the monodentate carbonate

signal.

2. Variability in MgO IR spectrum

As mentioned in the Chapter III, we observed a variability in the shape of the carbonate
signal (1250 cm1-1700 cm'!) between the different batches of MgO we synthesized. To
understand if this was due to different types of carbonates present at the surface of the particles,
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we applied the same methodology and deconvoluted the different spectra (Annexe 1). We
observed that even if the spectra were different, there was a similar pattern in most of them
(Figure 3:). The signal was composed of three main bands which position varied between the
samples. The most intensive bands were located between 1400 and 1450 cm-1, and the two others
were respectively positioned between 1360 and 1395 cm-1 for the first one and between 1510 and
1540 cm! for the second one.

Position

Bands ) Attriburion
(em)
Main band 1400-1455 Tridentate carbonate
Secondary band 1 1360-1395 Monodentate carbonate
Secondary band 2 1510-1540 Monodentate carbonate
)
1700 1650 1600 1550 1500 1450 1400 1350 1300 1250

Wave number (cm-)

Figure 3:  a) Position and attribution of the three most intense IR carbonate bands in MgO after
synthesis, b) Representation of the position of the different IR bands in the carbonate signal for the
different repetitions. The most intense band were shown by the green dots, the second and the third
most intense bands were represented by blue dots, and the other bands were represented by orange
dots.

Just like in Figure 2:b, these main bands could be attributed to monodentate carbonates
(1360-1395 cm'! and 1510-1540 cm1) and to either free carbonate ion or tridentate carbonate
(1400-1450 cm!) according to the literature. Minor bands were sometimes present, but they
often represented less than 3 % of the intensity of the main band of the spectrum (Annexe 2). No
clear trend was found concerning the position of these minor bands, but we could assume they
corresponded to different types of monodentate or bidentate adsorption.
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3. IR spectra of MgOwashea and Mg01000

Since we believed that the IR spectrum of the MgO nanoparticles was related to the surface
state through the formation of different type of carbonates, we wanted to compare the different
MgO nanoparticles we had to if any difference was visible. We applied the same methodology to
both Mg0O1000 and MgOwashea (Figure 4:). Interestingly, the IR carbonate band were weaker in
MgO1000 and MgOwashea than in the previous MgO samples (Figure 4:a). The carbonate signal in
Mg0O1000 was broad and could be deconvoluted in two bands at 1508 and 1416 cm! (Figure 4:b).
They could be associated to the presence of monodentate carbonates. The carbonate signal in
MgOwasheda Was more defined and could be deconvoluted in seven bands as described in Figure 4:c.
These bands could be attributed to a mix of monodentate, bidentate and tridentate carbonates.

et

et

T T - T ¥ ¥ T T T T T T . T T ¥ v T
3800 3400 3000 2600 2200 1800 1400 1000 600 1700 1650 1600 1550 1500 1450 1400 1350 1300 1250

Wavenumber (cm™1) Wavenumber (cm™?)

° d) Sample P(‘::Sn':_':;" '"(tg_"us_')ty Attribution

1508 21 Monodentate
MgOp00
1416 8 Monodentate
1675 <1 -
1643 6 Bidentate
1559 7 Monodentate
MgO,ashed 1492 9 Tridentate

1417 9 Monodentate
1381 2 -
1343 9 Bidentate

1700 1650 1600 1550 1500 1450 1400 1350 1300
Wavenumber (cm™1)

Figure4:  a) IR spectra of MgO (blue), MgO1000 (orange) and MgOwashed (green). b) Deconvolution of the
carbonate band (1250 cm1-1700 cm1) of MgO1o00 IR spectrum. c) Deconvolution of the carbonate
band (1250 cm-1700 cm) of MgOwashea IR spectrum. d) Table with the positions, intensities and
attributions of the different IR carbonate bands.

The fact that the carbonate signal was weaker in Mg01000 than in MgOsgo could be explained
by the lower surface area of the nanoparticles. Since there was less available surface, less surface
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carbonates were formed. When we compared the position of the bands, the two detected in
Mg0O1000 could correspond to two of the main bands in MgOsp0. We could make the following
hypothesis: calcining at low temperatures (500 °C) favoured the formation of corner sites where
a tridentate adsorption was possible.

For MgOwashed, the surface area of the nanoparticles could not explain the difference in
carbonate intensity (we expected the surface area of MgOwashed to be higher than the one of MgO).
The difference of surface state could influence the carbonation rate of the nanoparticles during
the calcination. The cleaner surfaces of Mg(OH)2wanseda Nanoparticles were less subject to sintering
and maybe to carbonation. The carbonate signal of MgOashea Was more complex than the one of
MgO. The detected bands could be attributed to a mix of monodentate, bidentate and tridentate
carbonates. These differences could be explained by cleaner surfaces allowing different types of
carbonates to be present on the surface of the nanoparticles.

4. Carbonation of MgO nanoparticles under pure CO:

After these experiments, we had a better understanding of the types of carbonates present
on the surface of the MgO nanoparticles right after their synthesis. However, as we saw with the
nanoparticles that were carbonated due to storage in ambient air, the carbonates that formed
when the nanoparticles were exposed to CO, were not the same (no more tridentate adsorption).
We decided to study the impact of CO, exposition on the carbonate signal of MgO nanoparticles.
We still studied in detail the zone between 1250 and 1700 cm-! since it was the zone where
changes were the most visible.

We exposed the MgO powder to CO, without any solvent, as described in the experimental
part. We used 7 bar of CO; and did the experiment at room temperature, at 80 °C, and at 150 °C.
Results were shown in Figure 5:. Each experiment was repeated three times and we obtained
repeatable results. Deconvolution was used to identify the position of the main bands, but the
smaller ones were pointed directly on the spectra to reduce the time required to analyse the data.
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Figure 5:  a) IR spectra of the zone of interest of MgO (blue), MgO+CO: at RT (orange), MgO+CO: at
80 °C (green) and MgO0+CO:z at 150 °C (red). b) Table of the position and attibution of the different
bands in the carbonate zone between 1250 and 1800 cm (green color indicated the most intense
band and blue color indicated the the second and third most intense bands).
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The experiments made at different temperatures had similarities: we could see the
apparition of new bands while the main ones already present were retained. We detected
physisorbed CO; with its bands at 2362 and 2335 cm! in all the experiments (Figure 5:a). The
initial main band at 1412 cm-! was still detected with a slight shift toward the lower wave numbers
(Figure 5:b). The band initially at 1528 cm-! was still detected at approximately the same position.
The band at 1366 cm! reduced in intensity and was displaced toward smaller wavenumbers at
high temperature. We also observed the apparition of new secondary bands with the exposition
of CO;. Some were common to the experiment at RT and 80 °C, or at 80 °C and 150 °C, and some
others only were present at certain temperatures. We proposed the an attribution in Figure 5:b.

This measurement method had its limits since we were not making the measurements in
situ. We only could detect carbonates forming at a certain temperature and stable when returning
to room temperature. Making the study using techniques such as Diffuse Reflectance infrared
Fourier Transform spectroscopy (DRIFT) would bring an even greater understanding of the MgO
carbonatation process.
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IV. Adsorption of boranes

The second part of this chapter was focused on the adsorption of boranes on the surface of
MgO nanoparticles. First, we wanted to see if borane molecules could adsorb on the surface of
MgO, and then we wondered if the carbonate formation at the surface of the nanoparticles would
be impacted by the presence of borane ligands.

1. Adsorption of BPhs on MgO in toluene

a. Impact of BPhs addition on colloidal stability of MgO suspension

To have a qualitative information on the affinity of borane ligands toward MgO we did a
colloidal stability test. We decided to start with BPh; since it was a borane often used in FLP
chemistry with steric hindrance and moderate Lewis acidity (see Chapter 2). We mixed MgO
nanoparticles with and without BPhs3 in different toluene and observed the time it took for the
colloidal suspension to sediment. The exact protocol was described in the experimental part.

We could see that 10 minutes after we made the suspension, the suspension without BPh3
already sedimented whereas the suspension with BPh; was stable (Figure 6:a). This suspension
was stable for 2 hours before we saw the nanoparticles sediment. When we looked at the TEM
grids made with these suspensions, we could see that the nanoparticles in toluene without the
borane were aggregated in big objects with a characteristic size of the order of 1 um (Figure 6:b).
When BPh; was present, the aggregates were much smaller with a characteristic size of 100 nm
(Figure 6:c). Even if TEM micrographs were not always representative of the dispersion state of
the nanoparticles in suspension due to aggregation during the grid preparation (evaporation of
the solvent), we believed that these different aggregate sizes were representative of the solutions
and explained the different colloidal stability. DLS measurements could help provide a more
accurate answer.

This result indicated that BPh3 helped to stabilize MgO suspension in toluene, probably
through surface coordination (Figure 6:d).
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Figure 6:  a) Colloidal stability of the MgO suspension in toluene with and without BPhs after
10 minutes. b) TEM micrograph of the suspension without BPhs. c) TEM micrograph of the suspension
with BPhs. d) Hypothesis of BPhs coordination on MgO surface explaining the improved colloidal
stability in toluene.

b. Infrared study of the adsorption of BPh3 on MgO

Now that we had a good indication that BPh3 coordinated MgO nanoparticles in toluene, we
wanted to see if IR spectroscopy could provide us information on the type of coordination: was
there formation of a B—O bond? Were there Van der Waals interactions? etc.
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We decided to prepare the suspension of MgO+BPhj3 in the same way we did previously. The
toluene was then evaporated and we analysed the residual powder via IR-spectroscopy. The
measurement was made in the inert glovebox, the samples were not exposed to air in the process.
Detailed protocol was described in the experimental part. We expected to observe the signal of
the MgO nanoparticles and of BPhj3 since the evaporation of the solvent did not remove the borane.
We hoped to see the apparition of new IR band that we could attribute either to a B—O vibration
or to aloss of symmetry of the BPhs; molecule due to its adsorption on MgO nanoparticles (detailed
BPh; reference IR spectrum was given in Annexe 3).

a)

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™1)

b)

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber (cm™1)

Figure7: IR spectra of the powder MgO+BPhs after toluene evaporation (green: BPhs reference,
black: MgO reference, blue: MgO+BPhs3). a) Full spectrum. b) Zoom on the 600-1700 cm™! zone. Green
doted lines indicate the main bands of molecular BPhs.
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Figure 7: showed the IR spectra resulting of the adsorption. Due to the complexity of the IR
spectra, we did not manage to deconvolute them. Instead, we used classical peak picking to
analyse the data. We observed that the spectrum of the final powder after the adsorption of BPh3
on Mg0O was the sum of the spectrum of MgO and the spectrum of BPhs;. We only saw two
differences:

e the apparition of a broad band at 3700 cm! that might correspond to O—H
elongation vibration

e a slight shift of the B—C elongation band toward higher wavenumbers (a 5 cm!
shift) that might not be significant.

IR spectroscopy did not allow to detect the adsorption of the borane in these conditions. May be
the coordination of the borane was enhanced by the apolar solvent: after toluene evaporation the
bond between Mg0 and BPh3; became weaker and undetectable. Or maybe the interaction between
BPhs and MgO was too weak to be detected in the first place.

c. Infrared study of the adsorption of BPh3 and COz on MgO

To conduct the study to its end, we decided to expose the powder containing MgO+BPhj3
(after toluene evaporation in the adsorption experiment) to 6 bar of CO, at room temperature for
one night (15 hours). Even if the adsorption of BPhs on MgO was not detected, maybe the addition
of CO; would cause the formation of a Mg0O—CO,—BPhs specie that might have an IR signature.
Figure 8: showed the IR spectra of the MgO+BPh3 powder after its exposition to CO». The spectrum
was very similar to the one obtained after the previous experiment (adsorption of BPhz on MgO).
However, we spotted four differences:

e the apparition of the physisorbed CO; bands at 2362 cm-! and 2335 cm-!

e a shift of the C—C phenyl elongation bands toward higher wavenumbers (13 cm-!
difference)

e the apparition of a large band between 1250 and 1400 cm! (red square in Figure
8:b)

e the disappearing of the B—C band at 1240 cm-!

We decided to deconvolute these new peaks between 1250 and 1400 cm-, assuming a linear
background, to have a rough estimation of how many new bands appeared and what their
respective wavenumbers were (Figure 9:a and b). We found 5 new bands with similar intensities
at wavenumbers between 1383 and 1307 cm-1. This range of wavenumbers could correspond to
C—O carbonate vibrations, B—C vibrations or B—O vibrations. These new bands were not
present in the blanc reaction where we exposed BPh; to CO; under the same conditions.
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Figure 8: IR spectra of the powder MgO+BPh3+C0O: (green: BPhs reference, black: MgO reference,
blue: MgO+BPhs, orange: MgO+BPhs+CO0z). a) Full spectrum. b) Zoom on the 600-1700 cm zone.
Green doted lines indicate the pics of molecular BPhs.

[t appeared that the exposition of the MgO+BPhs; powder to CO; modified the B—C vibration
of BPh3 molecules. The fact that the blank with only BPh3z and CO; did not react indicated that this
modification was due to the presence of Mg0O. The disappearing of the B—C band and the
apparition of the new peaks between 1300 and 1400 cm! were probably linked. Maybe the
presence of CO; allowed the formation of a MgO—CO,—BPhj3 specie where the borane was more
strongly adsorbed than in the case of its adsorption on MgO alone. The phenyl vibrations would
also be impacted by the B—O bands, explaining their shift.
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Figure 9:  a) Deconvolution of the zone between 1285 and 1405 cm'l where new peaks appeared.

b) Position and intensity of the new peaks.

2. Borane screening

Given the results we obtained with BPh3, we decided to do a screening over different borane
and boron containing species to see if we observed similar results. We modified a little bit the
experimental protocol as explained in the experimental part. Overall, the experiment stayed the
same: adsorption of the boron containing species on MgO0 in toluene, isolation of the nanoparticles
and finally exposition to CO; overnight. The only difference was the isolation of the nanoparticles
by centrifugation instead of solvent evaporation. In this case we expected a weaker signal of the
borane since some of it would be evacuated with the supernatant. We tested this new protocol
with BPhs, BCF, BEt; and B(OH).Ph. We also did the experiment with BCl;Ph but we will discuss
these results in the next section. Results were displayed in Figure 10:.
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Figure 10: IR spectra of reference borane (green), reference MgO (black), MgO+borane (blue) and
MgO+borane+CO:z (orange), with a) BPhs, b) BCF, c) BEts and d) B(OH)zPh.

The reaction with BPh3 did not yield new bands like previously (Figure 10:a). Maybe the
remaining boranes after the solvent evaporation in the previous experiments played a role in the
apparition of these IR bands. Here we only saw the adsorption of BPh3z on the MgO surface with a
slight shift of the BPh3 bands.

The reaction with BCF (Figure 10:b) gave an interesting result where some of the bands
were maintained, but the ones corresponding to B—C vibrations disappeared. When we added
CO2, we observed the apparition of a new band at 1713 cm-! that could correspond to a C==0
vibration.

The experiment with BEt; (Figure 10:c) showed only weak peaks, it was not obvious that
the borane was still present on the MgO surface.

The experiment with B(OH),Ph (Figure 10:d) showed the apparition of a signal around 1200
to 1400 cm! that looked like the one observed with MgO+BPh3+CO; in the previous section. But
these bands already appeared when we just mixed MgO and B(OH).Ph without the CO». Addition
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of COz changed the intensities of certain of these bands. It could be that these peaks corresponded
to a certain adsorption mode of the borane. Figure 11: showed propositions for the adsorption of
either BPh3+CO; or B(OH).Ph. We considered that the similarities of the IR spectrum in the zone
between 1200 and 1400 cm-! could be due to the formation of a Ph—B—0,X specie, with B—0,X
forming a four members ring. In the first case X=C and in the second case X=Mg. These were
hypothetic propositions.

a) b)

B
/B\ O/ \O
N/
——Mg—OH Mg HO—Mg——

¢
e .
@) 0 Mg 0 Mg o]

Figure 11:  Proposition for the adsorption of: a) COz+BPhs, and b) B(OH)2Ph on MgO surface.
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3. Adsorption of BCl:Ph on MgO

We did the same experiment with the chloroborane BCl;Ph. To our surprise, we observed a
direct reaction between MgO nanoparticles and BCl,Ph. When they were put in contact in toluene,
the colour of the nanoparticles changed from white to dark brown (Figure 12:). At the end of the
reaction, we centrifuged the solution and saw the supernatant was transparent while the
sedimented nanoparticles were dark brown. We realised that the colour of the nanoparticles was
air sensitive: when exposed to air they became light brown.

BCI,Ph addition 12h Centrifugation
— >

»

Air exposition

—p

Figure 12:  MgO nanopatrticles colour changes after exposition to BCIz2Ph.

To understand the phenomenon, we decided to make IR and XRD analyses of the
nanoparticles before and after exposition to air. IR results were displayed in Figure 13: and XRD
results in Figure 13:. The IR spectrum before the air exposition showed differences compared to
the spectra of reference BCl;Ph (Annexe) and MgO:

e shift of the C—H phenyl bands toward higher wavenumbers
e disappearance of the B—C band at 1221 cm!
e apparition of new peaks between 1300 and 1400 cm-!

This was really similar to what we obtained for the adsorption of BPh3+C0O; on MgO previously.
When we exposed the nanoparticles to air, we saw the apparition of a broad signal between 3000
and 3700 cm-1, a zone usually characteristic to O0—H vibrations. We also saw the modification of
the zone between 1000 and 1800 cm! where we observed a broad signal with bands at 1420 and
1620 cm'.
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Figure 13: IR spectra of reference BCIzPh (green), reference MgO (black), MgO+BCI:Ph before air
exposition (blue), MgO+BCl:Ph after air exposition (orange). a) Full spectra. b) Zoom on the
700-2000 cm! zone.

XRD results were shown in Figure 14:. When we measured the diffractogram of the
nanoparticles under inert conditions, we only observed MgO peaks. The broad signal between 15
and 25 ° was due to the plastic dome ensuring that the sample was not exposed to air. When we
removed the dome, we observed the colour change from dark to light brown in about 20 seconds.
We did the XRD measurement with the dome to compare with the previous measurement. We
observed the apparition of a phase that we attributed to NaCl.
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Figure 14:  XRD difractogram of MgO+BCIzPh before (blue) and after (orange) air exposition, MgO

reference (red bars, PDF Card n°00-004-0829) and NaCl reference (blue bars, PDF Card
n°00-005-0628).

The presence of NaCl in the final powder could be explained in the following way:

e Natcations were present on the surface of MgO nanoparticles due to the use of NaOH
during their synthesis. It was actually this result that encouraged us to increase the
number of washings for the synthesis of MgOwashed

e (l-anions were present on the surface due to a cleavage of the B—Cl bond to form
B—O0 and Mg—Cl bonds at the surface

Figure 15: presented a hypothetic adsorption of BCl;Ph on MgO. Since the nanoparticles were
synthesized using NaOH as a base, residual Na* ions were probably present on the surface. This
would explain the presence of NaCl in XRD and both the modification of B—C bands and the
apparition of potential B—O bands in IR spectroscopy. Yet we still had to understand why air
exposition had this effect on the MgO surface. We tried exposing the MgO+BCl,Ph nanoparticles
to either dry air, pure CO; or H;0, and waited to see if the nanoparticles changed colour (Annexe
5). We observed that nanoparticles exposed to H,0 immediately changed colour, but the ones
exposed to either dry air or CO; did not change colour after one day. We concluded that it was
water present in the ambient air that caused the colour change.

We came to the following hypothesis: presence of water allowed the ions at the surface of
MgO nanoparticles to move. This mobility allowed the Na* and Cl- ions to migrate and crystallize
to form a NaCl phase detectable in XRD. Boranes adsorbed on the surface might also be sensitive
to moisture, forming B(OH),Ph or B(OH); at the surface, thus resulting in a modification of the IR
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spectrum of the nanoparticles and in the apparition of a broad O—H band between 3000 and
3700 cm-L. Potential remaining BCl;Ph would also react with H,0 forming B(OH).Ph.

a)

a” o
————— —
Gl g—FC Cle p—Cl
— Mg— O —Mg— O —Mg— O —Mg— ——Mg—0—Mg— O —Mg— 0 —Mg—— ——Mg— 0 — Mg — O—Ng—O0—Mg—
— ( ci
Tl P B\ C|I T‘ T/
—Mg—0—Mg— 0"—Mg—0—Mg— ——Mg—O0—Mg—O—Mg—O0—Mg——
b)
Na cl B cl

—Mg—O0—Mg— 0—Mg— 0“—Mg—0—Mg——

Na---ClI P B Cl
- AN
——Mg— O —Mg— 0 —Mg— 0“—Mg—0—Mg—

..... it —

B

L o™ ox

----- Cl——Na—2Cl H H

——Mg— 0—Mg— 0—Mg— O0—Mg— O —Mg——

Figure 15:  Mechanism proposition for: a) the adsorption of BCI2Ph on MgO, b) the impact of water.
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V. Conclusion

In this chapter, we investigated on the adsorption of CO; and boranes on the surface of MgO
nanoparticles. We showed that the precipitation-calcination synthesis mostly yielded tridentate
and monodentate carbonates at the surface of the nanoparticles. Modification of the protocol,
either by increasing the calcination temperature or by increasing the number of washing,
decreased the intensity of the carbonate bands and modified the present bands. Exposition of the
nanoparticles to COz did not drastically changed the nature of the adsorbed carbonates.

The experiments on borane adsorption showed that weak interactions between MgO
nanoparticles and BPhsz allowing the stabilisation of colloidal dispersion in toluene. This
MgO+borane mix was sensitive to CO; exposure: modifications of the B—C bonds were observed
along with the apparition of potential new B—O bonds. Similar phenomenon was observed with
B(OH):Ph.

Lastly, we observed an unprecedented reactivity between MgO nanoparticles and BCl;Ph
molecules. We observed the formation of NaCl after air exposition of the MgO+BCIl,Ph powder,
clearly indicating the cleavage of the B—Cl borane bonds. We proposed an adsorption mechanism
of the chloroborane on MgO surfaces.
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Annexes
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IR spectra deconvolution of the carbonate band (1250 cm? - 1700 cm™) of different batches
of MgO nanoparticles. Blue crosses: measured data, black line: overall fit, red lines: different
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Sample Position Intensity samole Position Intensity Sample Position Intensity
P (em) (A.U.) P (cm ) (A.U) P (em) (A.U)
1526 30 1536 32 1531 33
M1 1454 36 1430 46 M12 1430 74
M6
1382 35 1364 35 1367 54
1524 2 1261 2 1541 17
1509 28 1520 28 1524 1
M2 1463 5 M7 1450 67 1451 5
1449 41 1385 25 M13 1415 130
1384 31 1527 26 1364 21
1523 3 M3 1405 70 1428 2
1512 40 1367 20 1411 1
M3
1452 36 1529 26 1672 4
1397 15 M9 1399 106 1642 3
1576 5 1361 19 M14 1512 51
1520 13 1528 12 1394 34
M4
1448 51 M10 1442 20 1384 1
1385 31 1375 28 1565 1
1528 42 1518 27 1517 21
M5 1412 85 1461 1 M15 1399 53
M11
1366 8 1444 27 1367 6
1374 25 1307 1

Annexe 2.  Position and intensity of the different IR carbonate bands of MgO nanoparticles determined
after the deconvolution of the 1250-1700 cm™! zone.
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Annexe 3. IR spectrum of BPh3. a) Full spectrum. b) zoom on the 600-1700 cm! zone.
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Annexe 4. IR spectrum of BCIzPh. a) Full spectrum. b) zoom on the 600-1800 cm™! zone.

Exposition to Time lapse to observe colour change

Ambiant air 20 seconds
Dry air No colour change observed
co, No colour change observed

H,0 Immediat

Annexe 5. Exposition of MgO+BCIlzPh powder to several molecules to observe colour change.
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Chapter V

In this chapter, we detailed our results on the activity of MgO-based catalysts in the
cycloaddition of CO2 on epoxides. Since we had a better understanding of the interaction between
MgO nanoparticles and borane ligands, we decided to see how the pair behaved in catalysis. As
mentioned in Chapter II, we had to choose a catalytic reaction to study: we could either choose a
reaction known to be catalysed by molecular FLP and see if our MgO-borane pair could catalyse
it, or we could choose a reaction known to be catalysed by either MgO or boranes and see how our
MgO-borane pair would behave.

Nothing ensured that NanoFLP would be possible on any reactions we would choose, so we
decided to study a reaction that was already catalysed by MgO nanoparticles and see how the
addition of borane ligands would impact the activity (just like we did in Chapter III with the
Claisen-Schmidt condensation). We decided to focus on a reaction that involved CO; since its
activation via a NanoFLP mechanism was one of the initial goals of the project. We detailed in
Chapter Il the main reactions catalysed by MgO. The cycloaddition of CO; on epoxides was chosen
(Scheme 1:).

0O—0

N

QO o) 0
/\ + o=c=o0

R

v

Scheme 1:  Cycloaddition of COz on epoxide.
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I. Cycloaddition of COz on epoxides as a valorisation
pathway

1. The cycloaddition reaction

As mentioned in Chapter II, the main strategies for CO; valorisation are: the use of high
amount of energy (heat, light or electricity mainly) to perform a transformation, the use of
high-energy starting molecule such as Hy, or the synthesis of low energy target molecules!. In the
case of the cycloaddition of CO; on epoxides, it is a mix of the two last strategies that is at stakes.
Epoxides are constrained heterocycles that can react with CO; when activated by a catalyst to form
cyclic carbonates (Scheme 1:). Cyclic carbonate molecules have been commercialized since the
1950s and can be used as polar aprotic solvents, electrolytes for lithium-ion batteries, precursor
for polycarbonate synthesis, additive in oil or paints2-5. Cyclic carbonates can also be used as
intermediates for the synthesis of fine chemicals since it can react with compounds such as
amines, alcohols, or carboxylic acids (Figure 1:).

Hydroxyalkylester Dialkylcarbonate 1,2 - Diol
0 OH
e L WY
/\l/ R,0 OR, R,
P
Hydroxyalkylurethane T R,” "OH
Alcohol

Hydroxydialkylcarbonate

Cc:rbwﬂhc acid

0
R )L
S\Pit o/\r
R, R, 0 )l\o OH
A e
'k R1

0} 0

N
Ry H Alcohol
Amine
Poly-ethercarbonate
G o 7 Ring-Opening o]
Polymerization
1,2 - Diol 0
@]

) / R

R

Figure 1:  Reactivity of cyclic carbonates, from Bobadilla et al 5.

CO; valorisation for better carbon capture economic viability, development of Li-ion
batteries for the decarbonation of vehicles and use of renewable carbon feedstock for chemical
synthesis have been three main challenges of the last decades. We understood why the

142



Chapter V

cycloaddition of CO; on epoxides has drown increasing interest recently®. Adding the fact that the
reaction is atom-economic, thus not producing any by-product, cyclic carbonate synthesis using
CO; seemed even more attractive. Actually, it was one of the few CO; valorisation pathways that
has been industrialised?s.

2. Reaction mechanism

Different mechanisms were reported for the catalytic reaction. They almost always included
the action of both a nucleophile agent and a Lewis acid for the activation of either the CO;
molecule, the epoxide or both at the same time®. Figure 2: showed the proposition of two different
mechanisms proposed by Kiatkittipong et al3. In the first one the nucleophile activates the CO;
molecule, and the Lewis acid facilitates the opening of the epoxide by interacting with its oxygen
atom. Then the five membered ring closes giving the cyclic carbonates. In the second proposed
mechanism the Lewis acid activates the epoxide so that the nucleophile agent can open the cycle.
Then the electrophilic carbon of the CO; molecule interacts with the oxygen atom of the opened
epoxide to finally lead to the closure of the five membered ring.

Mechanism 1

0
R 2 )J\ Q
0=C=0 P ) )k
N A0

Nu ————— N L,

2 o ~ e
7 b \(J\RZ R1 R2

; R1
Intermediate (1) Intermediate (2)

Mechanism 2

i $ N M
(o} R1
" 0=C=0 )ﬁ/n Q" o
6 — R —
LA 2 OYO H
Nu termediate (4) R1 R2
LA Nu

(0]

O,
Intermediate (3) i

Figure 2:  Two proposed mechanisms for the cycloaddition of CO: on epoxides, from
Kiatkittipong et al 3.

Both the epoxide and the CO, have a nucleophilic oxygen atom that can interact with a Lewis
acid, and an electrophilic carbon atom that can interact with a nucleophile agent. Even if the steric
hindrance did not seem to enter into account here, this kind of reactions where both a Lewis acid
and a Lewis base (acting as a nucleophile) had a role to play were good candidates to attempt
NanoFLP.
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3. Reported catalysts

a. Homogeneous catalysts

Reported catalysts for the cycloaddition of CO, on epoxides are numerous and being
exhaustive would be difficult. We could classically divide two families of catalysts: homogeneous
and heterogeneous. On the homogeneous side we had notably ionic liquids, amines and other
organic bases, deep eutectic solvents, metal salts, organometallic complexes3. These types of
catalysts were really efficient and could operate under mild conditions. For example, Wang et al.?
used 2,6-pyridinedimethanol in ionic liquids (TBACI, TBAB, TBAI) at 25 °C under 1 bar of CO; and
managed to get up to 92 % ethylene carbonate yield in a 24 hours reaction. Castro-Osma et al.10
showed that the use aluminium scorpionate could catalyse the reaction at room temperature
under 10 bar of CO; to achieve a 100 % conversion of ethylene oxide in 24 hours. Some other
catalysts required higher temperature and CO; pressure, like Aresta et al.!? that had to work at
150 °C for their Nb(V) complex catalyst to reach 80 % styrene oxide yield in 12 hours.

b. Heterogeneous catalysts

Several heterogeneous catalysts are also reported to be active in the cycloaddition of CO>
on epoxides. Bobadilla et al.> made an extensive review on the subject. The first class of materials
that was found to be active in the reaction was oxides and mixed oxides. Yamaguchi et al.12 showed
that Mg-Al mixed oxides were active at 120 °C under 5 bars of CO; to yield 88 % of propylene
carbonate in 24 hours. Interestingly enough, they emphasized that the efficiency of the catalyst
came from the cooperative interaction of Mg—O basic sites and Al acidic sites (Scheme 2:). This
mechanism would correspond to the Mechanism 1 described in Figure 2:, where the nucleophile
(basic site) activated the CO, molecule and the acidic sties activated the epoxide. Several oxides
were reported to be active in the cycloaddition of CO; on epoxides: Mg0O, Ca0, ZnO, Zr0, La;0s3,
Ce0,, Aly03, K2C03, Nb,0s, Fe304. Basic zeolites also showed to be active in the reaction through
the incorporation of alkali metal oxide clusters (Na, K, Cs)!3. Doskocil and coworkers managed to
obtain 33 % ethylene carbonate yield at 150 °C under 100 bar of CO; in 3 hours. More recently,
some organic materials were discovered to be active in the reaction such as chitosan, resins and
polymers14-17,
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Scheme 2:  Cyloaddition of CO: on propylene oxide mechanism over Mg-Al mixed oxide, adapted from
Dai et al2

C. Use of a heterogeneous Lewis acid catalyst with a homogeneous
Lewis base co catalyst

A specific case caught our attention: the catalysis of the reaction by a zinc-based
hydroxyapatite (Zn-HAP) combined with a molecular Lewis base. Mori et al.!8 showed that this
pair was active at 100 °C under 5 bar of CO; and yielded styrene carbonate up to 79 % in 20 hours
in solvent-free conditions. The catalytic activity was strongly dependent of the base used in the
reaction (Figure 3:b). When no base was used, the Zn-HAP only yielded traces of carbonates. When
molecular bases were added, the activity increased drastically, up to 79 % yield. The activity
varied depending on the base: 57 % for pyridine, 60 % for 1,8-diazabicyclo[5.4.0]-7-undecene
(DBU), 63 % for triethylamine (TEA), and 79 % for 4-(dimethylamino)pyridine (DMAP).

Blank reaction was only performed with DMAP and it showed that the base alone was active
in catalysis. However, the authors clearly showed that there was a synergetic effect between
Zn-HAP and the bases. They also showed that the use of solvents (DMF and CHCl;) reduced the
catalytic activity of the Zn-HAP + TEA pair. The synergy probably came from the cooperative
activation of CO2 and of the epoxide involving both the acidic Zn sites of the Zn-HAP and the Lewis
bases (Figure 3:). In this case the proposed mechanism corresponded to the Mechanism 2
described in Figure 2:, where the Lewis acid and the and the nucleophile activated the epoxide.

This study was interesting to us since it showed an activation similar to the one we would
like to achieve with NanoFLP. In our case MgO would play the role of the Lewis base and boranes
the role of the Lewis acid.
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Figure 3:  a) Proposed mechanisms for the cycloaddition of CO: on trans-1-deuterio-1,2-hexene oxide
catalysed by Lewis base assisted Zn-HAP, b) performance of Lewis base assisted Zn-HAP in the
cycloaddition of COz on styrene oxide (100 °C, 5 bar COz, 20 h), adapted from Mori et al. 8,

4. Reported reaction between boranes and epoxides

We searched reported reactions occurring between epoxides and boranes. It appeared that
boranes and other Lewis acids were known to activate the opening of epoxide cycles as well as
epoxide polymerisation. Andrea and coworkers!® published a review on the ring-opening
polymerisation (ROP, polymerisation of the epoxide on itself) and copolymerisation (ROCOP,
polymerisation of epoxide and other molecules like CO;) activated by boron and aluminium
catalysts. ROP of epoxides was reported to be activated by boranes. Chen and coworkers20
reported that a variety of organoboranes were active in the ROP reaction and that the yield
depended on the acidity of the boranes. Weakly acid boranes like BPh3z or B(OC¢Fs)3 did not yield
isolable amount of polypropylene oxide, but stronger acids like BCF did. The presence of a
hydroxyl-containing initiator (such as H»0, EtOH or glycerine) helped to obtain longer polymer
chains and accelerated the reaction. On its own, BCF only produced short oligomers (dimer, trimer
or tetramer). In the presence of CO,, boron catalysed ROCOP was possible, leading to the
formation of either polycarbonates or copolymers containing both ether and carbonate moieties
(Figure 4:).
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Possible initiation steps
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Figure4:  General mechanism for the polymerisation of cyclohexene oxide and the copolymerisation of
CO:z and cyclohexene oxide, from Andrea et al.’®.

These were crucial information that had to keep in mind when we started to study the
impact of the borane ligands in the activity of our MgO-borane pair.
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5. Objectives of the chapter

All things considered, it seemed that the cycloaddition of CO, on epoxides was a good
candidate to attempt NanoFLP. The fact that it involved the activation of small molecules like CO,
and even epoxides in some extent, that MgO nanoparticles were already catalysts of the reaction,
that the mechanism involved both a Lewis acid and a nucleophile species were encouraging. In
our case the basic sites of the MgO nanoparticles would play the role of the nucleophile species
and the boranes would be the Lewis acid. We would have to be careful not using boranes with too
strong acidity since we did not want the epoxide to polymerise. It could be interesting in future
steps of the NanoFLP project, but at this point we wanted to study the cycloaddition and not the
copolymerisation reaction.

Since some epoxides like ethylene oxide and propylene oxide were flammable and
explosive, we chose to work with one specific epoxide that was (2,3-epoxypropyl)benzene (EpBz)
for safety reasons. This epoxide was not used really often and seemed more difficult to activate
than less bulky epoxides like ethylene oxide, as shown by Tu and coworkers?1. Their experiments
were the starting point of our study. They showed that EpBz was harder to activate than ethylene
oxide: their MgO catalyst only yielded 4 % cyclic carbonate with EpBz against 19 % with ethylene
oxide. The study also showed that MgO was one of the least active catalysts: the authors obtained
a 41 % carbonate yield for the cycloaddition on EpBz when they used the homogeneous
[N(C2Hs)4]Br catalyst.

We wanted to see if our NanoFLP strategy could lead to higher catalytic activity of MgO
nanoparticles in the cycloaddition of CO; on (2,3-epoxypropyl)benzene.
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II. Experimental section

Note: all the details concerning the suppliers and the purity of chemical products are given in the
Appendix.

Cycloaddition catalysed by MgO in neat conditions

The reaction was performed in a 25 mL glass autoclave. All the glassware was dried for one
night in a 120°C oven before usage. Inside an argon glovebox, MgO (20 mg, 0.5 mmol,
0.13 equivalent) was introduced, then EpBz (0.5 mL, 3.8 mmol, 1 equivalent), and finally borane
(1.9E-2 mmol, 0.005 equivalent, mass depending on the borane) when it was used. We closed the
autoclave and took it out of the glovebox. We connected the autoclave to a vacuum-gas system
where we made two vacuum/CO; (1bar) cycles before putting 7 bars of CO; (10 mmol,
2.6 equivalents) in the autoclave. The autoclave was then put in an oil bath and heated at 150 °C.
We let the reaction going for a duration that varied from 3 hours to 5 days. After that we got the
autoclave out of the oil bath and let it cool at room temperature. Depending on the cases we would
either degas and open the autoclave under ambient air or in the glovebox if we feared the products
to be air sensitive. NMR analyses were made by diluting one droplet (for 1H NMR) or 0.1 mL (for
11B NMR) of the crude reaction in 0.5 mL of either CDCl; or toluene-d8.

Cycloaddition catalysed by MgO with DMF

When conducting the cycloaddition with DMF we used the following stoichiometry:
EpBz (0.5 mL, 3.8 mmol, 1 equivalent), DMF (0.5 mL, 6.5 mmol, 1.7 equivalents), MgO (20 mg,
0.5 mmol, 0.13 equivalent), borane (1.9E-2 mmol, 0.005 equivalent, mass depending on the
borane) when it was used. The experimental procedure was the same as the reaction in neat
conditions with the extra step where we added the DMF right after MgO and before the epoxide.

Cycloaddition catalysed by MgO in other solvents

When using a solvent, we modified the stoichiometry of the reactions: solvent (4 mL),
EpBz (0.4 mL, 3.0 mmol, 1 equivalent), MgO (80mg, 2 mmol, 0.66 equivalent), borane
(7.5E-2 mmol, 0.02 equivalent, mass depending on the borane). However, procedure was the
same with the extra step where we added 4 mL of the desired solvent right after MgO and before
the epoxide.

Blanc reaction at room temperature without CO:

We use the term “blanc reaction” when we did a reaction without one of the reactants or the
catalyst. In most cases the experimental procedure was the same. The only exception was when
we carried experiments without CO, at room temperature: in this case the reactions were
performed in 15 mL glass vial directly in the glove box.
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III. Cycloaddition in neat conditions

From the studies we mentioned above, neat (or solvent-free) reactions were often
performed for the cycloaddition of CO; on epoxides. This was probably due to several reasons: the
low solubility of CO; in usual solvents, the high concentration of epoxide in neat conditions, the
easier isolation of the product, or the reduction of waste at the end of the reaction. Both the
reference paper we chose as a starting point?! and the paper mentioning the Lewis base assisted
Zn-HAP catalyst showed higher results in neat conditions. We decided to start in this direction.

However, working in neat conditions also have shown some limitations22. These included
among others: the solubility or miscibility of the different reagents, the necessity to use excess of
some reactants, the formation of side product, a low control over the selectivity, and a faster
poisoning of the catalyst. In our case, this could be problematic especially when we would use
boranes since they could trigger the polymerisation of the epoxide. Working in neat condition
could increase the rate of polymerisation, so we had to be really careful to which borane we chose
in order not to entirely consume the epoxide.

We adapted the protocol described in the work of Tu and coworkers?2!, and tried to make
the cycloaddition of CO; on EpBz in neat conditions. In their work, they obtained a 4.0 % cyclic
carbonate yield under 50 bar of CO; at 150 °C during 3 hours with a catalyst loading of 25 %. At
the time we could not go as high in pressure, so we decided to work at lower pressure (7 bar). We
had to keep in mind that the reaction parameters were not exactly the same when we compared
the results.
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1. Performances of MgO nanoparticles

a. First catalytic test

As a fist attempt, we wanted to have a high advancement of the reaction to have the cyclic
carbonate in decent amount for our analyses. The cyclic carbonate 4-benzyl-1,3-dioxolan-2-one
(BzD) was not found commercially, so we could not have spectral references. We let the reaction
run for 5 days using the stoichiometry detailed in the experimental section (also summed up in
Scheme 3:).

o)
0 5 days
o 150 °C N
+ 0—C=—0 —m——p c=—o0
0.13 MgO /
o
2,3-Epoxypropylbenzene 7 bar 4-benzyl-1,3-dioxolan-2-one

(EpBz)
1 equivalent

2.6 equivalents (BzD)

Scheme 3:  Cycloaddition of COz on 2,3-Epoxypropylbenzene catalysed by MgO in neat conditions.

After making the 'H NMR analysis of the reaction crude in CDCl3, we obtained the spectrum
showed in Figure 5:. By using the same method than in the Chapter IlI, we calculated the NMR
epoxide consumption and the NMR cyclic carbonate selectivity. We obtained 75 % consumption
of the epoxide and 74 % selectivity toward the cyclic carbonate.

Secondary products were essentially detected by the triplet at 4.3 ppm, the peaks around
6.5 ppm and the broad signal around 3.5 ppm. We did not find in the literature any precise
description of the secondary products possible in the cycloaddition of CO; on epoxides. We
guessed that they would come from the epoxide ring-opening activated by the MgO catalyst. The
considered secondary products were given in Figure 6:. After simulating the different 1H NMR
spectra using the ChemDraw software, we found that the signal at 6.5 ppm could come from the
secondary product 5, and the triplet at 4.3 ppm could come from the secondary product 1 (see
Annexe 2 for the attribution proposition).

This was interesting since it gave information on the mechanism of the cycloaddition
reaction. It was the C—O bound with the most sterically hindered carbon atom that was cleaved.
However, it was a little bit surprising to see the secondary product 1 since it requires a
hydrogenation step to be formed. It was also surprising that we detected the enol 5 but not the
corresponding aldehyde 3. Usually, the aldehyde form would be the more favoured in a tautomeric
keto-enolic equilibrium. It was possible that in these conditions the enol form was more stable, or
that the transformation of 5 into 3 was not possible.

Due to the chemical displacement and the shape of the peaks at 3.5 ppm, we could suppose
that the broad signal was due to a partial polymerisation of the epoxide. This will be more
discussed in the latter when we will introduce boranes in the reaction. These were just
propositions based on 'H NMR analysis only, and on the hypothesis that the secondary products
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came from the epoxide ring-opening. Further studies would have to be made, using different
techniques like gas chromatography or mass spectroscopy, to confirm these propositions.

We verified that the blanc reaction with no catalyst did not yield any cyclic carbonate. MgO
was necessary for both the formation of the cyclic carbonate and the secondary products (Annexe
3).
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Figure5:  1H NMR spectrum of the crude after the cycloaddition. a) full spectrum, the dotted box
corredponds the the zone in b). Identification of the cyclic carbonate peaks. Secondary products are
marked by a star.

152



Chapter V

OH

| ;
o
T

1* (4.3 ppm)

Vi

OH

m ;
o
T

5* (6.5 ppm)

Figure 6:  Considered secondary products originating from the epoxide ring-opening, those detected in
the reaction crude of the cycloadition reaction are marked with a star and associated chemical
displacement are given in parenthesis.

We managed to obtain a consumption of the epoxide into the desired cyclic carbonate
allowing the identification of its NMR peaks. This result was not comparable with the one of the
original paper since our reaction lasted 5 days and not 3 hours. However, we were intrigued by
the formation of these secondary products that were not mentioned by Tu and co-workers in their
study. Actually, they did not give selectivity results at all. We could not know if this was expected.

b. Kinetic study

The low selectivity was maybe due to the formation of secondary products at long reaction
times. To answer this question, and to be able to compare our results to those of Tu, we decided
to do a kinetic study of the reaction. We varied the duration of the experiment from 3 hours to
5 days (120 hours), while keeping the other parameters constant. Evolution of the NMR epoxide
consumption and of the NMR cyclic carbonate selectivity were shown in Figure 7:. This study
showed that the selectivity of the reaction was low even at small reaction duration. The number
of equivalents of the different species depending on the duration were given in Annexe 4. Before
72h, the only secondary product was the polymeric specie. The two other secondary products
were not detected before 72 h, and in negligible quantities afterward. We estimated the cyclic
carbonate selectivity to be between 60 and 80 %. The point at 3 hour gave a lower selectivity, but
the low consumption increased the uncertainties.
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Figure 7:  Evolution of the epoxide consumption (blue) and the cyclic carbonate selectivity (orange)
depending on the duration of the reaction. Dotted arrows of corresponding colors are here to guide
the eye.

If we compared the reaction that lasted 3 hours like in the study of reference, we could see
that we obtained a lower cyclic carbonate yield: 2 % instead of 4. On the one hand, considering
the low quantities we were dealing with, we could wonder if this 2 % difference was significant;
on the other hand, we had to remember that we conducted the experiment at only 7 bar of CO;
pressure, while they used 50 bar. This could explain the difference in consumption.

In order to get better cyclic carbonate selectivity, we decided to modify the temperature of
the reaction. It would allow us to see if the secondary products could form at temperatures were
the cycloaddition was not possible, or if the two reactions were inherently linked to each other.

C. Temperature study

We decided to vary the temperature from room temperature (RT) to 150°C (the
temperature we used until now) while fixing the duration at 48 hours. The lowest temperature
reported for the catalytic reaction with MgO-based catalyst was 120 °C12. We expected that bellow
this temperature we would not see any reactivity. The results of the study were summed up in
Table 1:. No cycloaddition was detected up to 60 °C. However, at 80 °C traces of cyclic carbonate
were detected at the end of the reaction even if it was hard to quantify (less than 1 % yield). We
also evidenced that the reaction producing the polymeric species took place at temperatures as
low as 40 °C. The amount of secondary product formed did not vary when the temperature
increased until 150 °C. However, since the uncertainty on the calculation of the NMR
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measurements was approximately 1 %, it was hard to be quantitative. We could say for sure that
the polymeric product was detectable.

Species RT 40 °C 60 °C 80 °C 150 °C
Epoxide 1 0.99 0.99 0.99 0.85
Cyclic carbonate 0 0 0 <0.01 0.09

SCS G 0 0.01 0.01 0.01 0.05
3.5ppm

Sec. Product 0 0 0 0 0.01
4.2 ppm

Sec. Product 0 0 0 0 0

6.5 ppm

Table 1: Evolution of the quantities (in equivalent) of the different species in the cycloaddition of CO:
on epoxides in neat condition at the end of the reaction depending of the reaction temperature.

d. Tests with other catalysts

Since no reference studies used the exact same reaction conditions as ours, we wanted to
have an idea of the efficiency of our MgO catalyst compared to other types of Mg0. We decided to
conduct the catalytic experiment with Mg0Ocom (commercial Mg0) and MgO100 (MgO calcined at
1000 °C). We performed the reaction with the same stoichiometry at 150 °C for 48 hours. We also
decided to try other catalysts: the synthesized CaO nanoparticles and the hydroxides Mg(OH). and
Ca(OH),. These last two materials were not reported as active catalysts for the reaction. We
maintained the ratio epoxide vs alkaline-earth atom constant between the different catalytic
experiments, without any normalisation with the surface area of the materials. Results were given
in Table 2:.

We noted that the synthesized MgO calcined at 500 °C was the most active of the MgO
nanoparticles we tested. This was probably due to the points mentioned in Chapter III: higher
surface area and more active exposed facets. It was also the material with the best selectivity. The
other MgO nanoparticles mostly lead to the formation of the polymeric secondary product. CaO
was almost inactive for the cycloaddition butlead to the formation of the polymer. The hydroxides
lead to different results depending on the alkaline-earth atom: Mg(OH), was active in catalysis
with properties exceeding those of CaO but inferior to Mg0O, and Ca(OH), was totally inactive.
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Catalyst Epoxide consumption Cyclic carbonate selectivity  Cyclic carbonate yield
MgO 15 % 64 % 9 %
MgO.om 2% 40 % 1%
MgO1 000 1% 13 % <1%
Cao 10 % 14 % 1%
Mg(OH), 13 % 41% 5%
Ca(OH), 0% / 0%

Table 2: Comparison of different catalysts for the cycloaddition of COz on EpBz at 150 °C for
48 hours.

These results were coherent with what we found in the literature. MgO nanoparticles
treated at high temperatures can lose reactivity for certain reactions (cf. Chapter II) and the
cycloaddition of CO; on epoxide appeared to be one of them. Commercial MgO exhibited larger
particle sizes, probably leading to lower surface area and lower catalytic activity for a given mass.
CaO was reported to be a catalyst for the reaction with properties much inferior compared to
MgOs. However, the results we obtained concerning magnesium hydroxide was not reported to
our knowledge. Even if it was lower, Mg(OH), showed an activity comparable to the one of MgO
both in terms of epoxide consumption and cyclic carbonate selectivity. Post mortem analysis
would be necessary to verify that Mg(OH); nanoparticles did not underwent strong morphological
or crystallographic changes. It could be interesting to see if the activity was due to the Lewis
basicity of the sites or if the hydroxide function plays a role. To do so, we could study the catalytic
activity of MgO nanoparticles with different hydroxyl coverage obtained by exposition with water.
We could also study the activity of partially calcined Mg0O/Mg(OH). nanoparticles, where both
bulk oxide and hydroxide phases would be present. However, we did not believe that this
investigation was worth to do, and we preferred to move further in our plan toward the NanoFLP.

After these studies, we had a first understanding of the catalytic reaction and the efficiency
of the different catalysts that we used. The next step was to see if the addition of a Lewis acidic
borane could modify activity of our MgO catalyst, either in terms of epoxide consumption or cyclic
carbonate selectivity.
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2. Polymerization of epoxide

a. Tests with tris(pentafluorophenyl)borane

As mentioned in the introduction of the chapter, we knew that the interaction between
borane Lewis acid species and epoxides could lead to polymerisation. This was especially true
since we were working in neat conditions. The Lewis acidity of the boranes was the most critical
factor to control if we wanted to avoid polymerisation. Since tris(pentafluorophenyl)borane (BCF)
was the most used borane in FLP chemistry, we decided to use it as a first test. The stoichiometry
of the reaction is described in the experimental part of the chapter (summed up in the Scheme 4:).

0 2 days

+ OQ—=C—=0 ——
0.005 BCF

EpBz

1 equivalent 7 bar

2.6 equivalents

Scheme 4:  Attempt at the cycloaddition of COz on EpBz catalysed by BCF in neat conditions.

As soon as the borane was added to the mixture three phenomenon occurred
simultaneously: the emission of a white smoke, the heating of the solution and the increase of the
viscosity of the solution. All these signs clearly indicated that the epoxide polymerised
immediately when in contact with BCF.

We did the 'H NMR spectra of the crude of reaction (Figure 8:) to see what the signal of the
polymerised epoxide would be. A broad signal was detected from 2.5 ppm to 4 ppm with some
sharper peaks on top of it. It was at this moment that we associated the broad signals around
3.5 ppm obtained in previously to polymerised species. The large signal with some sharp peaks
on top seemed to be characteristic of polymeric species. However, the shape of the signal was not
the same when repeating the reaction (Annexe 5). Both the area of the broad peaks and the
position/intensity of the sharp ones varied. A finer analysis of the polymeric species was difficult
only using proton NMR. No signal was detected in !B NMR, potentially because polymerised
species were harder to detect. Moreover, since we were using an echo on the 1B measurement,
the borane would be even harder to detect if it was incorporated in polymeric species.
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Figure 8:  'H NMR spectrum after the addition of BCF to the epoxide (blue) and the reference of EpBz
(orange). a) Full spectrum, b) zoom on the doted box.

b. Tests with triphenylborane

BCF was too acidic for us to use without polymerising the epoxide. We decided to try
another less acidic borane: triphenylborane (BPhs). We did the reaction in the same condition
(keeping the borane stoichiometry) and we did not observe any smoke formation, heating nor
increase of the viscosity. It seemed that the epoxide did not polymerize.

To confirm this, we did the 1H NMR of the crude of reaction like with BCF (Figure 9:). We
did see a modification of the initial epoxide spectrum, but unlike with BCF the epoxide was still
visible here. The appearance of the broad signal occurred at room temperature but was more
important at higher temperatures. The signal was also more intense when more borane was
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introduced at room temperature. Just like with BCF, the signal of the polymerised product varied
from one experiment to the other. Its interpretation was complex.

a) W e

nm A

Chemical shift (ppm) Chemical shift (ppm)

Figure 9:  'H NMR spectrum of the mixture with EpBz and BPhs. a) At room temperature (blue), at
150 °C (orange), at room temperature with 10 times more borane (green). b) Four repetitions of the
reaction at 150 °C.

We also did the 11B NMR of these reactions (Figure 10:). It was surprising for us that BCF in
the same concentrations was not detectable by NMR whereas BPh3z was. This was probably linked
to the fact that polymerised species were harder to detect. In the case of BPh3 the polymerisation
was only partial, so most of the borane was detectable. We could see in Figure 10:a that when the
reaction was conducted at room temperature, we only observed a peak at 46 ppm. This
corresponded to BPh20R compounds, meaning that the borane probably entirely reacted with the
epoxide to form one of the product 1 or 2 described in Figure 11:. The small peak at 29 ppm
corresponded to a BPh(OR); specie, like products 3 or 4. This was also the case for the reaction
conducted with a high concentration of boranes (Figure 10:a green). However, in the reaction at
150 °C, we could see the apparition of 3 peaks with variable intensities (Figure 10:b) at 32 ppm,
23 ppm and 20 ppm. The peak at 32 ppm would correspond to another BPh(OR); type specie,
whereas the peaks at 23 ppm and 20 ppm would correspond to B(OR)3 species like the products
5and 6.
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Figure 10: 1B NMR spectrum of the mixture with EpBz and BPhs. a) At room temperature (blue), at
150 °C (orange), at room temperature with 10 times more borane (green). b) Three repetitions of the
reaction at 150 °C. Peak |: 46 ppm, peak ll: 32 ppm, peak lll: 23 ppm, peak IV: 20 ppm.

It seemed that at room temperature BPh; interacted with the epoxide allowing the
replacement of one of the phenyl groups and two of them in some molecules. Even at high borane
concentration no BPhs signal (65 ppm) was detectable. The high epoxide/borane ratio favoured
the total transformation of the borane. When increasing the temperature to 150 °C the apparition
of the new peaks could be due to a stronger interaction between the borane and the epoxide. The
value of the chemical displacements hinted toward species like BPh(OR); and B(OR)3, hypotheses
were given in Figure 11: for what could be the corresponding species. 1B NMR spectra were
harder to predict than usual H and 13C NMR spectra, so it was not possible to verify by simulation
the chemical displacement associated to these boron species. None of these species were
detectable in 'H NMR, probably due to their low concentration (0.01 equivalent of borane
compared to the epoxide). It could be also due to the fact that the peaks were covered in the broad
polymer signal.
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Figure 11:  Boron compounds possibly present in the reaction. Chemical displacement of the
BPhn(OH)3-n species are given on the left.

We were starting to see one of the limitations of neat reaction with our system. Even if the
activity of MgO was higher, neat conditions also favoured other undesired side reactions such as
the polymerisation of the epoxide in presence of a borane (and even with Mg0). But still we
wanted to see if the use of both MgO and BPh3s would lead to the simple addition of the effect of
the two species (catalytic activity of MgO + polymerisation with BPhj), or if there was an
additional effect due to a synergy between the nanoparticles and the ligands.
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3. Combining the Lewis base nanoparticles and the Lewis acid
ligands

a. First attempt with MgO+BPhs

In this part we investigated on the effect of the combination of MgO and BPhs; in catalysis.
We decided to keep the previous stoichiometry, as described in Scheme 5:.

0 2 days
150 °C
0.13 MgO
0.005 BPh,
EpBz 7 bar

1 equivalent 2.6 equivalents

Scheme 5:  Attempt at the cycloaddition of COz on EpBz catalysed by MgO+BPhs in neat condition.

We conducted a first experiment at 150 °C for 2 days to see if the main and secondary
products of the reaction were the same as with MgO and BPh3 alone (Figure 12:). We could see
that the 'H NMR gave no new species (Figure 12:a), we still had formation of the cyclic carbonate
and of secondary products (polymeric, and traces of the product at 6.5 ppm). However, the 11B
NMR spectrum was different from the one with BPh3 only. Here we had three peaks at 32 ppm,
23 ppm and 7 ppm, and no peak at 20 ppm. Apparently, the presence of MgO prevented the
formation of the 20 ppm species and instead allowed the formation of the 7 ppm species.

a) b)

Y |ON

7 6 5 a4 3 2 100 80 60 40 20 (V] =20 -40 -60 -80 -100
Chemical shift (ppm) Chemical shift (ppm)

Figure 12:  NMR spectra of the crude of reaction using MgO+BPhs as a catalyst ,a) 1H NMR, b) 1B NMR.

The sharpness of the new peak in 1B NMR and the chemical displacement inferior to
10 ppm were characteristic of tetravalent boron species. This signal could correspond to a
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BPhs-epoxide adduct (Figure 13:). It would be surprising that this species could form in this
reaction whereas it could not in the reaction with BPh3 alone. This might be due to the fact that
MgO nanoparticles and its surface species managed to stabilise the BPh3-EpBz adducts.

Figure 13:  Possible adduct formed by BPhs and EpBz.

b. Repeatability of the experiment

Just like in the case of MgO and BPh3z alone, we had some questions concerning the
repeatability of the experiment in terms of secondary products, epoxide consumption, carbonate
selectivity, and boron species present in the final solution. We decided to reproduce the
experiment 5 times to evaluate its repeatability. As showed in Figure 14:a, depending on the
repetitions the broad signal of the polymeric species could overlap with the signal of the cyclic
carbonate, making the integration of certain peaks challenging. The production of cyclic carbonate
varied a lot from one experiment to another. This was confirmed when we made the calculations
(Figure 14:b). The carbonate yield varied from 1 % to 18 %, with an average of 6 % and a standard
deviation of 6 %. This reflected a very high variability, and the experiment with a 18 % carbonate
yield could be considered as suspicious point when using the Grubbs method (see Annexe 6). If
we removed this point, the average was 3 % and the standard deviation was 1 %. It seemed that
overall, the presence of the borane reduced the activity of the MgO catalyst, who alone gave a 9 %
yield toward the cyclic carbonate.
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a) b) Repetition Epoxlde' Cyclic car'h?nate Cyclic c.arbonate
consumption selectivity yield
M
Purple 4% 55 % 2%
|
[~ Red 5% 58 % 3%
Green 3% 30% 1%
Orange 11% 54 % 6%
N Blue 27% 66 % 18 %
7 6 5 a 3
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Figure 14:  Repeatability of the catalytic experiment with MgO+BPhs a) 'H NMR spectra of the 5
repetitions of the catalytic experiments, b) corresponding calculations of the NMR consumptions, NMR
selectivities and NMR yields, c) local 'H NMR spectra showing the apparition of the supposed dimer
product (the experiment was conducted only one day instead of two), d) 1B NMR spectra of the 5
repetitions of the catalytic experiments (the colors of a) and d) correspond to matching experiments).

Worth mentioning, in one of the experiments we saw the apparition of another secondary
product with a peak structure similar to the one of the cyclic carbonate BzD, but with shifted
chemical displacement (Figure 14:b). These peaks were likely to come from a dimer of the cyclic
carbonate; it will be discussed more in detail later in the chapter. As shown in Figure 14:d, in the
different repetitions we had between 2 and 4 peaks in boron NMR: at 32 ppm, 23 ppm, 18 ppm
and 7 ppm with variations of the relative intensity of the peaks from one experiment to another.
We could not find any links between the variable intensities of these peaks and the corresponding
epoxide consumptions or cyclic carbonate selectivity.

C. Impact of the temperature

Even if we had repeatability issues, we decided to investigate on the effect of the reaction
temperature. We wanted to see if there were different trends of the effect of MgO+BPhj3 in other
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conditions (for example an activation of the reaction at lower temperature). Results were given in
Figure 15:a. Like when we used MgO alone as catalyst, the cycloaddition did not occur at room
temperature nor at 40 °C. However, whereas MgO did not yield any cyclic carbonate at 60 °C, we
detected traces when we tested MgO+BPhs. It was hard to quantify, but it was detectable. It was
possible that even though BPhs reduced the catalytic activity of MgO at 150 °C, it decreased the
activation temperature of the reaction. This could be explained by a pre-activation of the epoxide
by the borane for example. The species detected in 11B NMR corresponding to BPh;(OR) and
BPh(OR): could be these pre-activated epoxide species.

When we looked at the evolution of the 1B NMR spectra with the temperature, we could
clearly see a trend: the main peak at 45 ppm at room temperature was progressively replaced by
the peak at 32 ppm the more the reaction temperature increased. There was no detection of the
peaks at 23 ppm, 18 ppm nor 7 ppm that were present in the reaction at 150 °C. This was
interesting to see and we made several hypotheses: maybe the borane species responsible for the
activation of the epoxide corresponded to the peak at 32 ppm, and maybe the species responsible
for the decrease of the MgO activity were among the ones at 23, 18 and 7 ppm. However, we had
to keep in mind that if the reduction of MgO activity was due to surface species blocking the
reactive sites, the corresponding boron species should not be detectable by liquid NMR. Liquid
NMR only informed us on the molecular species present in solution.

a) T t Epoxide Cyclic carbonate  Cyclic carbonate
emperature consumption selectivity yield
80°C 1% 32% <1%
60 °C 1% 25% <1%
40°C 1% 0% 0%
RT 1% 0% 0%
100 80 60 40 20 0 -20 -40 -60 -80 -100

Chemical shift (ppm)

Figure 15:  a) Performances of Mg0+BPhs as a catalyst in the cycloaddition of COz on epoxide at low
temperatrues, b) 1B NMR spectra of the corresponding experiments (blue: RT, orange: 40 °C, green:
60 °C, red: 80 °C).

d. Impact of borane concentration

Another test we wanted to make was modifying the borane concentration. We increased the
borane stoichiometry by a factor of 10 to see if it was possible to completely hinder the catalytic
activity of MgO nanoparticles. We did the experiment both at 150 °C and 80 °C to see if there was
also a hindering of the formation of carbonate at low temperatures. The 1H NMR spectra (Figure
16:a) showed a high formation of polymeric species. The broad signal was so important that it was
difficult to estimate the NMR yield of cyclic carbonate in the two reactions. If estimations had to
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be given, it would be 0 % formation at 80 °C and less than 1 % at 150 °C. It seemed that the high
concentration of borane indeed prevented the formation of cyclic carbonate and favoured the
formation of polymeric species, which was in accordance with the results obtained in part I11.2.
The 1B NMR spectra indicated the apparition of a new boron species at the chemical shift of
2 ppm. At 80 °C we could see a pic at 45 ppm and a smaller one at 32 ppm. The ratio was not the
same for the reaction with lower borane concentration, meaning that it took time/energy to
convert the 45 ppm specie into the 32 ppm one. At 150 °C we could see the peak at 32 ppm, but
no peaks at 23 ppm, 18 ppm nor 7 ppm. This could be due to a repeatability issue, or to the
formation of the 2 ppm specie that prevented the formation of other boron species.

a) Il b)

6 5 4 3 100 80 60 40 20 o -20 -40 -60 -80 -100
Chemical shift (ppm) Chemical shift (ppm)

Figure 16: a) 1H NMR spectra of the catalytique reaction conducted with a high borane concentration
at 80 °C (blue) and 150 °C (orange), b) corresponding 1B NMR spectra.

This new peak at 2 ppm could be attributed to a tetravalent boron species like the one
presented in Figure 13:. However, due to the high formation of polymeric specie in these reactions
and the low carbonate yield, we did not try a more precise identification. We observed that the
increase of borane stoichiometry prevented the cyclic carbonate formation.

e. Attempts with other catalysts +BPhs

The last experiments we conducted in this part of the project were catalytic experiments
using other catalysts paired with BPhs. We tried commercial MgO, CaO, Mg(OH); and Ca(OH).. We
kept the other parameters constant (Scheme 6:).
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Scheme 6:  Attempt at the cycloaddition of COz on EpBz catalysed by different catalysts+BPhs in neat
condition. * catalysts: MgOcom, CaO, Mg(OH)z, Ca(OH)z.

As shown in Figure 17:, we could see that in almost all the cases the presence of BPh3
reduced the consumption of the epoxide. We already discussed the case of the MgOsgo
nanoparticles. For commercial MgOcom, the addition of BPhz did not have any effect. In the case of
Ca0, the epoxide consumption decreased from 9 % to 3 % whereas the production of cyclic
carbonate did not vary. In fact, the selectivity toward the cyclic carbonate increased due to a
reduction of the formation of the polymeric product. The same phenomenon occurred in the case
of Mg(OH),. Ca(OH); initially was not active at all in the reaction (no product was formed during
the reaction). However, the addition of the borane seemed to help both the cycloaddition and the
secondary reactions to start. This could be due to the pre-activation of the epoxide by the borane
as mentioned above. Post mortem analyses would be necessary to verify that the Ca(OH): catalyst
did not undergo strong morphological or crystallographic changes.

16%
14%
12%
10%
8%
6%
4%
2%
0%

Figure 17:  Performances of the different catalysts with and without BPhs in terms of epoxide
consumption (blue+orange) and cyclic carbonate yield (orange).

In terms of boron NMR, all the reactions gave peaks at 32 ppm and 23 ppm (Figure 18:),
with the notable exception of Ca(OH).+BPhs that also gave a peak at 20 ppm. This boron specie
could be responsible of the activation of the reaction; further studies would have to be made in
order to better understand the mechanism at stakes here. The peak at 7 ppm that we assigned to
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a tetravalent boron specie was never seen in these experiments. This peak specifically came from
an interaction involving MgO nanoparticles synthesised by the precipitation-calcination method.

100 80 60 40 20 1] -20 -40 -60 -80 -100
Chemical shift (ppm)

Figure 18: 1B NMR of the crude of reaction after the cycloaddition using BPhz and MgOcm (blue),
CaO (orange), Mg(OH): (green) and Ca(OH): (red).

Most of these results were not reported in the literature. The combination of MgOsoo and
BPh; reduced the catalytic activity of the nanoparticles, but the reaction was initiated at lower
temperature. BPh; played three roles: it preactivated the epoxide making the cycloaddition
reaction happen at lower temperature, it poisoned the MgO surface at higher temperature, and it
initiated the epoxide polymerisation. When allied with other catalysts than MgOsqo, it modified
either the activity or the selectivity of the reaction. We believed that the inconvenients of the
borane usage (MgO poisoning and epoxide polymerisation) could be get rid of by working in
solvent.

However, before getting to the reactions in solvent, we tried a completely different strategy:
we tried to consider the MgO nanoparticles as Lewis acids and combined them with molecular
Lewis base. Even though the strength of MgO basic sites was high, we saw in chapter III (and even
in this chapter) that MgO nanoparticles also have weak Lewis acidic sites that were actually
important in the cycloaddition reaction. So, we wondered: could MgO play the role of the acid in
our NanoFLP?
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4. Inverting the NanoFLP

a. Phosphines as molecular Lewis bases

Phosphines were often used as Lewis bases in molecular FLP. Plus, recent studies in our lab
showed promising NanoFLP-like systems where phosphines played the role of molecular Lewis
base ligands?3. To simplify the study, we decided to keep the previous parameters, but replaced
the borane with a phosphine (Erreur ! Source du renvoi introuvable.). Since MgO surfaces werer
eported to have weak acidic sites, we wanted to use a strong base to increase the probability to
have a Lewis acid-base interaction between the MgO surface and the phosphine. Hence, we chose
tri(cyclohexyl)phosphine (PCys) which was reported to be a stronger Lewis base than other
phosphines usually used in FLP chemistry such as PPhs2%. Some reports in the literature
mentioned that phosphines could be involved in the catalysis of the cycloaddition of CO; (as a
ligand of a metallic complex, or as a cocatalyst)25-27. However, we did not find any consistent study
on the role of phosphines as catalyst of the reaction.

0 2 days
150 °C
+ O0=—=C==0 >
0.13 Mgo
0.005 PCy,
EpBz 7 bar

1 equivalent 2.6 equivalents

Scheme 7:  Attempt at the cycloaddition of CO: on EpBz catalysed by MgO+PCys in neat conditions.

With that in mind we did the cycloaddition with PCy; alone before trying with MgO+PCy;
and analysed the 'H NMR spectra (Figure 19:). The reaction with PCy3; and MgO+PCy3 gave very
similar products than the one with MgO alone: the cyclic carbonate, peaks around 3.5 ppm
(polymeric species), a doublet around 4.3 ppm (it was a triplet at the same chemical displacement
in catalytic reaction with MgO only), and multiplet at 6.5 ppm (see Annexe 7). When looking closer
to the different species, we could confirm that the 6.5 ppm signal was the same for MgO and PCys.
This peak was associated to the secondary product 5 in Figure 6:. The signal at 4.3 ppm was
different depending on the catalyst: a triplet in the case of MgO and a doublet in the case of PCys.
This could mean that we obtained the secondary product 6 (attribution proposed in Annexe 8).
Finally, we noted the presence of a singlet signal at 3.7 ppm in the spectrum associated to the
reaction with PCys. This signal was not present in the reaction with MgO+PCys. It could be
attributed to secondary product 4 (attribution proposed in Annexe 8).
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Chemical shift (ppm)

Figure 19: 1H NMR spectra of the reaction using PCys (blue) and MgO+PCys (orange) as catalyst.

The ratio between the different species was quite different compared to the reaction with
MgO alone (Table 3:). The overall epoxide consumption was almost complete (96 %
consumption). The polymeric specie and the 3.7 ppm product, when present, were minor
compared to the other products. The production of cyclic carbonate, 4.3 ppm product and 6.3 ppm
product were almost the same. This meant that under these conditions, the selectivity of the
reaction using PCys and MgO were radically different, and that the efficiency of PCys in terms of
epoxide consumption was much higher than the one of MgO. The later was almost playing no role
in the catalytic reaction, even if we could attribute the slightly higher carbonate yield in MgO+PCy3
to the activity of MgO. To be more precise it could be that MgO increased the selectivity toward
cyclic carbonate by preventing the formation of the 3.7 ppm product. However, studies on the
significance of these results would have to be made to confirm these propositions.

Cyclic Sec. Product Sec. Product Sec. Product Sec. Product

Species Epoxide carbonate 3.5 ppm 3.7 ppm 4.2 ppm 6.5 ppm
MgO 0.85 0.09 0.05 0 0.01 0
PCy, 0.04 0.29 0.03 0.7 0.36 0.21

MgO+PCy3 0.04 0.33 0.03 0 0.39 0.21

Table 3: Quantities (in equivalent) of the different species at the end of the 2 days cycloaddition of CO2
on epoxides catalysed by MgO, PCys or MgO+PCys.

170



Chapter V

b. Impact of the temperature

In these conditions it was quite hard to see if MgO+PCy3 had any interest compared to PCy3
alone, so we decided to reduce the reaction duration to go back to lower epoxide consumption
rates. Then we decided to study the impact of the temperature on both the epoxide consumption
and the selectivity (Table 4:). At 80 °C, it seemed that there was no difference between the reaction
with the phosphine alone and the reaction with MgO and the phosphine. The epoxide consumption
was very low, and we only detected traces of cyclic carbonate. Despite being a better catalyst than
MgO, phosphines could not quantitatively catalyse the cycloaddition reaction at such low
temperatures. At 120 °C, there was a slight difference when MgO was used. The experiment with
MgO+PCys yielded 10 % cyclic carbonate against 7 % for the reaction using PCyz alone. At 150 °C
the two experiments gave almost the same results, we could not consider the 1 % difference to be
significant since we did not repeatability studies here.

[t was interesting to see that the 3 hours reaction almost did not produce any 4.2 ppm nor
6.5 ppm secondary products. This hinted toward two possibilities: the fact that cyclic carbonates
further evolved toward these secondary products after a certain time, or that the formation of
these secondary products was slower than the cycloaddition and was detectable only after a
certain time. Given our proposition for the identification of the secondary products, it was not
obvious that the two reactions were coupled. The second hypothesis seemed more plausible.

Temperature  Catalyst Epoxide Cyclic carbonate Sec. Product - Sec. Product - Sec. Product

3.5ppm 4.2 ppm 6.5 ppm

PCy, 0.99 <0.01 0.01 0 0

80 °C
MgO+PCy3 0.99 <0.01 0.01 0 0
PCy, 0.91 0.07 0.02 0 0

120°C
MgO+PCy3 0.88 0.10 0.01 0 0
PCy, 0.58 0.39 0.02 0.01 0

150 °C
MgO+PCy3 0.57 0.40 0.01 0.02 0

Table 4: Quantities (in equivalent) of the different species at the end of the 3 hours cycloaddition of
CO: on epoxides catalysed by PCysz or MgO+PCys depending on the temperature.

Our attempt at seeing a synergetic effect between MgO nanoparticles and phosphines was
not successful. However, we realised that phosphines were underestimated catalysts for the
cycloaddition of CO2 on epoxides. It would be interesting to make an in depth study to better
understand what were the key parameters (basicity, steric hindrance) that influenced the epoxide
consumption and the selectivity toward the different products. It would be also interesting to
compare its efficiency with other homogeneous catalysts, both for the formation of cyclic
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carbonate, or the formation of the 6.3 ppm product. We did not go further with our studies on
phosphine activities since what interested us was the development of a NanoFLP catalyst.

5. Conclusion

In this first part, we studied the activity of MgO nanoparticles in the cycloaddition of CO; on
EpBz in neat condition. We realised that the nanoparticles were active catalysts of the reaction
with an activity comparable to the one of the reference paper of Tu and coworkers?!. We detected
formation of secondary products that were not mentioned in the reference study and tried to
identify them. Impact of the reaction duration and temperature were studied in an attempt to
improve the selectivity of the reaction toward cyclic carbonate.

The impact of borane addition was then studied. Immediate polymerisation of the epoxide
was evidenced when we introduced the strong Lewis acid BCF, but the weaker Lewis acid BPh3
led to partial polymerisation. The combination of MgO and BPhs3 led to a reduction of the catalytic
activity of the oxide nanoparticles at 150 °C, but to an initiation of the cycloaddition reaction at a
lower temperature than with MgO alone. We concluded that the borane played three roles:
preactivation of the epoxide, polymerisation of the epoxide, and poisoning of the MgO surface.

Other catalysts were tested both with and without BPhs: commercial MgO, CaO, Mg(OH).
and Ca(OH),. We observed behaviours expected from the bibliography: commercial MgO was less
active than MgO synthesized by precipitation-calcination and calcined at 500 °C, CaO was less
active than MgO. However, we also observed unreported catalytic activity of Mg(OH):
nanoparticles, as well as the catalytic of Ca(OH),+BPhs whereas Ca(OH); alone was not active.

The phosphine PCys; was also tested in the reaction and appeared to be an unreported
catalyst for the cycloaddition of CO; on epoxide despite having a low carbonate selectivity. The
par MgO+PCys did not behave very differently form PCyz alone. We abandoned the study with
phosphines for the following of the project, but an extensive study of the activity of different
phosphines in the cycloaddition reaction would be interesting for the bibliography.

For the following of the project, we decided to modify our experimental protocol and to start
using solvents. As mentioned earlier, we believed that use of solvent could reduce the epoxide
polymerisation activated by borane and mitigate the surface poisoning of MgO nanoparticles. In
one of their study, Aresta and coworkers!! investigated the impact of the solvent on the catalytic
performances of Nb catalysts. They found that DMF gave the best performances. Hence, we
decided to start with this solvent.
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IV. Cycloaddition in DMF

1. Reported impact of DMF in the cycloaddition of CO; on epoxides

In their study!!, Aresta and coworkers compared different solvents. They used xylene,
diglyme, DMSO and DMF in the 12 hour long cycloaddition of CO; on styrene oxide catalysed by
their Nb;0Os catalyst at 135 °C under 50 bar of CO;. They found that DMF gave the best results
(Table 5:) with a 80 % cyclic carbonate yield against 1 % for both xylene and diglyme, and 5 % for
DMSO. However, when comparing the reaction blanc without catalyst, we could see that DMF
alone was able to catalyse the reaction with a 35 % carbonate yield. DMF was a better catalyst
than Nb;0Os in the other solvents and it allowed to drastically increase its activity. It was also
interesting to note that in their study, they mentioned neat reactions where the carbonate
selectivity was low and the isomerisation of the epoxide to the aldehyde was predominant. This
would correspond to the formation of the secondary product 3 in our Figure 6..

Solvent Catalyst Cyclic carbonate yield
Nb,Oq 1%
Xylene
None 0%
_ Nb,O 1%
Diglyme
None 0%
Nb,Oq 5 % + side products
DMSO
None 1 % + side products
Nb,O. 80 %
DMF
None 35%

Table 5: Influence of the solvent on the activity of Nb20s catalyst in the cycloaddition of COz on styrene
oxide at 135 °C for 12 hours. Reproduced from Aresta et al. 1.

The author proposed that DMF (and amides in general) were good promoters of the reaction
by increasing the nucleophilicity of oxygen atom in either the epoxide or CO, (Figure 20:).
However, they needed a DMF/epoxide ratio superior to 10 to see the catalytic effect of DMF alone.
In this activation, DMF interacted through its nitrate electron doublet just like a Lewis base. Since
Nb,0s was a material known for its Lewis acid properties28, this would mean that the author
evidenced a synergy between a Lewis acid nanoparticle and a molecular Lewis base for the
catalysis of the reaction. This was encouraging in the perspective of our NanoFLP project. We
hoped that same effect could be detectable with our MgO catalyst, or with our MgO+BPhj3 pair.
However, we could fear that this phenomenon would also happen if we used Lewis acids such as
borane in DMF for the reaction.
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Figure 20:  Proposition for the activation of CO:z (a) and the epoxide (b) by DMF in the cycloaddition
reacion. From Aresta et al.1.

2. Cycloaddition of COz on EpBz in DMF catalysed by MgO+BPh3

We decided to conduct an experiment where we added some DMF in the solution but we
kept the DMF/epoxide ratio well below 10 to limit catalysis of the reaction by DMF alone, as
described by Aresta et al.11. We wanted to see if the presence of DMF would increase or decrease
the catalytic activity of our MgO catalyst. For comparison, we kept the stoichiometry used in the
previous part of the chapter, with the addition of DMF (Scheme 8:).

0 Is0c
+ O:C:O
0.13 MgO
0.005 BPh,

1.7 DMF
EpBz

1 equivalent 7 bar

2.6 equivalents

Scheme 8:  Attempt at the cycloaddition of COz on EpBz catalysed by MgO+BPhs in DMF.

We made four experiments: one without catalyst and with DMF alone, one with MgO, one
with BPh3 and one with MgO+BPhs. Corresponding 'H and 1B NMR spectra were shown in Figure
21:. Interestingly, the reaction with DMF alone led to the formation of cyclic carbonate. DMF
probably catalysed the reaction on its own. The addition of either MgO or BPh; decreased the
selectivity toward cyclic carbonate. Calculation of the ratio between the different present species
(Table 6:) confirmed this hypothesis.
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Figure 21:  a)'H NMR spectra of the cycloaddition of COz on EpBz in DMF catalysed by: no catalyst (blue),
DMF+MgO (orange), DMF+BPhs (green), DMF+MgO+BPhs (red). b) 1B NMR spectra of the
cycloaddition of COz on EpBz in DMF catalysed by: BPhs (green), MgO+BPhs (red).

The use of DMF alone yielded a 74 % epoxide consumption with an 86 % selectivity toward
the cyclic carbonate. There was no polymeric species detected and the two other secondary
products were the species 5 (6.5 ppm) and the 1 (triplet at 4.3 ppm) as described in Figure 6.
When adding the MgO, the epoxide consumption increased to 89 % but the carbonate selectivity
dropped to 41 %. This was mainly due to an increase of the formation of species 5 (from 0.03 to
0.18 equivalents formed) and 1 (from 0.07 to 0.33 equivalents formed). The addition of BPh;
increased the epoxide consumption to 100 %, but reduced the carbonate selectivity to 18 %. The
secondary product 1 was not detected anymore and we detected instead the secondary product 6
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(doublet at 4.3 ppm). When using MgO+BPhs, the consumption decreased to 94 % and the
carbonate selectivity to 6 %. The ratio between the different secondary products was roughly the
same as for BPhs. The 11B NMR (Figure 21:b) was the same for the experiment with BPhz and
MgO+BPhs: a main peak at 10.8 ppm and a smaller one at 7.3 ppm.

Sec. Product Sec. Product Sec. Product

Catalyst Epoxide Cyclic carbonate 3.5ppm 4.2 ppm 6.5 ppm
DMF 0.26 0.64 0 0.07 0.03
DMF+MgO 0.11 0.36 0.02 0.33 0.18
DMF+BPh, 0 0.18 0.04 0.49 0.28
DMF+MgO+BPh, 0.06 0.06 0.08 0.53 0.28

Table 6: Quantities (in equivalent) of the different species at the end of the 48 hours cycloaddition of
CO:z on epoxides in DMF depending on the catalyst.

In contrast to the result obtained by Aresta and co-workers, DMF was able to catalyse the
reaction even if the DMF/epoxide ratio was lower than 10. This could be explained by the fact that
we used higher temperature than the one used by Aresta (150 °C instead of 135 °C). DMF gave a
good selectivity toward the cyclic carbonate with no polymerisation of the epoxide, however
secondary products were still visible; this was not mentioned in the reference article. Adding
either MgO or BPh; increased the consumption of epoxide but drastically reduced the selectivity.
For the case DMF+MgO, the epoxide consumption could let us think that DMF and MgO were
catalysing the reaction independently (since the consumption with DMF+MgO was approximately
equal to the consumption with DMF+consumption with MgO). However, the selectivity decreased,
meaning that there was an interaction favouring the formation of secondary products 1 and 5. In
the case of DMF+BPhs, we had a complete consumption of the epoxide. BPhs was not active on its
own, but with help of DMF it catalysed the formation of secondary products 1 and 6. It was
possible that the two peaks appearing in 11B NMR could be attributed to BPh;—DMF adducts. In
association with DMF, MgO was less active than MgO+BPh3; which was less active than BPhs. This
could be explained by the fact that BPh; was a stronger Lewis acid than the MgO Lewis acid sites,
and that when mixed with MgO, some of the BPh; were coordinated to the surface, hence not
interacting with DMF.

a. Impact of the reaction temperature

In these 2 days long reactions, we obtained low selectivities (< 50 %) except in the case with
DMF alone. As we saw with the study on the activity of phosphines, a low selectivity could be due
to some competing reactions between the formation of cyclic carbonate and secondary products.
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Thus, we decided to reduce both the time of the experiments and the temperature of the reaction
to see if it was possible to obtain better selectivity. Table 7: showed the performances in terms of
epoxide consumption and carbonate selectivity for the different experiments. In a 3 hour long
reaction, DMF was almost inactive at 150 °C, and no cyclic carbonate was detected at 120 °C. When
adding the different catalysts, we could see a trend for the activity and the selectivity both at
120 °C and 150 °C. BPh3 gave the best results, followed by MgO+BPh3 and finally MgO. Both the
activity and the selectivity of the catalysts were best at 150 °C.

Catalyst Temperature Epoxide consumption Cyclic carbonate selectivity
None >1% 0%
MgO 3% 20%

120°C
BPh, 12 % 45 %
MgO+BPh, 8% 39%
None 2% 53 %
MgO 5% 72 %
150°C
BPh, 25 % 84 %
MgO+BPh, 20 % 76 %

Table 7: 3 hour long cycloaddition of COz on EpBz in DMF catalysed by MgO+BPhs at different
temperatures.

11B NMR analysis of the boron containing experiments (Figure 22:) showed new peaks
at-6.7 ppm when only BPhs was introduced. This peak was present at both 120 °C and 150 °C, but
seemed to be inhibited by the presence of MgO. Interestingly it was not present either in the 2 days
long experiment. This could mean that this specie was transient and disappeared after a certain
reaction time. In all the experiment we found the peak at 10.8 ppm present in the 2 days long
reaction. However, it seemed that in the experiment with MgO+BPhs at 150 °C there was a new
peak at 0.1 ppm. It was a bit hard to confirm since the peak was broad and was on top of the broad
boron signal associated to borosilicate glass. More in depth analysis would be necessary to
precisely identify these new boron species.
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Figure 22: 11B NMR spectra of the 3 hour cycloaddition reactions in DMF. Blue: BPhz 120 °C,
orange: MgO+BPhs 120 °C, green: BPhs 150 °C, red: MgO+BPhs 150 °C.

b. Impact of BPhs concentration

We wondered if this boron specie was prevented to form due to its interaction with MgO, so
we decided to increase the amount of borane in the reaction to see if we could saturate the MgO
sites responsible for the adsorption of this boron specie. We multiplied the amount of BPh3 by
three (7.2 mg, 0.015 equivalents) and kept the other parameters constant. We did the reaction
with BPh3 alone and with MgO+BPhs. Figure 23:b showed the boron NMR spectra we obtained at
the end of the two experiments.

With BPh; we obtained the two peaks at 10.8 ppm and 7.3 ppm present in the 2 days long
reaction, the peak at -6.7 ppm present in the 3 hours long reaction, and a new peak at 2.2 ppm.
With MgO+BPhs3, we obtained the same peaks with the notable exception of the peak at -6.7 ppm.
In the end, it seemed that increasing the amount of borane did not allow the retention of this peak
in presence of MgO, but it allowed the formation of a new specie at 2.2 ppm. This lead us to think
that the -6.7 ppm specie reacted with the MgO surface, and was not just adsorbed on it. When we
looked at the catalytic performances (Figure 23:a), we saw that increasing the amount of borane
did not increase the epoxide consumption by a lot (from 25 % to 29 %), but it decreased the
carbonate selectivity (from 84 % to 54 %). However, when Mg0O was added the catalytic
performances remained almost the same. It could be that excess of BPhs was not participating in
the catalytic reaction, but compensated the borane adsorbed on the MgO surface.
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a) Catalyst Temperature Epoxide consumption Cyclic carbonate selectivity

BPh, 150°C 27 % 54 %
MgO+BPh, 150°C 29% 49 %
b) 7.3 ppm l 2.2 ppm

100 80 60 40 20 [1] =20 -40 -60 -80 -100
Chemical shift (ppm)

Figure 23:  a) Performance of BPhs and MgO+BPhs (0.015 equivalents of borane instead of 0.005) in the
3 hour cycloaddition of CO: on EpBz at 150 °C, b) Corresponding 1B NMR spectra, BPhsz in blue and
MgO+BPhs in orange.

3. Conclusion

We saw that DMF was indeed a solvent with unique properties for the cycloaddition of CO;
on epoxides. The reason was that DMF activated the reaction if sufficiently in excess. It was able
to preactivate the reactants with its amide function, and helped improve the catalytic
performances of the Lewis acid catalysts such as BPhs. It also improved the catalytic performances
of MgO, possibly by making its Lewis acid sites active for catalysis. However, working in DMF also
brought some issues, especially in terms of selectivity. The catalyst we had were almost always
yielding secondary products in consistent amount, even if it was possible to limit that by playing
on the reaction duration. The other problem we faced was the formation of BPh;—DMF adduct.
Since DMF was reacting with BPhs, it prevented us from forming the NanoFLP where the borane
was activating the MgO nanoparticle sites.

Even if the reactivity of MgO and/or borane ligands would be lower on their own, it would
be more judicious to choose a solvent where the nanoparticles and the borane would interact with
each other. However, this interaction should not be too strong for it would poison the active sites
of the catalyst. This could be controlled by the strength of the borane we would choose. For
example, a solvent where the coordination of the borane on the MgO surface would be necessary
in order to ensure colloidal stability could be a good idea. Solvent like toluene seemed to be good
candidates.
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V. Cycloaddition in toluene

Toluene have been a widely used solvent in organic chemistry and catalysis. It was used for
the cycloaddition of CO; on epoxides in several studies'4511, but in most of these cases it was not
considered as a good solvent. This was probably due to the fact that the low polarity of toluene
brought issues with the dispersion of catalysts such as basic oxides. As we saw in Chapter IV, MgO
nanoparticles tended to agglomerate in toluene, thus reducing the exposed surface and reducing
the catalytic activity of the material. The low solubility of CO; in toluene might also be one of
downside with working in such a solvent.

However, toluene was often used in ring-opening polymerisation and co-polymerisation of
epoxides catalysed by boranes19.20.29.30_ [t was not specified why toluene was chosen as the solvent,
but we could guess it was for its non-polar character that helped the solubilisation of the different
reactants. The high boiling point at 110 °C allowing reflux at this temperature probably was also
one of the criteria.

In our case, toluene seemed a priori a good solvent to attempt NanoFLP. The low affinity
between MgO nanoparticles and toluene would favour the adsorption of borane ligands on its
surface. MgO nanoparticles covered with BPh; ligands would be dispersible in toluene (Figure
24:a). However, the high solubility of aryl boranes in toluene would reduce the energy needed for
the desorption of the borane, thus resulting in a dynamic exchange between ligands adsorbed on
the MgO surface and free ligands in the solution (Figure 24:b). EpBz also was soluble on toluene,
but the oxygen of the epoxide cycle would be more stable if close to a boron atom or a MgO surface,
possibly forming a 3 component adduct MgO-EpBz-BPhs; (Figure 24:c). These were just qualitative
considerations, but it would be interesting somehow to quantify the energy and the exchange
constants associated to these equilibria.
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Figure 24:  a) Impact of the presence of BPhs ligands on the dispertion of MgO nanoparticles in toluene,
b) dynamic exchange of BPhsz ligands in toluene, c) proposition of surface species involving
MgO-BPhs NanoFLP.
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1. Performance of MgO+BPh;3

We decided first to keep the volume of solvent we used previously with DMF: 0.5 mL. For
toluene, this would correspond to 4.7 mmol, or 1.2 equivalents compared to the epoxide (Scheme
9:). We were still in concentrated conditions, but we wanted to be able to compare the impact of
DMF and toluene, and dilute the solution afterward if needed.

9] 1 day

0.005 BPh;

1.2 Toluene
EpBz

1 equivalent 7 bar

2.6 equivalents

Scheme 9:  Attempt at the cycloaddition of COz on EpBz catalysed by MgO+BPhs in toluene.

We did the reaction with and without the presence of BPhs; we wanted to study the impact
of the solvent on the modification induced by the borane. In neat conditions the borane overall
reduced both the activity and the selectivity of the MgO nanoparticles, we hoped that diluting in
toluene would change that. Results were presented in Figure 25:. Both of the experiments gave
similar results with an epoxide consumption of 6 % and 7 % and a cyclic carbonate selectivity
between 60 % and 70 %. The consumption was lower than the one in DMF since toluene was not
active in the reaction, and it was lower than the reaction without toluene due to the dilution of the
reactants. We realised that even in toluene the selectivity of the reaction was not that good,
particularly due to the formation of polymeric products. However, we noted that BPh3 did not
reduce the MgO catalytic activity as it was the case in neat conditions.

As shown in the 'H NMR spectra (Figure 25:a), the secondary products were mainly the
same as in the reaction in neat conditions. We detected traces of DME in the experiment with MgO,
probably due to residual traces from a past experiment, we did not consider it to be a product of
the reaction. The 1B NMR spectrum of the reaction with MgO+BPhz gave two peaks at 32 ppm and
23 ppm. These were two species that were already detected in the reactions without solvent.
32 ppm peak was associated to BPh(OR);, and 23 ppm peak was associated to B(OR)3 species.
However, we did not detect any other boron species even with three repetitions of the reaction
(Annexe 9). This meant that the reaction contained less different boron species, thus potentially
simplifying the interpretation.
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Figure 25: a)1H NMR spectra of the cycloaddition reaction at 150 °C in toluene catalysed by MgO (blue)
and MgO+BPhs (orange), traces of residual DME from a past experiment was marqued with a * symbol,

b) 1B NMR spectrum of the corresponding experiment with MgO+BPhs, c) catalytic performances of
the different catalysts.

The dilution with toluene impacted the performance of the MgO+BPh; catalyst. Our
hypothesis was that toluene allowed a better exchange between the ligands at the surface of MgO
nanoparticles. It was possible that in the neat reaction, the MgO surface was blocked by to strongly
adsorbed species, thus reducing the catalytic activity of the nanoparticles. The carbonate
selectivity was roughly the same than in the neat reaction (between 60 % and 70 %), and the
addition of BPh3 did not drastically modify the selectivity of the MgO catalyst. Since we wanted to
increase the selectivity toward the cyclic carbonate, we decided to reduce the overall
concentration of the reaction by adding more toluene, and to decrease the amount of epoxide
introduced in the reaction. The amount of Mg0O, BPh3z and CO; were kept constant (Table 8:).
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Scheme 10: Diluted conditions for the cycloaddition of COz on EpBz catalysed by MgO+BPhs in toluene.

Since we decreased the amount of epoxide while keeping the amount of MgO constant, it
meant that we increased the relative catalytic loading. We were not surprised to see that the
epoxide consumption after one day of reaction was higher in these conditions (Table 8:). We also
realised that the carbonate selectivity was slightly higher.

Epoxide Toluene Temperature Duration Catalyst Epomde. Cyclic car.bcl)nate
consumption selectivity
MgO 7% 60 %
05mL 05mL 150 °C 1 day
MgO+BPh, 6% 69 %
MgO 13 % 75 %
0.1mL 1mL 150 °C 1 day
MgO+BPh, 13% 72 %
MgO 7% 66 %
0.1 mL 1 mL 110 °C 2 days
MgO+BPh, 6 % 66 % (43 %)

Table 8: Performances of MgO and MgO+BPhs catalysts in the cycloaddition of COz on EpBz in diluted
conditions. Selectivity in parenthesis concerned the selectivity ignoring the dimer formation.

We also did another experiment at 110 °C to see what was the impact of the temperature.
We let the reaction run during 2 days to have quantifiable measurements of the consumption and
selectivity. To our surprise, the spectrum we obtained was quite different from the one we
expected. Just like in one of the experiments conducted in neat conditions (Figure 14:c) we
observed the apparition of the same peaks as the cyclic carbonate ones but shifted in terms of
chemical displacement (Erreur ! Source du renvoi introuvable.). In the previous occurrence, t
he shift was toward higher chemical displacements, but here it was shifted toward the lower
chemical displacements. The chemical displacement shift was not the same between the different
peaks, just like it was the case in the reaction in neat conditions. This shift could be due to the
dimerization of the cyclic carbonate, as we will discuss it in the next part. In the last line of Table
8:, two numbers were given for the cyclic carbonate selectivity: the first one was the selectivity
toward both the cyclic carbonate and the dimer, and the one in parenthesis was the selectivity
toward the cyclic carbonate only. When considering both the cyclic carbonate and the dimer, it
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seemed that the experiment with MgO and MgO+BPh3 gave similar results both in terms of
epoxide consumption and carbonate selectivity.

a)
WL ;'"'; """"""
UU‘L il Il
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Chemical shift (ppm)
b)

Chemical shift (ppm)

Figure 26: 1H NMR spectra of the diluted experiments at 150 °C (blue) and at 110 °C (orange). A zoom
of the doted box in a) was given in b) with the chemical shift associated to the cyclic carbonate dimer.
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2. Dimerization of cyclic carbonate

a. Identification of the secondary product

When we obtained the shifted cyclic carbonate peaks in our 1H NMR spectra, we wondered
what could be the cause of this shift. The fact that we had a coupling pattern similar to the one of
BzD meant that the molecule we obtained had a similar structure in terms of proton, but the shift
in chemical displacement indicated that the environment was a little bit different. We had two
main hypotheses: the formation of a borane—cyclic carbonate adducts (Figure 27:), or the
formation of an oligomer of the cyclic carbonate (Figure 28:).

Formation of a borane—cyclic carbonate adducts

Since boron—oxygen bonds tended to form easily, we could imagine that BPh3 interacted
with one of the cyclic carbonate oxygen atoms. This would have modified the environment of the
protons, thus modifying their chemical displacement. The problem was that we did not see any
modification in the 1B NMR spectra so we could not associate a peak for these species. We could
imagine two type of adducts: weak adducts where the B—O bond was not covalent (BzD—BPh3_x
with x = 1, 2 or 3), or strong adducts where the B—O bond was covalent (BzD*—BPh,_x or
BzDH--BPh,_x with x=1, 2 or 3). In the first case, we could imagine that the interaction was not
detectable in 1B NMR due to the weakness of the interaction, and that the only impact was a small
shift in the chemical displacement of the protons. In the second case, we could imagine the
formation of a covalent B—O bond. However, we knew that no tetravalent boron species were
present in the solution, so the boron was necessarily trivalent. We made two hypotheses: one with
a charged oxygen atom, and one with a neutral oxygen atom that needed the addition of one
proton. This proton could come from residual water present in the solvent. It was difficult to
conclude on which of these species could be responsible for the shifted carbonate peaks. The
predictions given by ChemDraw were not precise enough to select any of them, and we did not
see the peak at 8.0 ppm that should be present in the molecules BZDH—BPh;_1 and BzDH--BPh,_2.
However, this argument was difficult to clearly consider since this peak could be hidden in the
aromatic signal.
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Figure 27:  Propositions for cyclic carbonate - borane aducts.
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Formation of cyclic carbonate oligomers

The second hypothesis we had for the origin of the shifted peaks was the formation of a
cyclic carbonate oligomer. Indeed, nothing prevented the cycloaddition of CO; on two different
opened epoxides: the electrophilic carbon of CO; could be attacked by the oxygen atom of one
epoxide molecule, and the nucleophilic oxygen of CO; could attack the carbon of another epoxide
molecule. This would lead to the formation of a cyclic dimer of the carbonate (BzD_dimer).
Actually, it was possible to generalise this idea to as many epoxide molecule as we wanted, leading
to the formation of cyclic oligomers. However, this would need a cooperative mechanism that
would likely exclude the formation of oligomers with more than 5 carbonates involved. tH NMR
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spectrum simulation using ChemDraw gave the same estimation for the chemical displacement
for the protons on the cycle for the dimer, the trimer, the tetramer, etc. It was not possible to
differentiate for example the trimer from the dimer using 'H NMR, so for simplicity sake we only
considered the dimer in the following.

The chemical displacements of the protons on the cycle were a bit higher in the dimer than
in the monomer, meaning that it could explain the presence of the chemical shift observed in the
previous experiments.
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Figure 28:  Formation of cyclic monomer, dimer and trimer carbonates from EpBz and COz.

The hypothesis of the formation of cyclic carbonate dimer seemed more realistic than the
formation of the borane—cyclic carbonate adducts, especially since we did not detect any
modification of the 11B NMR spectra.

To better understand what was the cause of the apparition of these peaks, we decided to
modify several parameters to see how it would impact the shifted peaks. We wondered for
example if it was possible to vary the value of the shift, since it seemed not to be the same in the
experiment in neat conditions and in the experiment in toluene. We also wondered if it was
possible to modify the ratio BzD/BzD_dimer, by playing on the amount of borane in the reaction
for example.
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b. Impact of the borane concentration

We conducted the experiment with the same parameters as previously but we varied the
amount of BPh; introduced in the reaction from 2.4 mg to 12 mg. Results were shown in Figure
29:a. In these conditions we had an epoxide consumption of 12 % and a selectivity of 70 % toward
the cyclic carbonate and 18 % toward the dimer, giving an 88 % selectivity if we summed the two.
This was significantly different from the previous experiment where we obtained 6 %
consumption, 43 % selectivity toward cyclic carbonate and 22 % selectivity toward the dimer.
This could be due to the fact that we used a different batch of MgO catalyst in this reaction. Hence,
we focused on the trend observed when varying the amount of BPh3 in the solution.

a) BPh Epoxide Cyclic carbonate Dimer
3 consumption selectivity selectivity
2.4 mg 12% 70 % 18 %
4.8 mg 13% 49 % 34 %
12 mg 4% 0% 0%

329 ppm

100 80 60 40 20 0 -20 -40 -60 —-80 -100
Chemical shift (ppm)

Figure 29:  Cycloaddition of COz on EpBz in toluene catalysed by MgO+BPhs with variable amount of
borane. a) catalytic performances. b) 1B NMR spectra, blue: 2.4 mg BPhs, orange: 4.8 mg BPhs,
green: 12 mg BPhs.

When we increased the amount of borane to 4.8 mg, we could see that the epoxide
consumption did not vary significantly, but the selectivity toward the cyclic carbonate dropped to
49 % while the selectivity toward the dimer increased to 34 %. This gave an 83 % selectivity if
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summed up, which was not significantly different from the experiment with 2.4 mg borane. When
we increased the amount of borane to 12 mg, we could not detect any formation of cyclic
carbonate nor dimer. Furthermore, the 11B NMR spectra (Figure 29:b) showed that the two first
experiments only gave the peak at 32 ppm, but the last experiment gave 3 peaks at 46 ppm
(attributed to BPh2(OH)), one at 32 ppm and one at 29 ppm (attributed to BPh(OH)3). Just like in
the experiments in neat condition, a high concentration of borane totally prevented the
cycloaddition reaction to happen.

We could take two information from these experiments. First, increasing the amount of
borane up to a certain point increased the selectivity toward the dimer while keeping the overall
selectivity (cyclic carbonate + dimer) and the epoxide consumption unchanged. It could be that
the dimerization and the cycloaddition were two different processes happening one after the
other: once two cyclic carbonate molecules were formed they combined to form a dimer.
Increasing the amount of borane in the reaction would not impact the first reaction but would
accelerate the second. Second thing we could see was the fact that an excess of borane seemed to
totally kill the reactivity of MgO nanoparticles, thus preventing the formation of cyclic carbonate.
We could see that in the last experiment, a part of the borane did not transform into the BPh(OR):
specie associated to the 32 ppm peak. Maybe some borane strongly coordinated the MgO surface
and prevented the cycloaddition from happening.

C. Impact of the NMR tube concentration on chemical displacements

We were intrigued by the value of the chemical shift between the cyclic carbonate peaks and
the dimer ones. As a simple experiment, we decided to vary the reaction crude/CDCl3 in the NMR
tube to see ifit would have an impact. Figure 30: showed the different tests we made by controlling
the exact amount of reaction crude we introduced in the NMR tube. The experiment was
conducted with 0.1 mL of EpBz and 1 mL of toluene at 110 °C for 2 days. We could see that when
we measured the NMR spectra of the crude reaction with only 10 pL, the signal was very weak
and the peaks of the dimer were not detectable. When we increased the amount of crude in the
NMR tube, we could see the peaks of the dimer with a chemical displacement lower than the peaks
of the cyclic carbonate (between -0.05 and -0.08 ppm depending on the peak). However, the more
we increased the concentration of the tube, the more the shift increased (up to +0.15 ppm). The
dimer peaks had a lower chemical displacement than the cyclic carbonate peaks at low
concentration, but had a higher chemical displacement than the cyclic carbonate peaks at higher
concentration. We could understand why we detected a positive shift in the reaction conducted in
neat conditions: the crude was more concentrated since no toluene was present.
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Shift compared to the Shift compared to the Shift compared to the
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0.5 mL 10 pL / / /
0.5mL 20 puL -0.08 -0.05 -0.07
0.5 mL 50 pL -0.04 0.0 -0.03
0.5mL 100 pL 0.0 0.06 0.02
0.5 mL 150 pL 0.06 0.10 0.06
0.5mL 200 pL 0.10 0.15 0.09
b) 0.2
0.15
__ 04
£
2
E Peak at 4.9 ppm
% 0.05 Peak at 4.4 ppm
E Peak at 4.2 ppm
2
o
0
0 50 100 150 200 250
-0.05
-0.1

Reaction crude (pL)

Figure 30: Variation of the chemical shift of the dimer signal compared to the cyclic carbonate signal as
a function of NMR tube concentration. a) Numeric values, b) graphic representation.

d. Impact of the temperature

As a last experiment, we compared the activity of the MgO+BPhs catalyst at 110 °C and
150 °C. We wanted to see if there was a difference in the dimer formation due to temperature. We
also decided to increase the concentration of the quantities of the reaction (with the exception of
CO; since we kept the same pressure as before). The new parameters are the one described in the
experimental section (Scheme 11:). Since the solubility of CO in toluene was low, we thought that
the concentration of CO; in solution would not really be impacted.
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Scheme 11: Cycloaddition of COz on EpBz in toluene in diluted conditions.

The results of the four experiments (with and without BPhs, at 110 °C or 150 °C) were
shown in Table 9:. We could see that the reaction catalysed by MgO at 150 °C gave a higher epoxide
consumption rate than the one at 110 °C (from 3 % to 8 %), but the selectivity toward cyclic
carbonate was pretty much similar. When we used MgO+BPh3, we did not see the selectivity vary
significantly. However, the selectivity toward cyclic carbonate decreased at the advantage of the
dimer selectivity. Interestingly enough, the formation of the dimer was more pronounced at
110 °C than at 150 °C. Either the reaction responsible of the formation of the dimer was sensible
to temperature, and less dimer was produced at 150 °C, or the reaction was not sensible to
temperature and the reduction of the selectivity toward the dimer at 150 °C was only due to the
fact that all the other reactions were more efficient at high temperature. At 110 °C, 0.01 equivalent
of dimer was produced, which was the same amount as in the reaction at 150 °C. This emphasized
the second option.

Temperature BPh Epoxide Cyclic carbonate Dimer
P 3 consumption selectivity selectivity
110 °C 0.0 mg 3% 77 % 0%
110°C 9.6 mg 4% 27 % 36 %
150 °C 0.0 mg 8 % 81 % 0%
150 °C 9.6 mg 9% 65 % 15%

Table 9: Performances of MgO and MgO+BPhs catalysts in the cycloaddition of COz on EpBz in diluted
conditions in toluene.

e. Conclusion

We observed the apparition of an unknown secondary product during the cycloaddition of
CO; on EpBz catalysed by the pair MgO+BPhs. We made several hypotheses on the identification
of this secondary product, but in the end we attributed it to the dimerization of cyclic carbonate.
Such reaction never was reported in the literature to our knowledge. The BPh3s reduced the
activity of MgO catalysts in term of cyclic carbonate yield, but the overall yield of carbonate+dimer
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stayed constant. It was not clear if the reaction was sequential (formation of two carbonates, then
formation of the dimer) or simultaneous (formation of the dimer from two molecules of epoxide
and two molecules of COz). Reaching 100 % epoxide consumption in a reaction catalysed by MgO
nanoparticles, then adding the borane, could bring some answers.

3. Performances of modified MgO nanoparticles

Now that we put in evidence a unique phenomenon associated to the interaction between
MgO nanoparticles and BPh; in the cycloaddition of CO, on EpBz, we wanted to try to modify either
the MgO nanoparticles or the borane. In a first time, we decided to use the modified MgO catalysts
that we synthesized in Chapter III: Mg0O-CaO nanoparticles and MgO-X (with X = Co, Ni)
nanoparticles. We decided to keep the experimental parameters described in the experimental
section (Scheme 12:).

0 2 days
150 °C
+ O—=C—=0 >
0.66 Mg-XO
0.02 BPh,
112 Toluene

EpBz

1 equivalent 7 bar

3.3 equivalents

Scheme 12: Cycloaddition of CO:z on EpBz in toluene catalysed by mixed oxides.

a. Calcium containing MgO nanoparticles

We had at disposition nanoparticles synthesized by co-precipitation method with a variable
amount of calcium. For the sake of simplicity, we called the sample by referring to the introduced
ratio Mg/Ca in the synthesis even if we saw that the final nanoparticles did not have the same
effective ratio. So the Mgp90-Cap10 sample would correspond to the synthesis where
0.9 equivalents of Mg(NO3)2 and 0.1 equivalents of Ca(NO3), were introduced initially. Having that
in mind, we could compare the catalytic performances of nanoparticles with different calcium
content and see how these nanoparticles behaved in presence of a borane ligand. For the catalyst
nanoparticles, we pondered the molar mass according to the introduced ratio, giving the formula:

Molar_mass(Mgx0-Ca1x0) = 0.9*Molar_mass(MgO) + 0.1*Molar_mass(CaO)

The results of the catalytic experiment were given in Figure 31:. We could see a trend in the
efficiency of the mixed oxide catalyst as a function of the calcium loading. If we consider the
epoxide consumption (blue circles), we could see that the performance of Mgy-CaixO first
increased to reach its maximum (17 %) at 5 % calcium loading, and decreased to reach 0 % for
pure CaO nanoparticles. When we added BPhs (orange circles), the tendency was the same, but
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the consumption was a bit lower (between 1 and 2 % lower). This trend was found the same for
cyclic carbonate yield (blue and orange squares), and cyclic carbonate+dimer yield (orange
triangles). The addition of calcium in the MgO nanoparticles up to 5 % loading increased their
catalytic activity, while maintaining their selectivity.
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Figure 31:  Performances of the Mgx-Ca1x0 (blue) and Mgx-Ca1x0+BPhs catalysts in the cycloaddition of
CO: on epoxide as a function of the calcium loading (circles: epoxide consumption, squares: BzD yield,
triangles: BzD+dimer yield).

As explained in Chapter I, incorporation of calcium created more active basic sites, thus
enhancing the catalytic activity. However, when the amount of calcium was too high, domains of
pure calcium oxide started to grow, and we knew for a fact that pure CaO catalyst was almost
inactive in the cycloaddition reaction. This threshold between 5 % and 10 % calcium loading
actually corresponded to the increase of the intensity of the CaCOs3 signal in XRD observed in
Chapter IIl. CaCO3; was not tested in catalysis, but no report mentioned its activity in the
cycloaddition of CO; on epoxides. The increase of CaCO3 in the sample was made at the extent of
MgO, meaning that the more we added calcium in the sample, the less MgO we had and the activity
decreased.
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More quantitative considerations on the impact of Ca incorporation in MgO nanoparticles
on the catalytic activity would need precise measurements of the true calcium loading in all the
samples.

b. Transition metal containing MgO nanoparticles

We also tested the activity of some of the other bimetallic nanoparticles: Mgo.050-Nig.05, and
Mgo.950-Coo.05. We calculated the amount of catalyst needed in the reaction just like we did with
the Mg,0-Ca1«0O catalysts, by pondering the molar mass by the introduced metal stoichiometry in
the synthesis. Figure 32: showed the catalytic performances of these metal containing mixed
oxides with and without BPh;. What we could immediately see was that both Mg.950-Nig05 and
Mgo.950-Coo.05 were more active than MgO nanoparticles: the epoxide consumption went from 8 %
for MgO to 17 % and 22 % for respectively nickel and cobalt containing nanoparticles. However,
we could see that the selectivity of the catalysts was lower than for MgO: the carbonate yield went
from 7 % for MgO to 9 % and 12 % for Ni and Co containing nanoparticles. When we added BPh3
to the catalyst, we could see the formation of the dimer with Mgg950-Nio o5 catalyst, but not with
Mgo.950-Coo,05 catalyst. With the later, it seemed that only the formation of secondary product
increased when adding BPhj3, without impacting the formation of BzD or the dimer.

25%

20%

1
10%

5% H

0%

MgO+BPh3 Mg-Ni0O  Mg-NiO+BPh3  Mg-CoO  Mg-CoO+BPh3

Figure 32:  Performances of Mg-XO catalysts with and without BPhs in terms of epoxide consumption
(orange+green+blue), cyclic carbonate yield (orange), and dimer yield (green).

The incorporation of transition metal atoms in the material increased its overall activity.
However, if the increase of carbonate yield was measurable, it was smaller than the increase of
secondary product formation. The increase of activity happened along a reduction of carbonate
selectivity. This could be explained if nickel and cobalt incorporation created stronger acidic sites
on the MgO catalyst. This would increase the activity of the catalyst in the cycloaddition reaction,
but also in the parasite polymerisation reaction known to be catalysed by Lewis acid sites. When
adding BPhs; to the reaction, we could see the formation of dimer in small proportion for the nickel
containing catalyst (the dimer/carbonate ratio was 23 % for MgO+BPhs; and 8% for
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Mgo.95-Nio.os0+BPh3), but not for the cobalt containing catalyst. This could be due to the fact that
the formation of dimer was so low that it was not detectable, or that the cobalt prevented it.
Annexe 10 showed the 1B NMR spectra of the MgO-0+BPhs3 reaction crudes, we only detected the
32 ppm peak.

It could be interesting to see how the atomic ratio X/Mg played a role in the modification of
the activity and selectivity of the catalyst, just like we did for the MgO-CaO catalysts. It would be
likely that the trend would be the same: at low X loading, the metal atoms would be well dispersed
on the MgO catalysts, creating stronger acidic sites and increasing the epoxide consumption. At a
certain X/Mg ratio, the metal would start to form pure oxide domains during the precipitation-
calcination reaction, and since neither nickel oxides nor cobalt oxides were known for catalysing
the cycloaddition reaction, the epoxide consumption would decrease due to a diminution of MgO
catalytic sites in the catalyst. It could also be interesting to see how these metal-containing
catalysts would behave if we used Lewis base ligands instead of Lewis acids. We saw that the use
of phosphines for the catalysis of the reaction was problematic since they catalysed the reaction
on their own, but maybe in these diluted conditions and with stronger acid sites on the catalysts
we could observe a synergetic effect between metal containing MgO and phosphines.

4. Borane screening

After modifying the nanoparticle of our Lewis acid-base pair, we decided to try other acidic
ligands in the cycloaddition reaction along with MgO. We wanted to see if different classes of
boron based molecules would give the same dimerization reaction we observed with BPhs. Any
synergetic change in MgO activity and/or selectivity would be interesting to analyse. For this
experiment, we chose different boron based molecules: alkylboranes (BEt; and BBus3) and
chloroboranes (BCl;Ph and BCl3) for their high Lewis acidity, an arylborane (BMess) for its
intermediate Lewis acidity, a borate (B(CH3)20CHs3) for its low Lewis acidity, and a boronic acid
(BPh(OH).) for its Brgnsted acidity. We kept the stoichiometry of the previous reactions (Scheme
13:).
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150 °C
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Scheme 13: Cycloaddition of COz on EpBz in toluene catalysed by MgO and various boranes.

Results of the catalytic tests were given in Figure 33:. We could see directly that in term of
epoxide consumption, the use of MgO+BCl;Ph as catalyst outperformed all the other MgO-borane
pairs with a 96 % consumption of the epoxide (against 14 % for the second most performant pair).
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The epoxide yield also was the highest compared to the others with a 15 % yield. However, the
selectivity toward the cyclic carbonate was quite low: 15 % against 81 % with MgO alone. The pair
MgO+BCI,Ph managed the activation of the epoxide, but a secondary reaction competed with the
cycloaddition, resulting in a low cyclic carbonate selectivity.

For the other borane we used, we could see in some cases the formation of the dimer: with
BEt;, BBus, B(CH3)20CH3z and B(OH).Ph. We observed either small increases or decreases of the
cyclic carbonate+dimer yield for BBus, B(CH3):OCHsz and BCls, B(OH):Ph respectively. The
presence of BClz totally blocked the reactivity of MgO, no cyclic carbonate nor dimer were
detected. There was overall an increase in the formation of secondary products, with the notable
exception of BBus that gave both an increase in cyclic carbonate+dimer yield and selectivity.

We saw in 11B NMR (Annexe 11) that most of the time, the boron ligand was modified during
the reaction, just like we observed with BPhs. Strangely enough, we were not able to detect any
boron species in the reaction with BMess, and only a weak signal in the reaction with BCl3, meaning
that the boron atoms might be trapped in a state where they were not detectable (like in a polymer
species, or the molecules were not soluble).
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BBu, 11 6 5 11 53 43
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BCl, 10 0 0 0 0 0
B(CH3)20CH3 14 9 2 11 68 13
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Figure 33:  Performances of the different borane ligands in the cycloaddition of CO2 on EpBz catalysed
by MgO. a) Graphic representation of the cyclic carbonate yiled (orange), the dimer yield (green) and
the secondary products yield (blue). b) Numerical values of the yields and selectivities of the reactions.

Even if all these trends would have been interesting to dig in, we decided to focus our efforts
on the MgO+BCl;Ph pair since it gave such drastically different results, with an almost total

consumption of the epoxide.
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VI. Understanding the interaction between MgO and BCl:Ph

We saw in Chapter IV that BCl;Ph had a special interaction with MgO nanoparticles. The
colour change we obtained with the formation of NaCl lead us to the conclusion that one of the
B—Cl bond was cleaved to form a B—O bond with the MgO surface (Figure 34:).
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Figure 34:  Proposition for BCI:Ph adsorption at the surface of MgO nanoparticles.

BCI,Ph was a chloroborane not often used in the literature. Chloroboranes in general were
used for the synthesis of boron based ligands on transition metal complexes3?, formation of B—N
bonds3Z or B—O bonds33. We also found studies showing the potential of chloroboranes for the
opening of acetal rings34, a result that might be transferred to epoxide or carbonate cycles in some
extent. Finally, more recent studies discussed the potential of BCl;Ph for surface functionalisation
due to the ability of chloroboranes to substitute one of their B—CI bond to a B—surface bond3>
(Figure 35:).

pa®
B
/
Cl heat
+
benzene
~ H-Si(100) * H-Si(100)

Figure 35:  Schematic of the reaction of dichlorophenylborane with H- Si(100), from Frederick et al.35.
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1. Parameter variation

a. Blancreaction

The first thing we wanted to verify was if BCl;Ph alone was able to catalyse the cycloaddition
reaction (or the secondary reactions). We used the same stoichiometry as previously but without
the MgO nanoparticles (Scheme 14:).

0 2 days

0.02 BCI,Ph
112 Toluene

EpBz
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3.3 equivalents

Scheme 14: Blanc cycloaddition of COz on EpBz in toluene with BCIzPh.

The results of test were given in Figure 36:. We could see no formation of cyclic carbonate
in tH NMR and the epoxide was not totally consumed. However, we could see the appearance of a
broad signal corresponding to the formation of polymeric species. This was not a surprise since
we knew BCl,Ph was a strong Lewis acid3¢. We estimated the epoxide consumption to be around
10 %, but it was difficult to evaluate since the polymer signal was very broad. The 11B NMR (Figure
36:b) showed two peaks at 29 ppm and 18 ppm, whereas with MgO+BCl.Ph as catalyst we could
see three peaks at 32 ppm, 29 ppm and a small one at 18 ppm. As mentioned before, these ranges
of chemical displacement indicated the formation of B(OR).Ph species (for the 32 and 29 ppm
peaks), and of B(OR)3 species (for the 18 ppm peak). We could not have more precise
identification just by 11B NMR, but we guessed that the epoxide reacted with BCI;Ph in a same way
as it did with BPhj3 to form borate species (Figure 11:).
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Figure 36:  Cycloaddition of COz on EpBz blanc with BCI:Ph. a) 1H NMR spectra of the crude reaction
catalysed by MgO+BClIzPh (blue) and BCI:Ph alone (orange), b) 1B NMR spectra of the crude reaction
catalysed by MgO+BCI:Ph (blue) and BCIzPh alone (orange), c) numerical values of the performance
of the catalyst.

We knew that the reactivity of the MgO+BCl;Ph pair was not due to the borane only, the
MgO nanoparticles were necessary for the reaction to take place.

b. Kinetic study

Next, we wanted to see if it was possible to improve the selectivity toward the cyclic
carbonate. To better understand the reactions responsible to the consumption of the epoxide, we
decided to do a kinetic experiment where we varied the duration of the reaction with the
MgO+BCl,Ph catalyst. We hoped that the secondary reactions occurred after the cycloaddition
reaction and that it would be possible to control the selectivity by reducing the reaction duration.

Results were given in Figure 37:. The first thing we could see was that the catalytic result
of the 48 hours experiment was quite different from the one presented above: the epoxide
consumption was 84 % here against 96 % previously, and the carbonate yield was 31 % here
against 15 % previously. We will find out later that this could be explained by a variation of the
borane loading in the reaction. Since the previous reaction was the first using such low volume of
liquid, it was probable that the uncertainty was high on this experiment. If we only compared the
result of the kinetic study, we observed the formation of the dimer at 14 hours of reaction. Both
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the epoxide consumption and the carbonate yield increased with the reaction duration, but the
carbonate selectivity did not vary significantly. This meant that the cycloaddition and the
secondary reactions occurred at the same time, and that playing with the reaction duration could
not help to increase the carbonate selectivity. The 1B NMR spectra (Annexe 12) showed the
presence of two peaks at 32 ppm and 29 ppm. The intensity ratio between those two peaks stayed
constant in the first experiments but changed in the last one.

Reaction Epoxide Cyclic carbonate , .
a 0,
) duration (h) consumption (%) yield (%) Dimer yield (%)
3 34 12 0
b)  90%
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- 70%
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0 10 20 30 40 50 60

Reaction duration (hours)

Figure 37: Impact of the reaction duration on the catalytic performance of MgO+BCl:Ph in the
cycloaddition of CO: on epoxide. a) Numerical values, b) graphic representation (blue: epoxide
consumption, orange: cyclic carbonate yield, grey: cyclic carbonate+dimer yield).

C. Impact of the borane loading

The fact that we obtained different results when repeating the 48 hours experiment made
us wonder what could have caused this change. We came to the conclusion that it was the
precision on the borane loading. We decided to investigate on the impact of the borane loading on
the catalytic performances of MgO+BCl;Ph, since it seemed to strongly impact the selectivity.

We varied the borane loading from 0.005 equivalents to 0.04 equivalents (Figure 38:). We
decided to do the reaction for only 16 hours since we did not want the epoxide to be entirely
consumed to compare the variation of consumption induced by the borane loading. We could see
that epoxide consumption increased with borane loading, going from 21 % for 0.005 eq. of BClzPh
to 60 % for 0.04 eq. The cyclic carbonate yield also increased, but in a smaller proportion: from
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11 % to 16 %. The dimer production seemed not to vary for the three first experiments (2 or 3 %),
but dropped to 0 % in the last experiment. It has to be noted that in that last experiment, a broad
background was present, probably due to the partial polymerisation of the epoxide, that might
have prevented us from detecting the dimer signal. Overall, neither the cyclic carbonate formation
nor the dimer formation were strongly impacted by the increase of BCl;Ph loading, however, the
secondary reactions strongly were: the selectivity toward carbonate+dimer went from 60 % to
25 %. The ratio between MgO and BCI,Ph was crucial to control the selectivity of the reaction.

Borane loading Epoxide Cyclic carbonate . .
a D Id (¢
) (equivalents) consumption (%) yield (%) imer yield (%)
0.005 21 11 2
0.01 30 12 3
0.02 42 16 2
0.04 60 15 0
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Figure 38: Impact of the borane loading on the catalytic performance of MgO+BCI:Ph in the
cycloaddition of CO: on epoxide. a) Numerical values, b) graphic representation (blue: epoxide
consumption, orange: cyclic carbonate yield, grey: cyclic carbonate+dimer yield).

The 11B NMR spectra (Figure 39:) showed the presence of the two 32 ppm and 29 ppm in
each experiment. However, we could clearly see that the ratio between those two peaks varied.
The lower the borane loading was (and the higher the carbonate selectivity was), the higher the
32 ppm/29 ppm ratio was. And the higher the borane loading was, the lower the 32 ppm/29 ppm
ratio was. A first interpretation would be that the added borane transformed in the species
associated to the 29 ppm peak and that it was responsible for the formation of secondary
products.
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Figure 39: 1B NMR spectra of the reaction crudes in the study of the impact of BCI2Ph (blue: 0.005
borane eq., orange: 0.01 borane eq., green 0.02 borane eq., red: 0.04 borane eq.).

d. Impact of temperature

The last parameter we tested to improve the selectivity of the reaction toward cyclic
carbonate was the temperature. We decided to do the 2 days reaction at temperature ranging
from room temperature to 150 °C (Figure 40:).

We could see that even at room temperature epoxide reacted to form secondary products
with a consumption around 15 %. This epoxide consumption probably came from the interaction
with BCI,Ph. At 100 °C, we started to observe the formation of both the cyclic carbonate and the
dimer. Both the formation of the secondary products and the cycloaddition products (cyclic
carbonate and dimer) increased with temperature after 100 °C. The selectivity toward the cyclic
carbonate and the dimer did not vary that much: between 26 % and 37 % for the first, and
between 5 % and 8 % for the second.

The temperature only impacted the selectivity with a threshold between 80 °C and 100 °C.
The temperature was high enough for the MgO catalyst to catalyse both the cycloaddition reaction
and the secondary reactions.

The 11B NMR (Annexe 13) did not give any clear trend in the presence of the 32 ppm or
29 ppm peaks. It seemed however that the 32 ppm peak was not present at room temperature
and appeared at 80 °C. It was not clear if the 32 ppm peak increased with the temperature.
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Figure 40: Impact of the temperature on the catalytic performance of MgO+BCIzPh in the cycloaddition
of CO: on epoxide. a) Numerical values, b) graphic representation (orange: cyclic carbonate yield,
green: dimer yield, blue: secondary products yield).

With these tests, we had a first understanding of the elements influencing the synergy
between MgO and BCl;Ph. [t seemed that the most crucial parameter was the borane loading.

The question now was the following: was the reactivity due to the interaction between MgO
and BCl;Ph? To the borane once it was transformed on the MgO surface? To the MgO surface that
was modified by the borane? We needed to study the catalyst after the reaction.

205



MgO-based catalysts in the cycloaddition of CO2 on epoxides

2. Supernatant activity test
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Scheme 15: Supernatant activity test for the cycloaddition of COz on EpBz catalysed by MgO+BCI2Ph.
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To elucidate the question of who was the real catalyst, we decided to do the reaction in
several steps (Scheme 15:). First we did the reaction catalysed by MgO+BCI,Ph in conditions
where it would not be complete (solution A). We chose to work with 0.005 equivalents of BCl;Ph
for 48 hours at 150 °C. After that we separated the supernatant (B) and the nanoparticles (B’) by
centrifugation. We put the nanoparticles in a fresh catalytic environment without borane and
started two reactions: the old medium without the nanoparticles (C) and the new medium with
the new nanoparticles (C’). Then we added fresh MgO nanoparticles and fresh BCl;Ph respectively
to the first and the second solution and started the reaction again (D and D’). These different steps
would inform us on what part of the system was really responsible of the catalytic activity
enhancement of the MgO nanoparticles.

When analysing the results of the catalytic reactions (Figure 41:), we saw that the initial
epoxide consumption was 21 % with a 13 % cyclic carbonate yield (A). This was coherent with
the results obtained in Figure 38:, emphasizing the repeatability of the reaction.

After isolating the nanoparticles, the supernatant was heated at 150 °C for 2 days, and we
saw that the composition of the reaction medium did not change (C). Neither the cyclic carbonate
nor the secondary products evolved. When we added fresh MgO nanoparticles afterward and
heated at 150 °C for another 2 days, we saw the consumption of the epoxide (D). When subtracting
with what was already in the reaction medium, we obtained a 12 % epoxide consumption for a
9% cyclic carbonate yield. This was comparable with what was expected for fresh MgO
nanoparticles (Figure 36:).

On the other hand, we isolated the MgO nanoparticles after the first reaction and put them
with fresh reactants but without the borane (C’). We could see a 5 % consumption of the epoxide
and a 3 % carbonate yield, which was lower than what was expected. When adding fresh BCl,Ph
in the solution (D’), we could observe a 9 % epoxide consumption for a 6 % carbonate yield. The
addition of the borane increased the catalytic performances of the old Mg0O nanoparticles.
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Cyclic carbonate
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Figure 41: Supernantant activity test for the cycloaddition of CO2 on EpBz catalysed by MgO+BCI:Ph.

‘.

a) Numerical values (columns with a * are the substraction with the previous step), b) graphic
representation (orange: cyclic carbonate yield, green: dimer yield, blue: secondary products yield)

The 1B NMR spectra of the different reactions (Annexe 14) only showed the presence of
two peaks at 32 ppm and 23 ppm. The 29 ppm peak was not detected. This was coherent with the
fact that this peak only appeared when the borane concentration was high.

From this supernatant activity test, we could observe that neither the post catalysis MgO
nanoparticles, nor the homogeneous species present in solution were highly active catalyst for the
cycloaddition of CO, on EpBz. The homogeneous species did not increase the fresh MgO
nanoparticles activity when they were added. On the other side, fresh BCl,Ph increased the
activity of post catalysis MgO nanoparticles. It seemed that the key in the interaction between MgO
and BCI,Ph was the fact that the chloroborane did not already react with other species in solutions.
Fresh BCl,Ph was necessary.
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3. Post mortem analysis

We did the post mortem analysis of the MgO nanoparticles after the catalytic reaction with
both XRD and TEM analyses. Results were displayed in Figure 42:. When looking at the post
mortem diffractogram, we were surprised to observe the presence of a phase that we attributed
to NaClL. Upon exposition to air, we also observed that the powder colour changed, going from
brow to yellow. This colour change will be discussed later. The TEM micrographs of the post-
mortem nanoparticles were similar to those of fresh MgO nanoparticles, it was not possible to tell
the difference between the two samples.
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Figure 42: a) XRD pattern of the MgO nanoparticles after the cycloaddition reaction with BCIz2Ph (blue:
MgO0, orange: MgOwashed, red bars: MgO reference PDF Card n°00-004-0829, blue bars: NaCl reference
PDF Card n°00-005-0628). b) TEM micrograph of the MgO nanoparticles after the cycloaddition
reaction.

[t was at this moment that we tried to modify the washing step of our nanoparticle synthesis,
as presented in Chapter III. When we did the reaction with MgOwashed N0 trace of NaCl was detected
in the post mortem XRD of the nanoparticles. This indicated that the washing steps successfully
removed the residual Na* cations at the surface of the MgO nanoparticles.

We used MgOwashed Nanoparticles in the following part of the project.
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4. Mechanism proposition

In order to properly understand the interaction between Mg0O and BCIl,Ph during the
cycloaddition reaction, we decided to study all the possible interactions one by one. We mixed the
different elements (EpBz, CO2, MgOwashed, BCl2Ph) in toluene (4 mL) either at room temperature or
at 150 °C. The stoichiometry was the same used previously and the duration of each experiment
was one day. All the manipulations and washing were made under glovebox. NMR analyses were
made in dry toluene-d8 to reduce the water content, and the XRD were made under inert
atmosphere. We defined a nomenclature for the experiment names with the first letter of the
present components and the temperature. For example, ECB_150 corresponded to the experiment
with EpBz, CO2 and BCI,Ph at 150 °C. Table 10: gave the name of the experiments for reference.

Name EpBz CO, MgO BClLPh Temperature Name EpBz CO, MgO BClL,Ph Temperature
E_RT X 25°C E_150 X 150 °C
C_RT X 25°C C_150 X 150 °C
M_RT X 25°C M_150 X 150 °C
B_RT X 25°C B_150 X 150 °C
EC_RT X X 25°C EC_150 X X 150 °C
EM RT X X 25°C EM_150 X X 150 °C
EB_RT X X 25°C EB_150 X X 150 °C
CM_RT X X 25°C CM_150 X X 150 °C
CB_RT X X 25°C CB_150 X 150 °C
MB_RT X X 25°C MB_150 X X 150°C
ECM_RT X X 25°C ECM_150 X X X 150 °C
ECB_RT X X 25°C ECB_150 X X 150°C
CMB_RT X X 25°C CMB_150 X X X 150 °C
ECMB_RT X X 25°C ECMB_150 X X X X 150 °C

Table 10:  Name of the different experriments to study the interaction in the cycloaddition of COz on
EpBz catalysed by M.gO+BCIzPh in toluene at 150 °C for 1 day.

Only the most pertinent results will be detailed bellow. The other experiments will be
described in 0.
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a. One component experiments

Even if we did not expect anything uncommon to happen in the experiments with only one
component, we wanted to be sure. Basically, we just put either EpBz, CO2, MgOwashea or BCl2Ph in
toluene for 1 day either at room temperature or at 150 °C.

B_RT

We observed a modification of the 1B NMR signal of (Figure 43:). We saw the apparition of
a peak at 39 ppm. One possible attribution could be BCI(OR)Ph since we know that the
substitution of Cl- by OH- was possible. The borane could have reacted with residual traces of
oxygen containing species (like water) in the solvent.

B_150

Just like at room temperature, we detected a modification of the 1B NMR signal of BCl,Ph
(Figure 43:). We could see the apparition of two peaks: one at 37 ppm and one at 29 ppm. A
possible attribution would be that the 37 ppm specie corresponded to the 39 ppm specie obtained
atroom temperature (BCI(OR)Ph), and that the 29 ppm specie corresponded to a B(OR),Ph specie.
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! 329 m
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Figure 43: 1B NMR spectra of BCI:Ph reference (back), B_.RT (blue) and B_150 (orange) in toluene-d8.

The experiments with one component did not show any reaction for the epoxide, CO; and
MgO. However, we saw that some of the borane was consumed to form BCI(OR)Ph and B(OR).Ph
(only at 150 °C) species. One explanation could be the reaction between BCI;Ph and residual
oxygen containing species in the solvent.
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b. Two components experiments

We expected the reactions with two components to be more informative than the previous
ones. We already saw in Chapter IV that MgO nanoparticles reacted with BCl.Ph, and we also saw
that the chloroborane reacted with the epoxide at room temperature (Figure 40:). These
experiments would also inform on the surface state of MgO by IR spectroscopy after the reactions.

EM_RT

Nothing happened in tH NMR when exposing the epoxide to MgOwashed at room temperature
for 1 day. However, when doing the post mortem IR spectroscopy of the nanoparticles we could
see the apparition of characteristic bands of C—C phenyl vibration around 1500 cm! (Figure
44:b). This indicated that the epoxide was adsorbed on the nanoparticles surfaces. Bulk Mg—O
vibration was located at 700 cm1, we did not manage to determine if one of the peaks in this
region could correspond to a Mg—O(epoxide) vibration.

EM_150

When we exposed epoxide to MgOwashea at 150 °C for 1 day, we observed in 1H NMR the
apparition new peaks (Figure 44:a). We identified these products to be isomers of the epoxide:
secondary products 3, 4 and 5 as described in Figure 6:. We estimated the epoxide consumption
to be 8 %. The IR spectroscopy also showed the presence of characteristic C—C phenyl bands.
MgOwashea catalysed the isomerisation of EpBz and the latter adsorbed on the nanoparticle surface.
It could be interesting to see at what temperature the isomerisation starts, to see if it would be the
same temperature for the cycloaddition reaction.
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Figure44: a) 'H NMR spectra of EM_RT (blue) and EM_150 (orange) in toluene-d8. Proposition of
attribution for secondary products were made based on the molecules presented in Figure 6:. b) IR
spectra of reference EpBz(green), reference MgOwashed (black), EM_RT (blue) and EM_150 (orange).

EB_RT

When we exposed the epoxide to BCl,Ph at room temperature for 1 day, we observed in 'H
NMR the apparition of secondary products (Figure 45:a). We did not manage to identify precisely
the different secondary products, but 2D NMR (COSY) allowed to determine that they were two of
them (Annexe 15). We used well defined doublets at 3.9 ppm and 3.1 ppm to calculate the NMR
epoxide consumption. We estimated the epoxide consumption to be 17 %. The 1B NMR showed
the consumption of BCl,Ph to form a specie at 29 ppm, corresponding to a B(OR).Ph specie.
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MgO-based catalysts in the cycloaddition of CO2 on epoxides

The reaction with the epoxide and the borane at 150 °C for 1 day was similar to the one at
room temperature. The secondary products were the same but the epoxide consumption was
estimated to 12 %. High temperature possibly reduced the efficiency of the borane induced
catalytic reaction, but the effect was small and could be not significant. Repetitions would be

necessary to confirm this hypothesis.
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Figure 45: a) 1H NMR spectra of EB_RT (blue) and EB_150 (orange) in toluene-d8. b) 1B NMR spectra

of EB_RT (blue) and EB_150 (orange) in toluene-d8.
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CM_RT

When we exposed MgOwasheda Nanoparticles to CO; at room temperature for 1 day, we saw
the apparition of new bands in IR spectroscopy (Figure 46:). The bands at 1719, 1525, 1409 and
861 cm! corresponded to surface carbonates, and the peaks at 2923 cm! corresponded to
adsorbed toluene.

CM_150

The same thing happened when we exposed MgOwashea to CO2 at 150 °C for 1 day. The
carbonate band at 1719 cm! was not detected, but the other carbonate bands were more intense.
Carbonate formation was stronger at 150 °C, which was expected from the results obtained in
Chapter IV.
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Figure 46: IR spectra of reference MgOwashed (black), CM_RT (blue) and CM_150 (orange) after drying
under inert atmosphere.

MB_RT

When we exposed MgOwashea Nanoparticles to BCI,Ph at room temperature for 1 day, we
could see that the nanoparticles changed colour and became yellow (Figure 47:a). After
centrifugation, the supernatant was transparent and only the sedimented nanoparticles were
colored. The colour was due to the nanoparticles and not to homogeneous species in the medium.
After exposition to air, the nanoparticles became white. The 11B NMR spectra showed a partial
consumption of the borane to form species at 38 ppm, 30 ppm and 27 ppm (Figure 47:b). They
could correspond to BCI(OR)Ph and B(OR).Ph species. The IR spectra of the nanoparticles showed
the apparition of bands characteristic to phenyl groups around 1500 cm-!, and a large band at
1300-1400 cm-! that could correspond to a B—O elongation vibration (Figure 47:c). Contrary with
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the adsorption of EpBz on the MgOwashea sSurface, the C—C phenyl bands were shifted toward
higher wave number.

MB_150

The results at 150 °C were similar to the one at room temperature. The colour changes were
the same. However, we saw in 11B NMR spectroscopy that BCl,Ph was totally consumed to form a
specie at 30 ppm (B(OR).Ph like specie). This was surprising since there was no molecular source
of oxygen in the medium. The IR spectroscopy also showed the presence of shifted C—C phenyl
bands and a large signal between 1300 and 1400 cm-1.

The two components experiments brought interesting information:
e EpBz, CO; and MgO adsorbed at the surface of MgO nanoparticles
e MgO catalysed the isomerisation of EpBz at 150 °C
e BC(Cl;Ph reacted with the epoxide to form two unknown secondary products

e BC(Cl;Ph was consumed when reacting with MgO at 150 °C to form B(OR).Ph species
despite the fact that no molecular source of oxygen was present. MgO possibly
leached
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Figure 47: a) Colour change of the MgOwashed nanoparticles after MB_RT. b) 1B NMR spectra of reference
BCIzPh (black), MB_RT (blue) and MB_150 (orange) in toluene-d8. c) IR spectra of reference BCIzPh
(green), reference MgOwashed (black), MB_RT (blue) and MB_150 (orange).
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C. Three components experiments

The previous experiments showed the interactions between the different components. The
question was the following: was the interaction of A+B+C equal to the interaction of (A+B) plus
(A+C) plus (B+C), or was there some three component interaction? We already knew that
ECM_150 reaction should result in the formation of the cyclic carbonate, but we wanted to see
how MgO+BCl,Ph would behave in presence of either EpBz or CO».

ECM_RT

The interaction between the epoxide, CO; and MgOwashea Was the same as the interactions
with two elements. No epoxide consumption was detected by 1H NMR (Figure 48:a). We detected
the adsorption of EpBz on MgOwashed Nanoparticles thanks to the phenyl vibrations, and we also
detected large carbonate bands due to the interaction with CO; (Figure 48:b).

ECM_150

At 150 °C, we detected the formation of the cyclic carbonate (Figure 48:a). The epoxide
consumption was estimated to 13 % and the carbonate selectivity was 81 %. This was more than
what we obtained with classical MgO nanoparticles (7 % epoxide consumption and 60 %
carbonate selectivity in Figure 25:c). MgOuwashed Nnanoparticles were more active and more selective
than classical MgO nanoparticles. The IR spectroscopy also showed the adsorption of EpBz and
the formation of surface carbonates on the surface of MgOwashea Nanoparticles. We also detected
the presence of a band at 1805 cm that corresponded to C==0 elongation vibration. This
indicated that some of the formed cyclic carbonate was adsorbed at the surface of the catalyst.
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Figure 48: a) 1H NMR spectra of ECM_RT (blue) and ECM_150 (orange) in toluene-d8. b) IR spectra of
reference BCIzPh (green), reference MgOwashed (black), ECM_RT (blue) and ECM_150 (orange).

EMB_RT

When we mixed EpBz, MgOwashea and BCI:Ph at room temperature for 1 day, we observed
the same reaction as with EB_RT (Figure 49:a,b). We observed in 'H NMR the formation of two
secondary products and estimated the epoxide consumption to be 15 % (it was 17 % in EB_RT).
The 11B NMR showed the consumption of BCI;Ph to form a specie signing with a peak at 29 ppm.
The IR spectra showed the adsorption of both the epoxide and the borane at the surface of the
MgOwashea Nanoparticles through C—C phenyl vibrations, and the presence of a broad signal
between 1300 and 1400 cm-! potentially coming from B—O vibration.
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EMB_150

When we mixed EpBz, MgOwashea and BCl2Ph at 150 °C for 1 day, we could not detect the
epoxide by tH NMR (Figure 49:a). it was consumed and we detected several secondary products.
We managed to identify four different products: three of them were already formed in the reaction
EM_150 (secondary products 3, 4 and 5 as referred Figure 6:), and another specie with a proton
signal structure really close to the one of the cyclic carbonate. One proposition we could make was
the formation of a dimer of the epoxide, it would have a similar proton structure and chemical
displacement as the cyclic carbonate. This was an unreported reactivity between EpBz, MgO and
BCl;Ph. The 11B NMR showed the total consumption of BCI;Ph to form a specie with a signal at
32 ppm. The IR spectra showed the adsorption of both the epoxide and the borane at the surface
of the MgOwashea nanoparticles through C—C phenyl vibrations, and the presence of a broad signal
between 1300 and 1400 cm-! potentially coming from B—O vibration. The C—C phenyl signature
of the epoxide dimer was probably really close to the one of the epoxide, explaining why we
detected the bands even if all the epoxide was consumed.
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Figure 49: a) 'H NMR spectra of reference EMB_RT (blue), EMB_150 (orange) and ECB for reference
(black) in toluene-d8. b) 1B NMR spectra of reference reference BCI:Ph (black) EMB_RT (blue) and
EMB_150 (orange) in toluene-d8. c) IR spectra of reference BCI:Ph (green), referecne EpBz (red)
reference MgOwashed (black), EMB_RT (blue) and EMB_150 (orange).

CMB_RT

When we mixed CO2, MgOwashea and BCI:Ph at room temperature for 1 day, we obtained
results similar to MB_RT. We could see in 11B NMR that BCI,Ph started to react to form two other
species at 39 ppm and 29 ppm. The IR spectrum showed the adsorption of the borane on the
MgOwashea Surface and the formation of carbonates.
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CMB_150

When we did the reaction at 150 °C for 1 day, we saw that the borane was entirely consumed
to form a specie at 29 ppm. The IR spectrum showed the adsorption of the borane and the
formation of carbonates at the surface of MgOwashed.
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Figure 50: a) 1B NMR spectra of reference reference BCI:Ph (black) CMB_RT (blue) and CMB_150
(orange) in toluene-d8. c) IR spectra of reference BCIzPh (green), reference MgOwashed (black), CMB_RT
(blue) and CMB_150 (orange).
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The three components experiments brought interesting information:
e  MgOwashed Nanoparticles were more active than the classical ones
e Atroom temperature, we did not see any synergy effects

e At 150 °C, the pair MgOwashea+BCl2Ph was active in catalysis and consumed all the
epoxide. The reaction yielded different secondary products as isomerisation
products, dimer of the epoxide, and the secondary products obtained in EB_RT
reaction. The activity of MgOwashed in the isomerisation of the epoxide was increased
by the presence of BCI;Ph.

o (Considering 1B NMR, BCl;Ph transformed either in a 32 ppm specie when
interacting with MgOwasheq, OT in @ 29 ppm specie when interacting with the epoxide

e (O only interacted in the reaction when MgOyashed Was present
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d. Four components experiment

ECMB_RT

When mixing the four components EpBz, CO,, MgO and BCI,Ph at room temperature for
1 day, we could not observe the cycloaddition reaction (Figure 51:). The tH NMR showed the
formation of the secondary products associated to EB_RT. The 11B NMR showed the consumption
of the borane into a specie with a peak at 29 ppm just like in EB_RT. And the IR spectroscopy
showed the adsorption of both the epoxide and the at the surface of MgOwashed Nanoparticles. This
reaction was the sum of previous reactions EB_RT, EM_RT, CM_RT and MB_RT.

ECMB_150

When doing the reaction at 150 °C, we observed the total consumption of the epoxide in 1H
NMR, alongside the formation of the cyclic carbonate (Figure 51:a). We estimated the carbonate
selectivity to be 66 %, which was higher than what we obtained with classical MgO nanoparticles
(itwas around 20 % in similar conditions). It confirmed the fact that MgOwashea Nanoparticles were
more active and more selective toward cyclic carbonate than the classical ones. We could
recognise the different secondary products: the products from the EB_RT, the isomerisation
products from EM_150, and the epoxide dimer from EMB_150. The 11B NMR showed the absence
of the BCl,Ph peak and the formation of two peaks at 32 and 29 ppm. The IR spectrum showed the
adsorption of the borane, the epoxide and the cyclic carbonates. Just like with the EMB_150
reaction, it was probable that the phenyl signature of the epoxide and the cyclic carbonate were
very close. The C—C phenyl vibrations associated to the epoxide were probably those of the cyclic
carbonate.
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Figure 51: a) 'H NMR spectra of reference ECMB_RT (blue), ECMB_150 (orange) in toluene-d8. b) !B
NMR spectra of reference reference BClz2Ph (black) ECMB_RT (blue) and ECMB_150 (orange) in
toluene-d8. c) IR spectra of reference BCI:Ph (green), referecne EpBz (red) reference MgOwashea (black),
ECMB_RT (blue) and ECMB_150 (orange).
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e. Mechanism proposition

From the previous experiments, we could try to give an idea of what was happening in the
four components reaction.

Propositions:

e When we mixed MgO and BCl;Ph, the borane chemisorbed on the nanoparticles with
a cleavage of the B—Cl bond. In presence of a surface hydroxide, the adsorption
could lead to either the formation of HCI or BCI(OH)Ph (Figure 52:). The reaction
could occur two times to produce B(OH).Ph, thus explaining the presence of the
peaks at 38 and 30 ppm in 1B NMR.
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Figure 52:  Proposition for the adsorption of BCI2Ph on MgO surface.
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Figure 53:  Proposition of the reaction between BCI;Ph and EpBz.
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When we mixed EpBz and BCIl:Ph, the borane was totally consumed to form a
32 ppm specie, potentially attributed to B(OR).Ph species (Figure 53:). The reaction
also produced secondary products that we could not identify precisely.

When we mixed EpBz and MgO, the epoxide adsorbed at the surface and the
acidobasic properties of the surface managed to catalyse the isomerisation (Figure
54:a)

CO; was not reacting with EpBz nor BCl;Ph when MgO was not present.

When we mixed EpBz, MgO and BCl;Ph, the adsorbed borane helped to open the
epoxide cycle, thus facilitating the isomerisation reactions (Figure 54:b). The
dimerisation of the epoxide would follow the same first steps, but the opened

epoxide cycle would react with another epoxide molecule to form the dimer (Figure
55:).

When CO; was present in the reaction medium, carbonates formed on the surface of
MgO nanoparticles. These carbonates reacted with the opened epoxide molecule,
whether they were stabilised by the borane or not (Figure 56:).
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Figure 54: a) Proposition for the isomerisation of EpBz on MgO surface, b) Proposition for the
isomerisation of EpBz on MgO surface in presence of BCI2Ph.
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Figure 56: a) Proposition for the cycloaddition of CO; to EpBz on MgO surface, b) Proposition for the
cycloaddition of CO: to EpBz on MgO surface in presence of BCIz2Ph.
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Interrogations:

e [t was not clear what were the boron species signing at 32 and 29 ppm at the end of the
cycloaddition reaction in presence of BCl;Ph. These species were not active in catalysis
but seemed linked to the selectivity of the reaction toward cyclic carbonate (the higher the
selectivity, the higher the 32/29 peak ratio).

e We did not detect the 18 ppm peak in 1B NMR in all these experiments, whereas we
detected it in previous reactions when mixing EpBz and BCl,Ph (Figure 36:). This might
be due to the experiment duration that was not the same.

e Wedid not know what was the nature of the interaction between boranes adsorbed on the
MgO nanoparticles and boranes dissolved in the solution. The supernatant experiment
indicated that neither MgO with adsorbed BCI,Ph alone nor dissolved boranes without
MgO nanoparticles were active. Dynamic exchanges between adsorbed and dissolved
borane species might exist.

e The impact of the solvent was not studied here, but it would give interesting information.
For example, the mechanism we proposed involved the adsorption of Cl-ions at the surface
of the MgO nanoparticles; a more polar solvent would allow the solvation of the ions, thus
modifying the catalytic activity.

e We saw in the borane screening (Figure 33:) that MgO+BCl; was not active at all in
catalysis, but we had no idea why. Maybe the borane was too strongly adsorbed on the
MgO surface and maybe the presence of the phenyl group in BCl;Ph brought some steric
hindrance. It would be hard to tell without making a comparative study of the reactivity
of BCl3, BCI;Ph, BCIPh; and BPh3 used with MgO nanoparticles.
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VII. Conclusion

In this chapter, we studied extensively the cycloaddition of CO; on
(2,3-epoxypropyl)benzene catalysed by MgO nanoparticles. A first short bibliographic review
presented the reaction, its mechanism and the main reported homogeneous and heterogeneous
catalysts. Using the study of Tu et al.2! as a starting point, we studied the activity of the MgO
nanoparticles synthetized by precipitation-calcination in Chapter III in the catalytic reaction. We
evidenced the formation of secondary products not mentioned in the reference paper and
proposed an identification. Influence of several parameters such as temperature and reaction
duration on the selectivity of the catalyst were studied. We observed the unreported catalytic
activity of Mg(OH), nanoparticles and PCys in the cycloaddition reaction.

Addition of triphenylborane in the reaction was performed. We observed a diminution of
the catalytic activity of MgO nanoparticles when working in neat conditions. In toluene however,
we observed the unreported formation of cyclic carbonate dimer. Impact of temperature, reaction
duration and borane concentration on the formation of this new product was studied.

Finally, we reported an unprecedented synergetic effect of MgO nanoparticles and the
chloroborane BCL,Ph. The epoxide consumption increased drastically but the selectivity
decreased. Optimisation of reaction parameters allowed to improve the cyclic carbonate
selectivity. A detailed study of the catalytic reaction with MgO+BCl;Ph was performed to unveil
the origin of this synergy and reaction mechanisms were proposed for the formation of the
different products.
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VIII. Annexes
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Annexe 1. 'H NMR reference of (2,3-epoxypropyl)benzene in CDCls.
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Annexe 2. Proposition of the attribution of the unidentified 1H NMR peaks to the secondary products 1
(top spectrum) and 5 (bottom spectrum).
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Annexe 3. 1H NMR spectrum of the blanc of reaction in neat conditions.

Species 3h 12 h 48 h 72 h 120 h

Epoxide 0.95 0.92 0.85 0.67 0.25

Cyclic carbonate 0.02 0.06 0.09 0.21 0.56

Sec. Product 0.02 0.02 0.05 0.12 0.09
3.5ppm

Sec. Product 0 0 0 0.01 0.07
4.2 ppm

Sec. Product 0 0 0 0 0.03

6.5 ppm

Annexe 4.  Evolution of the quantities (in equivalent) of the different species in the cycloaddition of COz
on epoxides in neat conditions depending of the duration of reaction.
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Annexe 5. 1H NMR spectrum of two repetitions of the same polymreisation reaction between EpBz and
BCF.

The Grubb’s test is a statistical tool used to detect outliner point in a dataset supposed to

follow a normal distribution. The idea is to consider the data as random points extracted from a
Gaussian distribution with the mean (M) and the standard deviation (o) of the dataset. We
evaluate the likeliness of the lower and higher value points in terms of probability (the size of the
dataset is taken into account). A point is considered suspicious if the probability of obtaining this
value is lower than 5 %. A point is considered if the probability of obtaining this value is lower
than 1 %.

M-30 M-20 M-o M M+c M+2o0  M+30 M-30 M-20 M-o M M+o M+20  M+30

Annexe 6.  Grubb’s test for a dataset following a normal distribution (left) and for the same data set
where an aberant point was added (right).
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Annexe 7.

Close look comparison of the 1H NMR spectra of MgO (green, 5 days reaction), PCys (blue, 2

days reaction) and MgO+PCys (orange, 2 days reaction). a) full spectrum, b) zoom on the 6.5 ppm
signal (green spectrum was amplified for better comparison), c) zoom on the 4.3 ppm signal (green

spectrum was amplified for better comparison).
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Annexe 8. Proposition of the attribution of the unidentified 1H NMR peaks to the secondary products 6
(top spectrum) and 4 (bottom spectrum).
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Annexe 9. 1B NMR spectra of the cycloaddition reaction in toluene. Blue: 0.5 mL EpBz, 0.5 mL toluene,
150 °C, 1 day. Orange: 0.1 mL EpBz, 1 mL toluene, 150 °C, 1 day. Green: 01. mL EpBz, 1 mL toluene,
110 °C, 3 days.
a
J \
fw ‘\\/
32 ppm W,Mﬂ N,
/ \M»/ o™ me‘,wm\'
™ "
'\,H""Ww ‘*M,\\
F ™
ot ™
A “Mw
sy el %\"“’WW' VPR
23 ppm
100 80 60 a0 20 0 ~20 -40 -60 -80 -100
Chemical shift (ppm)
Annexe 10. 1B NMR spectra of the cycloaddition reaction in toluene. Blue: Mgo.95-Nio.osO+BPhs,

Orange: Mgo.95-C00.0s0+BPhs.
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Annexe 11.
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11B NMR spectra of the reaction crudes of the borane screening (blue: reaction crude,
black: reference). a) BEts, b) BBus, c)BMess, d) BCIzPh, e) BCls, f) B(CH3):0CHs, g) B(OH):Ph.
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Annexe 12.
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-80 -100

1B NMR spectra of the reaction crudes of the kinetic study of the cycloaddition reaction

catalysed by CO2+BCI:Ph (blue: 3 hours, orange: 14 hours, green: 24 hours, red: 48 hours).
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Annexe 13.

20

0

=20

Chemical shift (ppm)

-40 -60 -80 -100

11B NMR spectra of the reaction crudes of the temperature study of the cycloaddition reaction

catalysed by COz2+BCI2Ph (blue: room temperature, orange: 80 °C, green: 100 °C, red: 120 °C,

purple: 150 °C).
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Annexe 14.

20

0

=20

Chemical shift (ppm)

-40 -60 -80 -100

11B NMR spectra of the reaction crudes of the supernatant test of the cycloaddition reaction

catalysed by COz2+BCIzPh (blue: solution D’, orange: solution C’, green: solution A, red: solution C,

purple: solution D).
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Annexe 15. 2D COSY analysis for the identification of the secondary products in the EB_RT experiment.
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Annexe 16. Mechanism proposition for the activity of
MgO+BCl:Ph in the cycloaddition of COz on EpBz: minor results

E_RT

As expected, nothing happened when diluting the epoxide EpBz in toluene for one day at
room temperature (Annexe 17).

E_150

After one day at 150 °C, we detected a small peak at 9.6 ppm (Annexe 17). It could
correspond to an aldehyde signal. However, the integration was really small (less than 1 % of the
epoxide) so it was possibly an impurity.

<1 % consumption of EpBz

& y .

1]

11 10 9 8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

Annexe 17. 'H NMR spectra of EpBz reference (blue), E_RT (orange) and E_150 (green) in toluene-d8.

C_RT

Nothing was detected in the experiment, even in 13C NMR spectroscopy. We saw a bubbling
when releasing the pressure of the autoclave; dissolved CO, probably left the solution when
preparing the NMR tube.

C_150

Results at 150 °C were the same as at room temperature.
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M_RT
Nothing was detected in the experiment.

M_150

Nothing was detected in the experiment.

EC_RT

Nothing happened when exposing the epoxide to CO, at room temperature for 1 day.
EC_150

Nothing happened when exposing the epoxide to CO; at 150 °C for 1 day.
CB_RT

Nothing happened when we exposed BCl;Ph to CO; at room temperature for 1 day.

CB_150

Nothing happened when we exposed BCl;Ph to COz at 150 °C for 1 day.

ECB_RT

The results of the interaction between EpBz, CO; and BCI;Ph at room temperature for 1 day
was identical to EB_RT. The CO was spectator.

ECB_150

The results of the interaction between EpBz, CO, and BCl;Ph at 150 °C for 1 day was
identical to EB_150. The CO; was spectator.
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Chapter VI

We now arrived at the end of this PhD project. In this last chapter, we wanted to sum up the
main results of our work and give some perspectives on our contribution in the NanoFLP project.

Contextualisation

The first chapter of our study was dedicated to a brief reminder of the physic principles
behind greenhouse effect and global warming. These problematics have been strong drivers for
scientific research. We believed that the scientific community should have a common basic
knowledge of these problematic so that each discipline could contribute to the development of
solutions. We showed that even if CO, capture and valorisation would not solve the climate issue
on its own, it had a role to play in the future to quickly reduce emissions linked to fossil fuel
consumption and compensating for unavoidable CO; emissions in other area.

Defining the philosophy of our work

The second chapter of our study was dedicated to the CO; valorisation through catalysis. We
explored the different direct application of CO; and the industrial processes valorising CO; such
as urea production. We showed that these processes often required high temperature and
pressure as well as expensive catalysts. We detailed emerging promising valorisation pathways
such as electroreduction of CO; and Frustrated Lewis Pair catalysis.

Emerging from these fields of research, we presented the concept of NanoFLP, where
frustrated Lewis pairs would form at the interface between the surface of a nanoparticle and
adsorbed ligands. We investigated on the best candidates to form such NanoFLP and ended up
with a proposition. Alkaline-earth oxides, known for their Lewis base surface properties, would
be the nanoparticles. Boranes, often use in molecular FLP chemistry, would be the ligands.

We ended up with a plan of action for the future of the project:
e Study the synthesis of alkaline-earth oxides
e Study the adsorption of borane on alkaline-earth oxides

e Study the catalytic properties of the nanoparticle—ligand pair in catalysis of the
cycloaddition of CO2 on epoxides

Alkaline-earth oxide synthesis

In the third chapter, we synthesized MgO nanoparticles using the precipitation-calcination
pathway and showed the importance of calcination temperature on the nanoparticles
morphology. We were surprised to observe a drastic impact of the washing steps of the Mg(OH)-
intermediate on the final properties of the MgO nanoparticles both in terms of morphology and
crystallite sizes. We also synthesized CaO nanoparticles using the same pathway.

We synthesized mixed oxide nanoparticles using the same precipitation-calcination
pathway. We studied the influence of the initial Mg/Ca ratio in MgO-CaO mixed oxides and showed
the existence of thresholds where certain phases appeared in XRD. We synthesized MgO-XO
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nanoparticles with X = Co, Ni and Cu with a fixed ratio Mg/X = 95/5. We showed that transition
metals were not homogeneously dispersed on MgO with our method using STEM-EDX. However,
we did not detect phase segregation in XRD.

We did a first test of the MgO nanoparticles in the Claisen-Schmidt condensation of
benzaldehyde on acetophenone to form chalcone. The catalyst we synthesized was active in the
reaction with a similar result to what was obtained in the literature. We even tried a first attempt
at NanoFLP catalysis by adding borane in the solution, but we obtained a decrease of the catalytic
activity. We concluded that we needed a better understanding of the MgO-borane interaction
before our catalytic studies.

Borane adsorption at the surface of MgO nanoparticles

The fourth chapter focused on the adsorption of CO, and boranes at the surface of MgO
nanoparticles. We first used deconvolution to have a better understanding on carbonate
formation at the surface of Mg0O, showing preferential adsorption modes. We studied how these
carbonates would evolve when the nanoparticles were exposed to pure CO; and showed that it
modified the adsorption mode. We also looked at MgO synthesized in different conditions and
showed that both the calcination temperature and the washing steps impacted the final surface
carbonates.

We studied the adsorption of boranes on the surface of MgO and showed that in presence
of CO,, MgO nanoparticles with triphenylborane ligands reacted. We observed the formation of
new peaks in IR, potential B—O or B—C bonds, as well as the disparition of the B—C band of
molecular BPhsz. We observed a similar phenomenon with B(OH).Ph.

Finally, we observed an unprecedented reaction between MgO and the chloroborane
BCI,Ph. We postulated an adsorption mechanism as well as the degradation of the MgO-BCl;Ph in
presence of water allowing to explain the different observations.

Cycloaddition of COz on epoxides catalysed by borane functionalised
MgO

The fifth chapter of our study was dedicated to the study of the cycloaddition reaction
involving CO2 and EpBz to form the corresponding cyclic carbonate. We studied the reaction
extensively and several points stood out concerning the efficiency of MgO-borane catalysts:

¢ Inneat conditions, BPhs adsorption reduced the activity of the MgO catalyst

¢ In toluene, BPh; modified the selectivity without modifying the activity of the MgO
catalyst, allowing the formation of the dimer of the cyclic carbonate

¢ In toluene, BCl;Ph drastically increased the activity of the MgO catalyst but reduced
its selectivity. We varied the parameters to find conditions limiting the selectivity
loss and proposed a mechanism behind the reactivity enhancement.

Other minor results were found, such as the activity of phosphines or DMF as catalyst.
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Final thoughts and perspectives

In the end, we believe the major result of this PhD project is the discovering of the
interaction between MgO and BCl;Ph. We did not find any reference of such a phenomenon in the
literature. We made propositions to explain the adsorption of BCl;Ph at the surface of MgO
nanoparticles and the catalytic activity of MgO+BCl.Ph in the cycloaddition of CO, on epoxide.
However, lots of variables could still be explored:

e Interaction between MgO and other chloroboranes such as BCl;3 and BCIPh,. We
already showed that MgO+BClz was not active in catalysis despite the observed
colour modification of the nanoparticles. A detailed study would bring information
on the role of phenyl versus chloride in BCl,Ph.

e Interaction between MgO and halogenoboranes in general such as BX3, BX2Ph, and
BXPh; with X = F, Br and I. It would inform on the role of chloride in the interaction.

e Interaction between BCl;Ph and other types of MgO. It could inform if a specific
crystallographic facet interacts with the chloroborane. Taking some time to
synthesize MgO particles with a fine control of the exposed crystallographic facets
could be valuable. High Resolution Transmission Electron microscopy (HRTEM) can
allow the identification of the exposed crystallographic facets.

e Interaction between BCIl;Ph and other oxides such as CaO, SrO, CeO;, Al;03, etc. It
would inform if the interaction is specific to MgO or if it is extendable to other basic
and non-basic oxides.

e Cycloaddition with other epoxides. We only worked with (2,3epoxypropyl)benzene,
it would be interesting to see if smaller epoxides would behave differently, or if the
bulkiness of EpBz played a role in the interaction.

e (Cycloaddition reactions with higher pressure of CO;. A mentioned in Chapter V, we
believe that the CO; concentration in solution can influence the selectivity of the
reaction toward the production cyclic carbonate. It would be interesting to confirm
this hypothesis.

In regard to the NanoFLP project, we managed to find a system where nanoparticles with
Lewis base surface properties and molecular Lewis acids had a synergetic impact on the catalytic
activity in the cycloaddition of CO; on epoxides. In this regard, it was a success. Still, could this
interaction be attributed to NanoFLP? We believe that our current comprehension of the system
could not allow us to answer to the question. A detailed study of the impact of the bulkiness and
the acidity of the chloroborane could unveil some trends allowing to confirm or infirm a NanoFP
mechanism. DFT calculations could also provide interesting information on the nature of the
MgO-BCl;Ph interaction like the geometrical configuration of the adsorbed borane and its
interaction with CO, and with the epoxide.
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Appendix

I. Listofreactants
Note: If not precised, the chemicals were used as received without purification.
Solvents

Toluene (99.8 %), DMF (99.8 %) were purchased from Sigma-Aldrich. Ethanol (96 %) was
purchased from VWR.

Nanoparticle synthesis

NaOH (98 %), Mg(NO3)2. H20 (99.999 %), Ca(NO3)2.4H20 (99 %) and Cu(NO3)2.3H20 (99 %)
were purchased from Sigma-Aldrich, Ni(NO3)2.6H20 (98 %) and Co(NO3)..6H20 (98 %) were
purchased from Alpha Aesar.

Boranes

Tris(pentafluorophenyl)borane (97 %), triphenylborane (95 %) and phenylboronic acid
(97 %) were purchased from STREM Chemicals. Dichlorophenylborane (97 %), triethylborane
(solution 1M in THF), tributylborane (solution 1M in THF) and diethylmethoxyborane (solution
4M in THF) were purchased from Acros Organics, trimesitylborane (97 %) and boron trichloride
(solution 1M in toluene) were purchased from Sigma-Aldrich.

Catalysis

Benzaldehyde (99.5 %), acetophenone (99 %), chalcone (98 %), (2,3-Epoxypropyl)benzene
(98 %) were purchased from Sigma-Aldrich. CO2 (99.9 %) was purchased from Air Liquide.

Air-sensitive chemicals were kept inside an argon glovebox from MBraun.

Figure 1:  Glovebox under argon atmosphere.
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II. Experimental setups

Nanoparticle synthesis

The syntheses presented in Chapter IIl were performed in borosilicate glassware purchased
from VWR. Magnetic stirring was provided by an IKA RCT Basic heating plate. Drying and
calcination were made in a Nabtherm LT1300 muffle furnace.

Figure 2:  Typical equipment used for nanoparticle synthesis. a) Borosilicate vessels, b) heating plate,
c) muffle furnace.

CO:zand borane adsorption experiments

CO2 and borane adsorption experiments presented in Chapter IV were performed either in
glass autoclaves from Buchi when CO; was involved, or in 5 mL vials from VWR when it was not
the case. A custom gas system was used to fill the autoclave with CO,, N, or to connect the
autoclave to a vacuum pump. The vial/autoclave was placed in an oil bath when heating was
required.

Figure 3:  Typical equipment used for adsorption reactions. a) Vials, b) autoclaves, c) gas system.
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Catalysis experiments

Claisen-Schmidt condensation reactions presented in Chapter Il were performed in regular
glassware under N with the use of a Schlenk ramp. The round-bottom flask was heated with a
heating mantle; the temperature was controlled using a thermocouple inserted in a glass finger in
contact with the solution.

Cycloaddition reactions presented in Chapter V were performed in the same autoclaves as
the adsorption experiments. Oil bath was used to control the temperature of the reaction.

Figure 4:  Typical experimental setup for: a) Claisen-Schmidt condensations, b) cycloaddition reactions.

259



Appendix

III. Characterisation techniques

Powder X-Ray Diffraction (XRD)

X-Ray diffraction patterns of dry powders were measured on a Bruker D8 diffractometer
using Cu Ka radiation at 1.5406 A. Typical diffractograms were collected with steps of 0.05 ° and
a scanning speed of 1 s/point. Debye-Scherrer analyses were conducted using the DiffracEva
software. Used PDF cards reference were given in Table 1:.

Phase Mineral PDF Card number
Mg(OH), Brucite 01-071-5972
MgCO, Magnesite 01-071-1534
MgO Periclase 00-004-0829
Ca(OH), Portlandite 00-044-1481
CaCo, Calcite 00-005-0586
CaCO, Vaterite 00-041-1475
Ca0o Lime 00-037-1497
NaNOQ, Nitratine 00-036-1474
NaCl Halite 00-005-0628

Table 1: XRD references and PDF card numbers.

Transition Electron Microscopy (TEM)

For TEM analysis, a drop of diluted solution of nanoparticles dispersed in ethanol or toluene
was allowed to dry on an amorphous carbon coated copper grid. TEM micrographs were collected
with a TWIN 120 (TECNAI SPIRIT) operating at 120 kV.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were measured with a Spectrum 400 PerkinElmer spectrometer. The solids
were pressed on the crystal in Attenuated Total Reflectance (ATR) mode and the transmittance
was recorded on the 4000-600 cm-! range with steps of 0.5 cm-1. Deconvolution of the bands was
performed using a modified version of the WinPlotr software from the FullProf suite. This
software was initially designed to deconvolute XRD diffractograms, we wrote a Python script to
adapt it for deconvolution of IR spectra.

Nuclear Magnetic resonance (NMR)

NMR experiments were performed on a Bruker AVl 300 MHz. For catalysis, an aliquot of
the solution was collected and directly mixed in 0.5 mL of CDCI; or toluene-d8. Spectra were

260



Appendix

acquired after locking to the deuterated solvent signal and shimming. Typical 'H NMR spectra
were acquired in 3 minutes and treated with TopSpin software. Typical 11B NMR spectra were
acquired in 10 minutes and treated with TopSpin software. An echo was used to eliminate the
boron component coming from the borosilicate glass of the NMR tube.

Scanning Transmission Electron Microscopy with energy Dispersive
X-Ray (STEM-EDX)

For STEM-EDX analysis, a drop of diluted solution of nanoparticles dispersed in ethanol or
toluene was allowed to dry on an amorphous carbon coated copper grid. STEM-EDX micrographs
and elemental analyses were collected with a JEM-2100 plus (JEOL) operating at 200 kV.
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IV. Contribution to published articles

During this PhD, I was involved in different side studies all part of the NanoFLP project that
led to the publication of articles.

Work on molybdenum containing nanoparticles XANES spectroscopy

In this work, we studied the X-ray Absorption Near Edge Structure (XANES) spectra of Mo
containing materials. More precisely, we proposed a method to interpret the Mo L3 edges to
determine the oxidation state and the geometrical environment of molybdenum in the analysed
samples. We did these analyses at synchrotron SOLEIL on the LUCIA beamline. My specific
contribution in this study was the preparation and the measurements of the referenced samples,
as well as a critical review of the draft article.

Freitas, A. P.; André, R. F.; Poucin, C.; Le, T. K.-C.; Imbao, ].; Lassalle-Kaiser, B.; Carenco, S.
Guidelines for the Molybdenum Oxidation State and Geometry from X-Ray Absorption
Spectroscopy at the Mo L 2,3 -Edges. J Phys. Chem. C 2021, 125 (32), 17761-17773.
https://doi.org/10.1021 /acs.jpcc.1c01875.

Work on nickel@cobalt core-shell nanoparticles synthesis

In this work, we studied the syntesis of nickel@cobalt core-shell nanoparticles synthesis.
We used a colloidal synthesis using Ni(acac), and Co2(CO)s as metal precursors, oleylamine as the
solvent and trioctylphosphine (TOP) as a controlling agent. Impact of the TOP concentration and
temperature ramps on the morphology of the nanoparticles were studied. The nanoparticles were
studied using X-Ray diffraction (XRD), transmission electron microscopy (TEM), X-ray Absorption
near Edge Structure specroscopy (XANES), Extended X-ray absorption fine structure (EXAFS) and
X-Ray photoelectron spectroscopy (XPS). My specific contribution in this work was the synthesis
of the nanoparticles, the analysis of the XRD data and the writing of a part of the corresponding
part of the article.

Palazzolo, A.; Poucin, C.; Freitas, A. P.; Ropp, A.; Bouillet, C.; Ersen, O.; Carenco, S. The Delicate
Balance of Phase Speciation in Bimetallic Nickel Cobalt Nanoparticles. Nanoscale 2022, 14 (20),
7547-7560. https://doi.org/10.1039/D2NR00917].
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